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Abstract 

Dengue virus (DENV) is the most important arthropod-borne pathogens capable of causing 

human mortality and morbidity. Currently, there are no antiviral drugs available for treatment 

of dengue infections. Although a tetravalent DENV vaccine has recently been licensed for use, 

it has limited efficacy. For DENV, NS5 is the best characterized and most conserved multi-

functional protein comprising an N-terminal methyltransferase (MTase) and a C-terminal 

RNA-dependent RNA polymerase (RdRp). Both play essential roles in viral replication in the 

host cell. The crystal structure of the DENV full-length NS5 revealed a well-ordered linker 

region and an inter-domain interface mostly formed by polar residues. Using a combination of 

biochemical and reverse genetic approaches, the biological relevance of the flexible linker 

between MTase and RdRp in the DENV-3 NS5 FL and their intra-molecular interactions was 

investigated. Several conserved interface residues were shown to be important for viral 

replication, through influencing either MTase or RdRp activities. Other NS5 alanine mutants 

displayed comparable enzymatic activities as wild-type, but were either less competent or lethal 

for virus production, suggesting that they play vital but non-enzymatic roles in viral replication 

and infectivity. Alanine mutations of the linker region showed that the third and fourth residues 

of the short 310-helix regulate polymerase de novo initiation activity for viral replication in cells. 

In addition, linker swapping experiment demonstrated that the unique amino acid composition 

of the linker controls NS5 conformation flexibility for cross-talk between the two domains and 

for interaction with viral and host proteins in a serotype/virus-specific manner.  

By solving crystal structures of ternary complexes between DENV-3 NS5 protein, an authentic 

cap-0-viral RNA substrate, S-adenosyl-L-homocysteine (SAH) and/or RdRp allosteric 

inhibitors, we functionally probed these inhibitor and substrate binding sites in the RdRp and 

MTase with biochemical, biophysical and reverse genetic tools. Based on the catalytically-

competent NS5-SAH-cap-0-viral RNA methylation complex, mutagenesis studies targeting the 
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highly conserved capped-RNA binding groove in the MTase domain was performed. The 

importance of the polar interaction between NS5 residue E111 and G2 base of RNA for viral 

replication as well as the positional requirement G2 for virus growth were identified. Moreover, 

residues lining the RNA binding groove exhibited differential reduction in 2’-O methylation 

activity, indicating that these residues are critical for capped-RNA binding and 2’-O methyl 

transfer reaction.  

Using compound and fragment-based screening coupled with structure-guided design, we 

identified two classes of allosteric inhibitors that bound either to the F1 motif, or to the thumb 

subdomain and priming loop (termed “N-pocket”) of the DENV RdRp. Antiviral activities of 

F1 motif and N-pocket inhibitors were primarily due to an impact on polymerase de novo 

initiation activity rather than elongation during RNA synthesis. Additionally, kinetic 

characterization showed that the N-pocket inhibitors exhibited mixed inhibition profiles when 

compete against the RNA or GTP substrate. Resistant mutants raised from these inhibitors were 

also mapped to the N-pocket of RdRp, confirming that they bind specifically to this pocket to 

block viral replication. The proposed mode of action for N-pocket compounds is to prevent 

NS5 RdRp de novo initiation and block conformation changes during transition from initiation 

to elongation.   

In order to examine how the viral RNA is recognized and replicated as well as to facilitate drug 

discovery and design targeting the RdRp, we attempted to obtain crystal structure of NS5 RdRp 

bound to RNA. A novel fluorescence polarization (FP)-based assay was developed to profile 

various distinct RNA constructs for their suitability in co-crystallization. Several RNA 

substrates demonstrated good binding affinity to NS5 protein and were capable of forming 

functional elongation complexes. Crystallization trials using commercial screening kits were 

set up, but no crystal structure with bound RNA was obtained. Future work will aim at 
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optimizing the conditions during assembly and reaction in order to attain more soluble and 

stable elongation complexes for crystallization.  

Overall, these findings provide valuable information on the functions and dynamics of NS5 as 

well as its molecular interactions with substrates and inhibitors, and have significant 

implications for the development of antiviral drugs targeting flaviviruses.  
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1 INTRODUCTION 

1.1 Background & Classification of Flaviviruses 

The Flaviviridae is a large family of human and animal pathogens capable of causing severe 

mortality and morbidity. Members of this family are positive-stranded enveloped RNA viruses 

which exhibit similarities in virion structure, genome organization and replication strategy, but 

differ in biological properties and do not harbor serological cross-reactivity. These viruses are 

classified into three genera – Pestivirus, Hepacivirus and Flavivirus, based on the evolutionary 

homology of their RNA-dependent RNA polymerases (RdRps). Flaviviruses are responsible 

of causing serious endemic and epidemic disease each year (Figure 1.1) and contains many 

significant arthropod-borne pathogens, which includes Dengue virus (DENV), Japanese 

encephalitis virus (JEV), West Nile virus (WNV), Zika virus (ZIKV), Yellow Fever virus 

(YFV), and Tick-borne encephalitis virus (TBEV) that can cause a broad spectrum of human 

diseases (1).  

 

Figure 1.1 The global distribution of flaviviruses. Adapted from (2).  

1.2 Epidemiology of Dengue virus 

Dengue virus is a major emerging global concern and circulates in nature vectored by Aedes 

aegypti and Aedes albopictus mosquitoes. A recent study estimated that there are 390 million 
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people infected with DENV each year, of which 96 million exhibit disease symptoms (3). There 

is no definite treatment for dengue and difficulties in controlling the population of mosquito 

vectors coupled with societal factors have promoted the spread and incidence of DENV in 

many parts of the world, including the Asia, Africa, and Americas wherever the mosquito 

vector is present. There are four antigenically unique serotypes of DENV (DENV-1, 2, 3, 4) 

with significant diversity among them. Infection with any of the four genetically distinct 

serotypes of DENV can be asymptomatic or can lead to a wide range of clinical manifestations, 

ranging from acute self-limiting febrile illness to potentially fatal dengue shock syndrome 

(DSS) and dengue hemorrhagic fever (DHF). The development of lifelong immunity after 

infection with one of the serotypes is serotype-specific, but secondary infection with another 

serotype often elicits the progression to more severe diseases through an underlying mechanism 

called antibody-dependent enhancement (ADE) (4).  

Currently, a recombinant yellow-fever-17D-dengue virus, live, attenuated, tetravalent dengue 

vaccine (CYD-TDV, Sanofi Pasteur, Lyon, France), Dengvaxia, is available as the first vaccine 

licensed for dengue prevention in the world (5-9). It has undergone 25 clinical studies in many 

countries around the world with over 40,000 participants in the clinical study program and is 

now approved for use in several countries including Singapore, Indonesia, Philippines and 

Thailand. This vaccine requires a three-dose administration over a year and exhibited good 

safety and immunogenicity profiles against all four DENV serotypes as well as was efficacious 

against symptomatic, virologically confirmed dengue (VCD). In general, the vaccine is 

effective in reducing dengue and severe dengue illness by 60 per cent and 84 per cent 

respectively. However, it demonstrated varied efficacy against different DENV strains and 

works better for people aged 12 to 45 years. In Singapore where DENV-1 and DENV-2 are the 

predominant strains, the vaccine is less effective and deemed less clinically and cost-effective 

to be used for the prevention of dengue. Importantly, it is 81 per cent effective in those with 
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history of dengue infection compared to 38 per cent in those with no immunity. In addition, 

younger children who had never been infected by dengue before showed a higher risk of 

hospitalization and risk of severe dengue if they contracted the virus after getting vaccinated. 

Thus, given the several drawbacks of the existing vaccine, the availability of vaccines with 

improved pan-serotype efficacy and safety across a wider range of age groups as well as 

effective antiviral drugs would prove valuable for the prevention and treatment of dengue 

infections.  

1.3 The life cycle of Dengue virus  

Dengue virus can exploit multiple receptors for various cell types and in different host species 

for entry into the cells. Intradermal mononuclear phagocytes such as monocytes, macrophages 

and dendritic cells (DC) are usually the primary targets early in infection (10-12). During 

infection, DENV particle attaches to the surface of a host cell via interactions between the cell 

surface receptors and viral glycoproteins. C-type lectin dendritic cell-specific intercellular 

adhesion molecule-3-grabbing non-integrin (DC-SIGN) attachment receptor is involved when 

DC is infected with DENV. Highly sulfated glycosaminoglycans such as heparin sulfate, which 

are expressed in many cells types, are also identified to facilitate DENV attachment (13-15). 

In addition, other proteins on mammalian cells including CD14 and GRP78 (BiP) are also 

known to function as DENV receptors (16, 17). Furthermore, virus particle opsonized with 

antibodies, usually in people with history of infection with one DENV serotype, exhibited 

enhanced binding and increased infectivity in cells expressing immunoglobulin Fc receptors, 

which may lead to the pathogenesis of DF and DHF (18).  

DENV are internalized through distinct entry pathways consisting clathrin-mediated 

endocytosis or non-classical clathrin-independent endocytosis relying on the host cell type and 

virus strain or serotype, and are trafficked to an endocytic compartment where the acidic 

environment induces fusion between the host cell and virus membranes to release nucleocapsid 



   
  Chapter 1 Introduction 

4 

 

into the cytoplasm (19, 20). The nucleocapsid is uncoated to dissociate the capsid (C) protein 

and viral RNA, followed by the replication of genome. The positive-sense viral RNA 

undergoes translation to produce a large polyprotein which is co- and post-translationally 

processed by both viral and cellular proteases. The newly synthesized RNA and capsid protein 

bud into the endoplasmic reticulum (ER) lumen for virus assembly to create immature, non-

infectious particles. These virions are transported through the trans-golgi network (TGN) 

where cleavage of the pre-membrane (prM) proteins by host protease furin occurs to generate 

mature, infectious viruses which are released from the host cell by exocytosis. A schematic 

diagram on the life cycle of DENV is shown in Figure 1.2.  

 

Figure 1.2 The life cycle of Dengue virus. Adapted from (21).  

1.4 Dengue virus RNA genome 

The DENV genome is a single, positive-strand RNA with a length of about 11 kilobases (kb), 

consisting of a 5’ untranslated region (UTR) with a type 1 cap structure (N7MeG5’-ppp-5’A2’OMe) 
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at its 5’ end (22), and a 3’UTR that is not poly-adenylated (Figure 1.3A). The 5’UTR is not 

well conserved among various flaviviruses, albeit they have common secondary structures that 

play a role in genome translation (23, 24). This region is about 100 nucleotides long and 

contains two RNA domains which function specifically during RNA synthesis (Figure 1.3B). 

The first domain is a large stem-loop (SLA) structure made up of approximately 70 nucleotides 

which serves as a promoter for viral polymerase recognition during RNA replication (25, 26). 

The second domain is a short stem-loop (SLB) containing sequences for long range RNA-RNA 

interaction and replication (27). Between the SLA and SLB structures is an oligo(U) track 

which serves as a spacer to enhance RNA production (28). Located downstream of the AUG 

initiation codon inside the capsid coding region is a stable hairpin (cHP) essential for the 

replication of viral RNA (29). The 3’UTR of approximately 450 nucleotides long also forms 

distinct structures which have critical roles in RNA synthesis and consists of three domains (I, 

II and III) (Figure 1.3C). The first domain, situated right next to the stop codon, is highly 

variable and displays varied size between different DENV serotypes (30, 31). The second 

domain consists of a characteristic dumbbell structure with conserved sequences (CS), CS2 

and RCS2, present in all arthropod-borne flaviviruses (32-35). The RNA elements within the 

first two domains are not necessarily required for viral replication however they act as 

enhancers for viral processes (36-39). The third domain is conserved within the 3’UTR and 

bears a CS1 element prior to the terminal stem-loop structure (3’SL). The 93 nucleotide long 

3’SL harbors a short stem loop (sHP) and a large stem loop in which both structures are 

important for viral RNA replication (40-43).  

Genome cyclization is a well-preserved feature of flavivirus genomes and occurs by 

complementary interactions between the ends of the RNA, namely 5’-3’ upstream AUG 

regions (UAR) and 5’-3’CS (Figure 1.4) (44, 45). The 5’UAR sequence is situated ahead of 

the AUG start codon in the 5’UTR while the 3’UAR is found within the 3’SL. The 5’CS 
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sequence is at the start of the capsid coding region whereas the 3’CS is situated before the 3’SL 

region. Another element, downstream AUG region (DAR), also revealed its importance for 5’-

3’ genome interaction (44, 46). The 5’DAR follows after the AUG codon whilst the 3’DAR is 

part of the small hairpin of the 3’SL. Earlier studies have shown the importance of genome 

cyclization during replication (47, 48). Long-range RNA-RNA interactions are required for the 

viral polymerase to bind at the SLA structure at the 5’ terminus and to relocate to the 3’ 

initiation site for RNA production (25). Mutations of the complementary regions substantially 

impacted RNA synthesis without affecting translation, and compensatory mutations restoring 

5’-3’ nucleotide pairing rescued virus replication (27, 48, 49), indicating that complementary 

RNA interactions are vital for viral replication.  
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Figure 1.3 Schematic representation of the DENV genome. (A) The DENV genome consists of 5’ and 3’ UTR 

regions as well as an open reading frame (ORF) encoding structural (C-prM-E) and non-structural proteins (NS1-

NS2AB-NS3-NS4AB-NS5). RNA cyclization occurs by complementary base pairing of 5’-3’UAR (green dotted 

line) and 5’-3’CS (red solid line). (B) Predicted secondary structure of 5’UTR. (C) Predicted secondary structure 

of 3’UTR. Adapted from (50).  
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Figure 1.4 Schematic representation of predicted changes between linear and circular conformations of the 

DENV genome. The complementary sequences (a) 5’-3’UAR (green) and (c) 5’-3’CS (red) interact in the circular 

form to generate double-stranded regions. Adapted from (50). 

1.5 Translation and proteolytic processing 

DENV RNA genome displays three main roles in the host cytoplasm: (i) acts directly as mRNA 

for the production of viral polyprotein (translation), (ii) serves as a template to synthesize minus 

sense RNA intermediate followed by plus sense progeny RNA (replication), and (iii) gets 

incorporated into new viral particles (encapsidation). Genome translation is coupled to 

replication since the synthesis of viral proteins is required for viral genome replication and 

formation of new virus particles. Thus, the efficiency of translation could be a dominant factor 

of virus infectivity (51).  

Similar to most viruses, DENV depends on the host cell machinery for translation and has 

developed novel mechanisms to facilitate translational competence. Translation of DENV 

genome occurs via cap-dependent initiation whereby its 5’ m7GpppN cap structure is 

recognized and bound to the eukaryotic initiation factor (eIF4E), that is part of the cap-binding 

complex eIF4F consisting of a helicase eIF4A, eIF4E, and an adaptor protein eIF4G (52). This 

complex then recruits the 43S ribosomal preinitiation complex to form the 48S complex which 

starts scanning the 5’UTR until it locates a start codon (AUG). To ensure proper start site 

selection for protein synthesis, the RNA hairpin structure in the capsid gene (cHP) of DENV 

causes the ribosomal complex to pause momentarily over the authentic AUG as it begins to 
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unwind the secondary structure of cHP (53). Although DENV RNA lacks a poly(A) tail, it was 

shown that the poly(A)-binding protein (PABP) could be bound to the 3’UTR region, possibly 

circularizing the viral genome for efficient translation (54). The ribosomal 40S and 60S 

subunits then subsequently bind to this complex and form the fully assembled 80S ribosome 

for translation elongation.  

Previous study has demonstrated that inhibiting the cap-dependent mechanism, for instance by 

suppressing the expression of eIF4E, still allowed DENV replication and translation, 

suggesting that the virus employed another mechanism for protein synthesis. Several 

eukaryotic cells and animal viruses such as Poliovirus, a member of the family of 

Picornaviridae, were able to utilize a cap-independent machinery of translation using internal 

ribosome entry site (IRES) located at the 5’UTR of their genomes (55-57). However, the 

5’UTR of DENV does not contain an IRES for ribosome recruitment. Instead, DENV could 

employ a non-canonical translation initiation mechanism that requires interactions between 5’ 

and 3’UTRs (52, 58). It was proposed that the 3’UTR could recruit the translation initiation 

elements to the 5’ terminus, enabling the recruitment of eIF4G and eIF4A factors in the absence 

of eIF4E. It was noted that some plant viruses also participated in cap-independent mechanism 

of translation by 5’-3’ RNA interactions and delivery of eIF4F to the 5’UTR by the 3’UTR 

through long-range base pairing (59-62).  

Translation of the single open reading frame (ORF) of DENV genome produces a large 

polyprotein that is co- and post-translationally processed by host signal peptidase and viral 

serine-protease to give three structural and seven non-structural proteins (Figure 1.3A). The 

structural proteins form the viral particle: the capsid [C] protein associates with the viral 

genome to generate the nucleocapsid whilst the pre-membrane [prM] and envelope [E] proteins 

insert into the lipid bilayer membrane surrounding the nucleocapsid (63). The non-structural 
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proteins (NS1, NS2A/B, NS3, NS4A/B and NS5) are important for the replication of RNA, 

assembly of virus particles, as well as escaping the host immune response (64-66).  

1.6 Genome replication 

1.6.1 General introduction to polymerases 

Replication of genome is carried out by a specific protein called polymerase. This enzyme 

catalyzes the formation of long chains of DNA or RNA nucleic acids from a template strand 

by linking deoxyribonucleotides or ribonucleotides respectively. The active site of polymerase 

harbors binding sites for template, primer and incoming nucleoside triphosphate (NTP) and 

contains critical amino acids that interact and stabilize the substrates for nucleotidyl transfer 

reaction. Two divalent metal ions, either Mg2+ or Mn2+, are also coordinated by conserved Asp 

residues in the active site for the catalytic activity of polymerase. One metal ion binds to and 

lowers the pKa of 3’-hydroxyl of the growing daughter strand to facilitate nucleophilic attack 

on the α-phosphate of incoming NTP (67). The other metal ion interacts with negatively 

charged oxygens of the phosphates of incoming NTP to position the nucleotide and stabilize 

the pyrophosphate product generated during phosphodiester bond formation with the 

nucleophile. Once the cognate nucleoside monophosphate is incorporated into the daughter 

strand via Watson-Crick base-pairing with the complementary template base, translocation of 

the primer terminus by one base occurs and the process is repeated again until the template is 

completely copied or a termination signal is met.  

There are four different types of polymerases for transcription and replication depending on 

the nature of the genome and the need to synthesize mRNA, namely DNA-dependent DNA 

polymerases (DdDp), DNA-dependent RNA polymerases (DdRp), RNA-dependent DNA 

polymerases (reverse transcriptase; RdDp) and RNA-dependent RNA polymerases (RdRp) 

(68). All these four types of polymerases are found in viruses whilst the host cell does not 
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require RNA-dependent DNA polymerases and RNA-dependent RNA polymerases since its 

genetic material is DNA.  

1.6.2 Viral polymerases 

The cellular location of genome replication dictates whether viruses encode their own 

polymerases or utilize the host polymerases for transcription and replication. Moreover, the 

genome type (DNA or RNA, double-stranded (ds) or single-stranded (ss), or plus- or minus-

sense) and the specific needs of viruses (transcription and/or replication) decide whether 

viruses convert their genomes into mRNA for translation or synthesize additional copies of 

genome for encapsidation (Figure 1.5).  

DNA viruses, including adenovirus, herpesvirus, bacteriophage T7 and papillomavirus, have 

either dsDNA (linear or circular) or ssDNA and carry out replication and transcription using 

DNA-dependent DNA polymerases and DNA-dependent RNA polymerases respectively. 

Eukaryotic DNA viruses such as papillomavirus and polyomavirus employ host polymerases 

in the nucleus to transcribe mRNA and replicate their small genomes (69). In contrast, 

cytoplasmic DNA viruses reside in the cytoplasm most of the time and thus encode their own 

DNA-dependent DNA and RNA polymerases. These viral DNA-dependent polymerases share 

similarities to host DNA and RNA polymerases and some of the DNA polymerases like the 

dsDNA bacteriophage φ29 DdDp even possess proofreading activity. Notably, all DNA-

dependent DNA polymerases synthesize genome in a primer-dependent manner, whereas 

DNA-dependent RNA polymerases bind at a specific promoter region and initiate RNA 

production in a de novo (primer-independent) manner. Following initial RNA synthesis, short 

oligonucleotides (<10 nucleotides) are aborted and only longer transcripts (~10 nucleotides) 

undergo processive elongation.  

RNA viruses harbor either dsRNA or ssRNA (plus- or minus-sense) genomes and perform 

replication and transcription using RNA-dependent RNA polymerases. Plus-sense ssRNA 
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viruses such as poliovirus and flavivirus synthesize their genomic RNA in a membrane-bound 

replication complex and their genome serves directly as an mRNA for viral protein production 

during infection. RNA replication occurs by first transcribing the plus-strand RNA into a 

complementary minus-strand RNA to form a dsRNA intermediate, followed by generation of 

multiple copies of plus-strand progeny from the new-synthesized minus strand (70). Minus-

sense ssRNA viruses such as influenza, hantavirus and Ebola virus contain either segmented 

or nonsegmented genomes. Their genome has to be transcribed into a plus-strand RNA before 

it can be used for translation by host enzymes. In addition, the plus-sense RNA is capped and 

has additional short non-templated nucleotides at its 5’-terminus, possibly acquired from 

cellular mRNA through a “cap-snatching” mechanism (71-73). During transcription, the viral 

polymerase docks onto the host mRNA cap and cleaves the 5’ end using an endonuclease 

activity to generate primers for viral RNA transcription. Viruses containing dsRNA genomes 

include reovirus, rotavirus and birnavirus, and their genomes are always segmented. Since 

dsRNA cannot be used as mRNA for protein translation, these viruses encode their own RNA-

dependent RNA polymerases to make mRNA and replicate their genomes.  

There are also viruses which replicate using reverse transcription, i.e. synthesizing DNA from 

RNA template, and their genomes can be either DNA or RNA. Retroviruses encode its own 

RNA-dependent DNA polymerase (reverse transcriptase, RT) to convert its ssRNA genome 

into a dsDNA form through an DNA intermediate, and the dsDNA can be integrated into the 

host’s DNA for subsequent mRNA transcription and translation by cellular machinery. On the 

other hand, hepatitis B virus harbours a dsDNA genome that is transcribed to mRNA by host 

polymerase. The progeny RNA is replicated into dsDNA through an RNA intermediate using 

virally encoded RT.  
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Figure 1.5 Baltimore virus classification scheme. Viral polymerases are classified based on genome type and 

mechanism of mRNA production (74). Adapted from (68).  

All polymerases assume a “cupped” right hand conformation, comprising fingers, palm and 

thumb domains. The palm domain is highly conserved among various polymerases and 

contains motifs A and C harboring the catalytic Asp residues important for coordinating two 

divalent metal ions in the active site. These two conserved sequence motifs are shared among 

all the four types of polymerases. The interface of fingers and thumb domains forms a template-

binding tunnel that reaches the catalytic palm domain. Depending on the requirements to 

accommodate single-stranded or double-stranded DNA or RNA template as well as the method 

of initiation (de novo or primer-dependent), both domains have varying size and secondary 

structure in order to form distinct template-binding channels. For instance, DNA or RNA 

polymerases selectively use amino acids with larger or smaller side chain to bind the 2’-H or 

2’-OH moiety of deoxyribose NTPs (dNTPs) or ribose NTPs (rNTPs), correspondingly.  

Some viral polymerases have additional domain at their N-termini that may have other essential 

enzymatic functions during genome transcription and replication. For example, flavivirus 

RdRp is linked to a methyltransferase domain that is involved in 5’-RNA cap methylation (75). 

Retrovirus RT has an N-terminal ribonuclease H domain to hydrolyze the RNA strand in RNA-

DNA hybrid during replication (76, 77). dsDNA bacteriophage φ29 DdDp has an additional 

exonuclease domain to proofread, ensuring incorporation of correct nucleotides during DNA 



   
  Chapter 1 Introduction 

14 

 

synthesis (78). However, the function of the small domain at the N-terminus of pestivirus NS5B 

polymerase remains unclear (79).  

Viral polymerases can replicate their genomes in the 5’  3’ direction with the use of different 

mechanisms based on their adaption to the host cell. The first step of the polymerase reaction 

is initiation in which nucleotidyl transfer takes place at the 3’-end of the template strand. This 

step can be primer-dependent and viral polymerases could adopt four different strategies – 

oligonucleotide primer, cap-snatching, protein-priming and copy-back mechanism, to ensure 

efficient initiation of nucleic acid synthesis (80). All DNA-dependent DNA polymerases, 

reverse transcriptase and some RNA-dependent RNA polymerases use a short primer to 

provide 3’-hydroxyl for addition of incoming nucleotide. Several RNA-dependent RNA 

polymerases from negative-stranded RNA viruses could also make positive-stranded mRNA 

with cellular-capped oligonucleotides through a “cap-snatching” mechanism as mentioned 

earlier. Furthermore, some viruses such as ssRNA picornavirus, dsDNA adenovirus and 

dsDNA RT hepatitis B virus encode a terminal protein that is covalently linked to the 5’-

terminus of the genome to provide a hydroxyl group from a Tyr or Ser amino acid to form a 

phosphodiester bond with the first nucleotide, and the protein-linked primer is then further 

elongated the entire length of the genome (81, 82). Previous study has shown that recombinant 

flavivirus RdRp could adopt a “copy-back” mechanism where the 3’-terminus of the RNA 

template folds back upon itself and acts as a primer, synthesizing a product that has double the 

size of the template (83). Aside from primer-dependent mechanism, polymerases can initiate 

nucleic acid production in a de novo manner within the need of a primer, and this is more likely 

to be the mechanism for flavivirus RNA replication during infection. De novo initiation 

requires an initiation NTP which is properly positioned at the 3’-end of the genome to provide 

a 3’-OH for the incoming NTP, similar to the 3’-OH of a primer terminus in a primer-dependent 

reaction. As stated earlier, DNA-dependent RNA polymerases can also initiate de novo RNA 
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production via abortive initiation and only longer oligonucleotides (~9-10 nucleotides long) 

undergo elongation to generate the entire RNA transcript. Following initiation, the next step of 

the polymerase reaction is processive elongation. Once the polymerase forms a stable 

association with template and primer, the enzyme consecutively incorporates nucleotides 

without dissociation. The last phase of the polymerase reaction is termination. It is still elusive 

on how viral polymerases terminate replication at the 5’-end of the template, and is relatively 

challenging for viruses with linear genomes. The genome could get progressively shorter over 

time if the end of the genome is not copied during successive rounds of replication. To 

overcome this problem, some bacteriophages release their linear genome into the cell for 

conversion to circular form or integration into the host chromosome, and cellular polymerases 

could elongate the 3’-hydroxyl group of the nicked dsDNA along the unnicked template strand 

in a rolling circle method (84). The only exception is DNA-dependent RNA polymerases such 

as dsRNA bacteriophage T7 DdRp that synthesize RNA transcript until a terminal signal is 

encountered, and the polymerase-RNA complex dissociates from the dsRNA template.  

1.6.3 RNA-dependent RNA polymerases (RdRps) 

The first solved crystal structure of an RNA-dependent RNA polymerase (RdRp) was from 

poliovirus (85) and it adopts the same ‘right hand’ architecture with palm, fingers and thumb 

domains as compared to other polymerase structures (86, 87). A unique feature of the RdRp is 

the encirclement of the active site achieved through extensive interactions between the finger 

domain loops (“fingertips”) and thumb domain, to create an overall “closed-hand” 

conformation. The RNA-binding tunnel is located in the “front” of the polymerase and NTPs 

enters from the “back” of the polymerase. The interconnections between the fingers and thumb 

domains restrict large movements and conformational changes of the two domains when RNA, 

primer or NTP substrates bind in the template channel of RdRp.  
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1.6.3.1 Structural motifs of RdRps 

All viral RdRps harbor polymerase catalytic motifs A-E in the palm domain and motifs F-G in 

the fingers domain, and each of the motifs assumes a specific and conserved fold. Motifs A, C 

and D are the most important elements in the polymerase and play crucial roles during catalysis. 

The conserved aspartic acid residues in motifs A and C are involved in coordinating two 

divalent metal ions that are critical for polymerase activity (88). During phosphodiester bond 

formation between incoming NTP and RNA, the Asp amino acid of motif C uses a metal ion 

to fix the α-phosphate of nucleotide and lowers the pKa of 3’-hydroxyl group of the nascent 

RNA strand for nucleophilic attack (67). The β- and γ-phosphates of the pyrophosphate leaving 

group as well as the pentacovalent intermediate formed during phosphoryl transfer are in turn 

stabilized by the metal ion coordinated by the Asp of motif A. Biochemical analyses has shown 

that the transition state that occurs during deprotonation of the 3’-OH nucleophile for attack of 

the α-phosphate of incoming NTP and protonation of the pyrophosphate product during 

nucleotidyl transfer reaction is the rate-limiting step in nucleic acid synthesis (89). Motif D is 

less conserved in sequence and contains a lysine or histidine amino acid that is possibly 

protonated in the active site environment. The protonation state of this residue modulates 

conformation changes required for active site closure and mutation of the lysine (K359R) in 

poliovirus (PV) RdRp altered catalytic efficiency and nucleotide incorporation fidelity of the 

polymerase reaction (90). Moreover, this conserved amino acid (K359 of PV RdRp and K220 

of HIV RT) was demonstrated to function as a general acid to protonate the pyrophosphate 

leaving group in nucleotidyl transfer (91). The Lys or His residue facilitates Asp of motif A in 

coordinating β-phosphate of incoming nucleotide, and can transfer a proton to pyrophosphate 

when it moves near the β-phosphate group. Substitution of the lysine to leucine resulted in a 

single proton transfer during polymerase-catalyzed nucleotidyl transfer reaction. In addition, 

one group had suggested that motif D could be involved in exporting pyrophosphate group 
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from the active site after catalysis (92). They also showed the collaborative movement of motifs 

A and D through interactions between residues from the two motifs, supporting an earlier work 

that both motifs in the palm domain undergo significant structural rearrangements during the 

open and closed states of the RdRp active site (93).  

Motif B is involved in binding the template and incoming NTP through direct interactions 

between the base and its conserved residues (3Dpol residues G289, S293, G294 and T298 of 

encephalomyocarditis virus (EMCV)), as revealed in several solved structures of picornaviral 

catalytic complexes (93-95). Conserved aspartic acid of motif A (D240 of EMCV 3Dpol and 

D245 of foot-and-mouth disease virus (FMDV) 3D) and motif B residues (N302 and S293 of 

EMCV 3Dpol and N307 of FMDV 3D) could rearrange their side chains for rNTP selection and 

proper positioning of the sugar in the ribose-binding site via hydrogen bonding to the 2’-

hydroxyl group of the NTP ribose (94, 96). Another study on poliovirus 3Dpol demonstrated 

the importance of conformational flexibility of a highly conserved loop within the motif B 

(comprising residues 288-292) in mediating RNA translocation process following catalysis 

(97). In their work, they showed that the loop can adopt two stable orientations and mutation 

of residues within the loop, particularly S288, G289 and C290, affected RNA binding, 

processive elongation activity and translocation competency. The conformational dynamics of 

the flexible loop within motif B could likely apply to other RdRps from plus-sense RNA viruses 

since it exhibits high sequence and structural conservation among viral RdRps.   

Motif E contains positively charged residues (S710 and R729 of DENV RdRp) that interact 

with the γ-phosphate of incoming rNTP through salt bridge and hydrogen bonding, as well as 

residues (H712, H714 and C728 of DENV RdRP) that coordinate one zinc atom (86). 

Substitution of the equivalent motif E residues in bovine viral diarrhea virus (BVDV) 

polymerase and hepatitis C virus (HCV) RdRp to other amino acid strongly impacted de novo 

initiation of RNA synthesis (98, 99). Thus, the residues in motif E play essential roles in de 
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novo RNA initiation by the polymerase and the zinc atom located nearby could modulate this 

activity.  

Motifs F and G are found in the fingers domain of RdRp and are functionally important for 

polymerase activity. A number of basic amino acids of motif F are involved in coordinating 

the negatively-charged triphosphate of incoming NTP, implying its role in modulating NTP 

binding (88, 100). This motif orientated differently in the absence and presence of NTP in the 

JEV FL NS5 and RdRp structures, respectively (101, 102). Without binding of nucleotide, 

residue F467 from this motif interacts with residue P113 from the N-terminal protein domain. 

Binding of nucleotide in RdRp causes motif F to flip downwards and establish interactions 

with the triphosphate moiety of GTP via residues R460, K463, K471 and R474. Additionally, 

motif F could be involved in promoter-dependent initiation of RNA synthesis in DENV as 

alanine mutation of K456 and K457 (F1 motif residues) inhibited RNA production dependent 

on SLA promoter (103). Motif G could regulate access of ssRNA substrate to the entrance of 

template tunnel (86). Poliovirus 3Dpol showed that motif G in the pinky finger runs relatively 

parallel to the RNA strand with residues inserting at the +1/+2 backbone kink of the template 

(93).  

1.6.3.2 Two distinct initiation mechanisms adopted by plus-sense ssRNA viruses 

RdRps for viruses with plus-sense ssRNA genome can be categorized into two main classes 

based on their initiation mechanism of RNA replication – (i) Picornaviridae (e.g. poliovirus 

and FMDV) and Caliciviridae (e.g. Norwalk virus) utilize a virally encoded peptide as a primer 

for RNA synthesis (104), and (ii) Flaviviridae (e.g. dengue virus and WNV) uses initiating 

NTP to form the first phosphodiester bond in a primer-independent manner (100). The structure 

and size of the thumb domain is different between these two classes in which RdRps from 

Picornaviridae and Caliciviridae have smaller thumb and larger RNA-binding site to bind both 

template and a primer. On the contrary, RdRps from Flaviviridae have a priming element 
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integrated into their thumb domain that can protrude into the active site to stabilize initiating 

NTP and accommodate only ssRNA template in the narrower RNA-binding tunnel.  

(i) Primer-dependent initiation 

Primer-dependent viral RdRps like the PV 3Dpol utilize a terminal protein VPg (viral protein 

genome-linked, a 22-amino acid peptide) or its uridylylated forms to initiate RNA synthesis 

(105, 106). The viral RdRp is first synthesized as a 3CD precursor protein and undergoes a 

cleavage event to produce protease 3C and polymerase 3D. The 3D protein is responsible to 

catalyze attachment of VPg to the genome preceding elongation to generate genome progeny. 

RNA synthesis starts with uridylylation of VPg by 3Dpol to create a protein primer. The second 

nucleotide (adenosine) is initiated and not the 3’-terminal adenosine of the template, and a UTP 

is covalently linked to the hydroxyl group of a conserved tyrosine residue (Tyr3) in VPg to 

form VPg-pU. This VPg-pU then uses a back-slide mechanism on adenosine residues and base 

pair with the 3’-terminal nucleotide before the polymerase incorporates the second UTP to 

form VPg-pUpU (107). The VPg-pUpU primer can hybridize to the 3’ polyA tail of the plus-

strand genome and be elongated to synthesize the complete complementary minus-strand RNA. 

The VPg-pUpU molecule to synthesize plus-strand RNA is proposed to be produced from the 

cis-acting replication element (CRE), a 61-nucleotide stem-loop RNA structure in the coding 

region of protein 2C (108). Adenosine in the loop of CRE serves as a template to uridylylate 

VPg. Mutations in the CRE region prevented VPg uridylylation and positive-strand RNA 

synthesis but not negative-strand RNA synthesis. It remains unclear how the RdRp 

differentiates between the two types of VPg-pUpU for plus- and minus-sense RNAs production. 

Furthermore, VPg-pUpU primer uridylated at the CRE would require dissociation in the middle 

of the genome and reassociation at the 3’-end of the negative-strand template. The mechanism 

on how the 3D polymerase terminates RNA synthesis at VPg-pUpU and how this primer is 

transferred to the 3’-terminus of the genome is still undefined.  
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Crystal structures of 3D polymerase and its RdRp-VPg complexes from several members of 

the Picornaviridae and Caliciviridae families have been reported (106, 109, 110). The structure 

of FDMV 3D polymerase did not revealed large conformational changes induced by VPg 

binding and only small rearrangements in the side chain of residues R179 and D338 which 

participate in the uridylylation process were observed (106). VPg fits the RNA binding pocket 

and projects the key amino acid Tyr3 into the active site close to the catalytic Asp (D245 of 

motif A and D338 of motif C). Remarkedly, the 3D-VPg-UMP complex shows that VPg-pU 

positions itself analogously to the primer terminus in nucleotidyl transfer reaction and Mn2+ 

and Mg2+ divalent ions participate in the uridylylation reaction, similar to the two-metal-ion 

mechanism for stabilizing the transition state of the nucleotidyl transfer reaction that is 

common to all nucleic acid-synthesizing polymerases (67). Mn2+ binds to the carboxylic group 

of D338 of the catalytic GDD motif in the active site and the O- of VPg Tyr3 side chain that is 

covalently attached to the α-phosphate of UMP. Mg2+ interacts with the carboxylic group of 

D245, oxygen of α-phosphate and the hydroxyl group of S298 side chain. Numerous residues 

in motif F of the fingers domain (R168, K172 and R179) together with residues of the thumb 

domain (T407, A410 and I411) and Y336 of motif C play important roles in stabilizing the 

Tyr3, VPg and UMP in the active site cavity for catalysis. Structure-based mutational analyses 

of amino acids involved in VPg uridylylation such as R168A, R179A and D338A of 3D and 

Y3F of VPg showed a negative impact in the uridylylation activity. Likewise, substitution of 

critical residues of enterovirus 71 (EV71) 3Dpol involved in VPg interaction to alanine resulted 

in impaired VPg uridylylation and lethal replication (110). It is still not clear on how VPg or 

its uridylylated forms is employed in the RNA-directed polymerase initiation and would be 

better understand if crystal structure of the ternary RdRp-VPg-RNA complex is available.  

(ii) Primer-independent (de novo) initiation 
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Viruses from the Flaviviridae family synthesize RNA-dependent RNA polymerase at the C-

terminal of the translated protein. Hepatitis C virus (Hepacivirus) NS5B polymerase has the 

smallest size of approximate 60 kDa among RdRps in the family without any additional domain 

fused to it. Pestivirus NS5B polymerase consists an extra N-terminal domain of unknown 

function. Flavivirus NS5 comprises of an N-terminal methyltransferase domain linked to a C-

terminal RdRp, both of which are involved in genome replication process.  

RdRps of Flaviviridae utilize a de novo mechanism to initiate RNA synthesis in which the 

second NTP enters the active site and forms a phosphodiester bond with the first initiating NTP 

without the need of a primer. Genome replication starts at the 3’-end of the plus-sense RNA 

and the polymerase can copy the entire length of the template without dissociation. The newly-

synthesized minus-sense RNA then serves as a template to make multiple copies of plus-strand 

progeny. The formation of a stable de novo initiation complex for precise and efficient initiation 

is challenging as base pairing of the two NTPs with positions +1 and +2 of the template is 

inadequate to ensure correct positioning for catalytic reaction. Thus, polymerases employ 

several techniques to selectively accommodate its substrates and stabilize their interaction.  

Crystal structures of the polymerase domains from all three members of the Flaviviridae family 

have been reported, providing the structural bases for how RNA initiation is achieved with the 

help of a priming element (86, 111-115). The priming element located at the C-terminal motif 

in the thumb domain is structurally diverse across various viruses, represented by an extended 

loop in flavivirus NS5, a β-hairpin in hepatitis C virus NS5B, and a β-strand and connecting 

loop in pestivirus NS5B. This element protrudes from the thumb domain into the active site, 

allowing only ssRNA access to the template-binding tunnel during de novo initiation. The 

importance of the priming element for efficient initiation and precise start site selection was 

highlighted when deletion of the β-hairpin caused HCV NS5B to use dsRNA substrates and 

initiate RNA synthesis from internal sites of the template (116). Moreover, mutation of 
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hydrophobic and charged amino acids within HCV 5B priming element significantly reduced 

in vitro RdRp de novo initiation activities and enhanced primer extension capabilities (117). 

Elongation of the template-primer after the de novo step would require conformation change 

of the thumb domain to an “open” form via movement of the C-terminal motif out of the 

template-binding channel to accommodate the growing dsRNA product.  

De novo initiation of RNA synthesis requires a high concentration of GTP as a cofactor, 

regardless of the terminal nucleotides of the genome (118, 119). In BVDV RdRp, the primer 

loop is assisted with a GTP, possibly to stabilize the initiation NTP (114). The structure of 

BVDV polymerase complexed with GTP reveals that the nucleotide resides 6 Å away from the 

catalytic GDD motif and establishes interactions with residues from all three polymerase 

domains. Alanine mutations of residues within the GTP-binding sites (including C497, S498 

and R517) severely impacted de novo RNA synthesis (98), indicating that the GTP-binding 

pocket is vital for the de novo step. Superimposition of a φ6 polymerase-NTP template 

structure onto the BVDV polymerase-GTP structure shows the ribose triphosphate moiety of 

GTP to be positioned as might be expected for an “i – 1” site of the synthesized RNA strand 

(114). The 3’-OH of GTP ribose is found close to the α- and β-phosphates of the NTP at the “i” 

priming site, probably to help in positioning the 3’-hydroxyl of initiating NTP for nucleophilic 

attack on the α-phosphate of incoming nucleotide at “i + 1” catalytic site. Nucleotide GTP also 

plays a role in stimulating de novo RNA synthesis by JEV RdRp (102) that is distinct from its 

role in BVDV polymerase. In JEV polymerase, GTP binds in a novel pre-initiation 

conformation that orders the conserved motif F and occludes NTP entry channel. In addition, 

binding of GTP to RdRp lowers its affinity for RNA template which may be resolved by 

addition of Mn2+ ions. These findings suggest that the pre-initiation state serves as a checkpoint 

to limit non-templated RNA synthesis by JEV RdRp during initiation and ensures only de novo 

template-dependent RNA production when Mn2+ is present.  
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Pestivirus and flavivirus polymerases have an additional N-terminal domain that may function 

during RNA synthesis. The polymerase of BVDV in the genus Pestivirus contains another 130 

residues at its N-terminus with no known function. Mutational study demonstrated that deletion 

of the first 90 residues did not resulted in a loss of polymerase activity whilst truncation of the 

first 106 residues reduced both de novo and elongation reaction by 90% (98), denoting that 

residues 91-106 of the N-terminal domain may participate in both phases of RNA synthesis. 

Unique to flavivirus within the Flaviviridae, the viral genome contains a 5’ cap structure and 

thus requires additional capping enzymes for genome replication. Flavivirus NS5 has an N-

terminal methyltransferase domain connected to the C-terminal RdRp that is capable for 

methylations of both N7 position of guanine in the cap and ribose 2’-OH position of the first 

nucleotide of the RNA to form a type I cap structure (120). The presence of two enzymatic 

domains in a single polypeptide chain proposes the coupling of RNA synthesis and capping for 

efficient genome replication. The mechanisms for viral RNA capping would be described in 

the next section. Moreover, the respective functions of individual MTase and RdRp domains 

as well as possible inter-molecular interactions between the two domains in NS5 on flaviviral 

replication, particularly one of its members i.e. dengue virus (the main focus of my thesis), 

would be discussed in more details in later sections.  

1.7 RNA capping process 

In the eukaryotic cell, nascent cellular mRNAs are modified co-transcriptionally involving 5’-

5’ triphosphate linkage of a 7-methylguanosine (m7G) moiety to the first nucleotide of the 

transcript (121). The presence of the cap enables protection of mRNA against degradation by 

5’-3’ exonucleases, efficient recognition of mRNA by ribosomal protein eIF4E for translation, 

and RNA splicing and export from the nucleus (122-124). RNA transcripts with unprotected 5’ 

ends are degraded in cytoplasmic granules known as the processing bodies (P-bodies) (125). 

Nascent viral RNAs that are uncapped may be identified as “non-self” by the host cell, leading 
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to activation of antiviral innate immune response (126). In order to disguise self RNA and 

ensure efficient translation of proteins, viruses have evolved several strategies such as 5’-end 

RNA capping to generate the same cap structure as that of cellular mRNAs. Two viruses, 

vaccinia virus (from the dsDNA Poxviridae family) and orthoreovirus (from the dsRNA 

Reoviridae family), played a major role in the discovery and structural characterization of the 

RNA cap as well as in the mechanistic dissection of RNA capping event that is the same as that 

of their eukaryotic host (127-130).  

1.7.1 Conventional viral RNA capping mechanisms 

In the conventional pathway, capping reactions consists of (i) hydrolysis of the γ-phosphate of 

the primary transcript by an RNA 5’-triphosphate (RTPase), (ii) addition of guanosine 5’-

monophosphate to the 5’-diphosphate RNA by a guanylyltransferase (GTase), and (iii) 

methylation at the N7 position of guanine by a cap-specific S-adenosyl-L-methionine 

(AdoMet)-dependent guanine N7-methyltransferase (N7 MTase), to generate the minimal cap-

0 (m7GpppNp) (131). Further methyl transfer reaction by ribose 2’-O-methyltransferases (2’-

O MTases) can occur on nucleotides of the original transcript to produce cap-1 (m7GpppNm2’-

O) and cap-2 (m7GpppNm2’-OpNm2’-Op) structures respectively.  

Cap structures can be incorporated to viral transcripts via several means. The first method 

consists of utilizing the host capping machinery by viruses such as majority of the DNA viruses 

as well as RNA viruses (ss(+)RNA Retroviridae and ss(-)RNA Bornaviridae) that synthesize 

their mRNA using cellular DNA-dependent RNA polymerase RNA pol II. The second 

mechanism includes using the “cap-snatching” strategy to obtain cap structures from host 

mRNAs by ss(-)RNA viruses from Orthomyxoviridae, Arenaviridae and Bunyaviridae families. 

The third way encompasses synthesizing the RNA cap using virally encoded capping 

machinery by ssRNA viruses. Viruses which encodes their own set of capping enzymes can 
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employ the conventional pathway by sequential action of RTPase, GTase and MTase, or the 

unconventional pathway that deviates from the eukaryotic mRNA-capping system.  

Vaccinia virus follows the conventional RNA-capping mechanism and expresses a 

multifunctional mRNA capping enzyme, a heterodimer of D1 and D12 subunits, that functions 

as RTPase, GTase and N7 MTase (132). The N-terminal domain of D1 contains RTPase and 

GTase activities (133, 134) whilst the C-terminal of D1 harbors N7 MTase activity (135). 

Individual D1 protein exhibits weak intrinsic MTase activity and requires association with D12 

subunit for optimal activity (136, 137). This heterodimer is also involved in termination of 

early transcription and transcription of intermediate genes (138-140). Cap formation is 

completed when viral VP39 protein catalyses 2’-O-methylation to generate cap 1 structure; 

VP39 is a dissociable subunit of viral poly(A) polymerase (VP55) that forms long poly(A) tails 

(141). ss(+)RNA viruses from the genus flavivirus (including DENV, YFV, WNV and JEV) 

also utilize the conventional RNA-capping pathway to synthesize the cap structure on its RNA. 

The RTPase activity was encoded in the multifunctional NS3 (protease-helicase) protein (142) 

and the GTase activity was proposed to be located at the N-terminal MTase domain of NS5 

(143). Moreover, both N7 MTase and 2’-O MTase activities were assigned to the N-terminal 

domain of NS5 and they share the same cofactor-binding site for methyl transfer reaction (144, 

145). Substrate repositioning is necessary to sequentially methylate N7 atom of guanine 

preceding 2’-O ribose of the first nucleotide. RNA secondary structures are important for both 

methylation processes whereby N7 MTase needs a long substrate with a specific stem loop 

structure and 2’-O MTase can methylate short RNAs (145).  

dsRNA viruses from Reoviridae family produce multi-domain and -function proteins 

(including VP4 of bluetongue virus, λ2 of mammalian orthoreovirus and VP3 of cytoplasmic 

polyhedrosis virus) that are physically associated in an inner capsid which constitutes an 

assembly line that is able to carry out all the four reactions in the canonical pathway to yield 
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the cap-1 structure (146-148). The RNA substrate is shuttled from one domain to another 

during the sequential stages of cap synthesis and this process needs to be tightly regulated and 

coordinated by the various domains of the assembly line to attain complete cap formation.  

Interestingly, some ss(+)RNA viruses from the Picornaviridae, Caliciviridae and Astroviridae 

families do not possess a cap moiety at the 5’-terminus of their mRNAs or genomic RNAs and 

use alternative strategies to direct mRNA translation. The 5’ UTR of PV and EMCV in the 

Picornaviridae family can recruit the 43S preinitiation complex in a 5’-cap-independent 

manner, assisted by an IRES domain (149). In contrast, viruses from the Caliciviridae 

covalently attach their RNA 5’ end to VPg protein which binds to the cap-binding protein 

eIF4E for translation initiation (150).  

1.7.2 Unconventional viral RNA capping pathways 

Viruses from the Mononegavirales order and Togaviridae family are capable of synthesizing 

viral RNA cap that is equivalent to host RNA cap via two distinct mechanisms. The 

Mononegavirales order comprises minus-sense non-segmented RNA viruses such as vesicular 

stomatitis virus (VSV) and rabies virus (from Rhabdoviridae family), measles virus (from 

Paramyxoviridae family), bornavirus (from Bornaviridae family) and Ebola virus (from 

Filoviridae family), that can cause serious illness in humans. These viruses encode a 

multifunctional L protein harbouring both RdRp and RNA capping activities. Different from 

the eukaryotic capping enzymes, the L protein from VSV (151, 152), spring viremia of carp 

virus (153), human respiratory syncytial virus (154) and chandipura virus (155) were shown to 

transfer GDP instead of GMP to the 5’-termini of the nascent transcript. During cap formation, 

an as-yet-unknown NTPase hydrolyzes GTP to GDP. The L protein contains GDP 

polyribonucleotidyl transferase (PRNTase) activity to transfer the 5’-monophosphorylated 

viral mRNA start sequence to GDP, producing GpppA capped RNA through a covalent 

enzyme-pRNA intermediate (156). The covalent bond with pRNA involves a conserved 
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catalytic histidine (H1227 of VSV) within the HR motif (157), different from the lysine residue 

used by conventional GTases (155). Mutagenesis study showed that the HR motif and a basic 

residue (R1221) nearby the motif are essential for PRNTase activity of VSV L protein at the 

step of enzyme-pRNA intermediate formation (157). The sequence of methylation is also not 

the same as the conventional pathway. The VSV MTase, located in domain VI of L protein 

(158, 159), transfers a methyl group to the ribose 2’-O position of the first nucleotide then to 

the guanine N-7 atom to form a cap-1 structure (160-162). The structure of VSV L protein was 

determined by electron cryomicroscopy (cryoEM), revealing three enzymatic domains (RdRp, 

PRNTase and MTase) and two structural domains (connector domain and C-terminal domain) 

(163). The RdRp resembles other polymerases, adopting a right-hand architecture with fingers, 

palm and thumb subdomains. The PRNTase (capping) domain contains two conserved motifs, 

GxxT and HR, at the active site for guanosine nucleotide binding and covalent RNA linkage 

respectively. Interestingly, a loop between residues 1157 and 1173 of PRNTase domain inserts 

into the catalytic site of the polymerase domain, suggesting coupling of capping to initiation of 

polymerization. The MTase domain of VSV can be superimposed on the MTases of flavivirus 

which has similar dual N7 and 2’-O methylation activities (145, 164, 165).  

Alphavirus, a group of ss(+)RNA viruses such as Semliki Forest virus (SFV), sindbis virus and 

chikungunya virus within the Togaviridae family, synthesizes RNA cap-0 structure through a 

non-conventional mechanism. The nonstructural protein Nsp2 functions as RTPase to cleave 

the β-γ phosphate bond at the 5’ end of viral RNA to form ppN-RNA (166). Nsp1 harbors N7 

MTase and GTase activities to methylate the N-7 atom of a GTP molecule to produce m7GTP 

before forming a covalent m7GMP-enzyme complex involving a conserved catalytic histidine 

residue (H38 of SFV) that is only required for GTase reaction and not MTase activity (167, 

168). The m7GMP is then transferred to ppN-RNA to create the type-0 cap m7GpppN-RNA. 

This capped RNA is not methylated at ribose 2’-O position of the first nucleotide. Conversely, 
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a methyl group is attached to the exocyclic N2 position of the cap structure as shown in SFV 

and Sindbis virus (169, 170), but the role of this methylation is not known. Since alphavirus 

RNA is not methylated at 2’-O ribose, it is uncertain on how the virus subverts host innate 

immune response during viral infection.  

1.7.3 Cap-snatching mechanism 

The three human pathogen families, Arenaviridae, Bunyaviridae and Orthomyxoviridae, 

contain ss(-)RNA that is segmented and do not encode a cap-synthesizing machinery. However, 

they have evolved alternative strategy for cap formation by seizing caps from host mRNAs to 

prime their own viral replication (171-173). Cap snatching begins by binding of 5’methylated 

cap structure of cellular mRNA to viral polymerase, followed by endonucleolytic cleavage of 

capped oligonucleotides from the 5’-termini of the mRNA and the short RNA is used as a 

primer for complementary viral RNA synthesis. The sequence, length and structure of the 

capped primer extensions on viral mRNAs can be heterogeneous amidst different viruses (174-

180). The host mRNAs that lose its cap are targeted for degradation, leading to downregulation 

of cellular RNAs.  

Cap snatching for influenza virus (from the Orthomyxoviridae family) serves as an example 

for viruses of the Arenaviridae and Bunyaviridae families, albeit it should be noted that the 

proteins involved in the pathway and the lengths of acquired sequences are different. The 

polymerase complex comprises of three subunits, namely PA, PB1 and PB2. The centre of PB2 

lies the cap-binding domain to bind cellular mRNAs (181) which is subsequently snipped by 

the endonuclease domain at the N-terminus of PA (182, 183). The active site of PA contains a 

metal-coordinating histidine and acidic residues that are conserved and can bind two Mn2+ ions 

in a configuration comparable to other two-metal-dependent PD(D/E)XK endonucleases. On 

the other hand, both arenaviruses and bunyaviruses harbor a single L protein that exhibits 

polymerase and cap-snatching activities (184). Crystal structures of the endonuclease domain 
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in complex with Mn2+ ions for both Hantaan virus (from Bunyaviridae family) and Lassa virus 

(from Arenaviridae family) were solved and they displayed high structural homology. 

However, there are subtle changes in their active sites which cause the divalent ions to bind 

differently and impact in vitro nuclease activity. The endonuclease domain of hantavirus L 

protein shares the same active site configuration involving the characteristic catalytic histidine 

as the La Crosse bunyavirus and influenza A virus (orthomyxovirus) and demonstrated 

efficient endonuclease activity in isolation. Mutation of any active site residues influenced ion 

binding and dramatically reduced catalytic activity. For Lassa virus, the active site of the 

endonuclease domain contains E51 that replaces the conserved histidine in bunya- and 

orthomyxoviruses. This residue is unable to coordinate metal ions in the canonical way and the 

isolated enzyme showed a lack of endonuclease activity. Substituting E51 to histidine did not 

improve the activity as compared to wild-type enzyme. These findings suggest that the 

endonuclease of Lassa virus may require active site rearrangements or involvement from other 

parts of the L protein to achieve canonical ion binding for activity. The crystal structure and 

functional assay of Lassa nucleoprotein (NP) revealed that the C-terminal domain harbours 3’-

5’ exonuclease activity that participates in suppressing interferon induction and the N-terminal 

domain contains a deep cavity to bind m7GpppN cap structure, possibly involved in stealing 

cap from host mRNA (185). Similarly, the nucleocapsid protein (N) of hantavirus was proposed 

to play a role in cap acquisition by binding to and protecting capped mRNAs in cytoplasmic 

processing bodies (P bodies) (186). Notably, not all related nucleoproteins have the same 

features described above; the nucleoprotein (N) of Rift Valley fever virus (from Bunyaviridae 

family, now reclassified as Bunyavirales order) which encapsidates the viral RNA does not 

present any of these characteristics in the structure.  

1.8 DENV RNA replication 
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DENV RNA replication requires three main components, namely the cis-acting factors, trans-

acting elements (both viral and cellular proteins) and viral-induced membranes. The cis-acting 

elements refer to the structures in the vicinity of or found within both the 5’ and 3’UTRs of the 

viral genome as mentioned in the text above (Section 1.4). At the 5’ terminus, the 5’SLA binds 

to the viral polymerase to promote RNA replication and the cHP directs the selection of 

translation start region and replication of RNA (25, 26). At the 3’ terminus, the variable region 

(VR) in domain I and the conserved 3’SL also participate in RNA synthesis (36, 42, 187). 

Importantly, the inverted complementary nucleotides present at both 5’ and 3’ ends, 

specifically the UAR, CS and DAR, mediate RNA-RNA interactions for the genome 

circularization. In this orientation, the polymerase which interacts with the SLA at the 5’UTR 

is close to the 3’end and is able to initiate negative-strand RNA production. RNA replication 

process takes place within a membrane-bound compartment for efficient production of RNA 

and viral morphogenesis. Positive immunolabeling of DENV-induced membranes with 

calnexin (a chaperone protein residing in the ER membrane), CLIMP-63 (a transmembrane 

protein of the rough ER), and synthaxin 17 (specifically localizes to the smooth ER) indicated 

that these membranes are derived from the ER (188, 189). In addition, membrane fractions 

extracted from cells infected with DENV demonstrated that the viral non-structural proteins 

NS1, NS2A, NS3, NS4A, NS4B and NS5 are colocalized to sites of RNA replication (188, 

190-192). Non-structural proteins NS2A, NS2B, NS4A and NS4B are hydrophobic 

transmembrane proteins without reported enzymatic activities, but are shown to act as 

antagonists to inhibit type I interferon (IFN) signalling (65). Although it is still unclear on the 

specific part played by these proteins in virus replication and pathogenesis, they are crucial for 

the formation of active replication complex (RC). Trans-complementarity experiments 

revealed that NS1 functions early during RNA replication (193, 194), and that NS1-NS4A 

genetic interaction is necessary for replicase function (192). It could be probable that NS1 and 
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NS4A serve as structural components to anchor the complexes to ER-derived membranes. 

Moreover, yeast two-hybrid, biochemical pull-down and immunoprecipitation assays showed 

that the helicase domain of NS3 physically interacts with NS4B (195). This interaction 

dissociated NS3 from single-stranded RNA (ssRNA) and enhanced double-stranded RNA 

(dsRNA) unwinding activity, suggesting that NS4B regulates virus replication through its 

association with NS3. Within the functional centre of the RC are the multifunctional and 

multidomain NS3 and NS5 that contain several catalytic activities. The NS3 protein is an N-

terminal serine protease, which together with its cofactor, NS2B, cleaves peptide bonds 

between viral proteins after translation, and its C-terminal domain exhibits RNA triphosphatase 

and helicase activities important for viral replication (142, 196-206). On the other hand, NS5 

protein harbors a methyltransferase (MTase) at its N-terminal and a RNA-dependent RNA 

polymerase (RdRp) at its C-terminal for the capping and synthesis of viral RNA genome (83, 

86, 164, 207, 208). Beside viral proteins, several host cellular factors such as elongation factor-

1α (EF-1α), polypyrimidine tract binding protein (PTB), Y Box binding protein-1 (YB-1), T-

cell intracellular antigen-1 (TIA-1) and the related protein (TIAR), as well as La, were 

identified using electrophoretic mobility shift assay (EMSA), UV-crosslinking and 

immunoprecipitation analyses to bind to viral genomic RNA and could also be involved during 

viral replication (209-214). Cellular proteins EF-1α, PTB and YB-1 can bind to the 3’SL region 

of DENV, but their precise function is unknown. It was hypothesized that PTB can positively 

modulate translation and replication during infection since increasing its expression level 

augments viral RNA levels (215-217). In contrast, YB-1 protein elicits an antiviral effect on 

DENV replication through translational repression  (214). Colocalization of both TIA-1 and 

TIAR with dsRNA and NS3 in the perinuclear site of DENV-infected cells also advocates their 

roles in RNA synthesis (218). Another host factor, the La protein, can bind to both terminus of 

the DENV genome and be immunoprecipitated with NS3 and NS5 (219). However, in vitro 
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biochemical assay revealed that this protein blocks production of RNA in a dose-dependent 

way, implying its regulatory role in DENV replicative cycle.  

Replication process initiates by de novo synthesizing the genome-length negative-sense 

intermediate RNA which appears as early as 3 hours after virus infection (194). The resultant 

dsRNA replicative form (RF) is then used as a template to produce additional plus-sense 

progeny RNA via a replicative intermediate (RI) complex. Pulse chase studies have identified 

RF and RI RNAs as precursors to genome RNA (220). RNA replication can be illustrated as 

asymmetric and semiconservative with the synthesis and accumulation of plus strands in 

approximately ten-fold in excess over the minus template strands (220, 221). The positive-

sense genomic RNA is then packaged to form new progeny virus.  

1.9 NS5 protein 

Within the viral replication complex, NS5 is the best characterized and most conserved protein 

and performs its multifunctional roles in genome replication to synthesize both negative and 

positive-strand RNAs. Being the largest non-structural protein made up of 900 amino acid 

residues, the 103 kDa NS5 contains an N-terminal S-adenosyl-L-methionine (SAM)-dependent 

methyltransferase (MTase) and a C-terminal RNA-dependent RNA polymerase (RdRp) for the 

catalytic synthesis of viral RNA (222, 223). Besides its enzymatic functions in the RC, NS5 

was shown to play a part in viral pathogenesis. This protein can exist free in the cytoplasm 

associated with NS3 protein or get phosphorylated and dissociate from NS3 to transport into 

the nucleus (224). The function of NS5 inside the nucleus is still not defined, however it could 

potentially interact with host factors and modulate host gene expression. Previous studies have 

shown that NS5 of specific flaviviruses could impair interferon-stimulated Janus kinase/signal 

transducers and activators of transcription (JAK-STAT) signaling, induce interleukin-8 

transcription and secretion, as well as inhibit IFN-α signal transduction by blocking the 

phosphorylation of signal transducer and activator of transcription 2 (STAT2) (225-230). 
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Given the multiple roles played by NS5 during infection, it constitutes a valuable target for the 

development of antiviral drug.  

1.9.1 The methyltransferase domain 

The N-terminal region of the NS5 protein (residues 1-262 in DENV-3) functions as a dual 

methyltransferase (MTase) for catalyzing both guanine-N7 (N-7) and nucleoside-2’-O (2’-O) 

methylations in a sequential manner during the 5’ end genome capping processes with the use 

of SAM as the donor of methyl group (144, 165, 207, 231). The formation of cap structure is 

crucial for maintaining the stability of mRNA and enabling efficient translation by host 

ribosomes (127, 232). The mRNA of DENV harbors a type I cap structure (5’-7meGpppA2’-O-me-

G) (22) that is formed through four consecutive enzymatic reactions (Figure 1.6): (i) hydrolysis 

of the 5’-γ-phosphate of the nascent RNA by the RNA triphosphatase activity of NS3 protein 

(206, 233, 234), (ii) capping of the RNA 5’-diphosphate end with guanosine monophosphate 

(GMP) in a 5’-5’-triphosphate linkage by a guanyltransferase (GTase), possibly NS5 itself (143, 

235), NS5 MTase methylates (iii) the N7 position of guanosine and (iv) ribose 2’-O atom of 

adenosine, sequentially forming a type 0 (7meGpppA-G) (145, 165) followed by a type 1 

(7meGpppA2’-O-me-G) cap structure (164, 222). Furthermore, NS5 MTase could methylate internal 

adenosines of the viral RNA and host ribosomal RNAs at the ribose 2’-OH moiety (236).  

The two distinct methylation activities are independent, in which guanine N-7 precedes ribose 

2’-O methylation (GpppA-RNA → m7GpppA-RNA → m7GpppAm-RNA) (144, 145). Since 

flavivirus MTase bears one SAM binding site and another GTP pocket in its crystal structure 

(Figure 1.7) (205, 237, 238), repositioning of the RNA substrate must occur in order to accept 

methyl groups from SAM at the two different sites (239). The guanine N-7 of the RNA is first 

placed proximal to the SAM methyl donor to undergo N-7 methylation. This m7-capped RNA 

is then accommodated in the GTP-binding site to allow the first adenosine to be at close 

proximity to SAM for efficient 2’-O methylation. Structure and sequence alignments of 
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flavivirus MTase revealed a conserved K61-D146-K182-E218 catalytic tetrad at the active site for 

methyl transfer reaction (164). Mutagenesis studies have demonstrated that the entire motif is 

imperative for 2’-O methylation whilst N-7 methylation only entails D146, suggesting that the 

two processes employ different mechanisms (145, 165). In the context of WNV luciferase-

expressing replicon, mutations within the catalytic motif substantially decreased or inhibited 

virus replication in cells. In the context of WNV virus, it has been shown that N-7 activity is 

vital for RNA replication (165, 239), while defects in 2’-O activity yielded attenuated viruses 

(165). As 2’-O-methylated viral RNA cap is required to subvert the IFN-mediated innate 

immune system, a loss in 2’-O activity would probably render the defective RNA to be 

eliminated in host cells and still allow viral replication to occur (75).  

Earlier studies have demonstrated that different biochemical assay components and viral RNA 

elements are necessary for specific N-7 and 2’-O MTase activities (231). N-7 methylation 

needs RNA constructs containing 5’ stem-loop structure with a minimum length of 74 

nucleotides and specifically G and U bases at the second and third positions respectively. On 

the contrary, 2’-O methylation could be carried out using short RNA templates. The binding 

of short RNA substrates to DENV-2 MTase was enhanced in the presence of the first two 

authentic nucleotides (A and G bases) and they can be 2’-O methylated (120, 240). Optimizing 

the in vitro conditions for WNV MTase testing had shown that the best N-7 activity was 

achieved at neutral pH 7 with NaCl in the absence of MgCl2, whereas 2’-O activity needs pH 

10 with MgCl2 in the absence of NaCl (165). A streptavidin bead-based scintillation proximity 

assay (SPA) was developed to detect in vitro DENV 2’-O MTase activity. Maximal level of 

2’-O methylation was observed at physiological pH 7-8 in the presence of monovalent and 

divalent cations. The availability of this robust SPA assay makes it possible to conduct high-

throughput screening of compounds targeting 2’-O methylation. In the past, two screening 

efforts were carried out with the use of SPA assay and another fluorescent polarization (FP) 
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assay (241), albeit no specific hits were identified (242). It is challenging to develop MTase 

inhibitors that are only selective towards viral MTase and do not target host MTases which are 

critical to methylate host protein and mRNA cap for their cellular functions (243). Since viruses 

incapable of 2’-O methylation are still replicative, they could be employed for live attenuated 

vaccine design to generate strong protective immune response against dengue infections (244, 

245).  

 

Figure 1.6 Mechanism of 5’ cap formation. (a) The cap structure consists of an N-7 methylguanosine, a 

triphosphate bridge and a 2’-O methylnucleotide (adenosine in flavivirus). The N-7 and 2’-O methyl groups are 

indicated in blue. (b) The mechanism of cap formation. Four enzymes required for the formation of cap structure 

are denoted: RNA 5’-triphosphatase (5’RTPase), GTase, N-7 MTase and 2’-O MTase. Phosphates are colored to 

show their origins. (c) Structures of the methyl donor SAM and by-product SAH of methylation reaction. The 

transferred methyl group of SAM is colored in blue. Adapted from (75).  
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Figure 1.7 Structure of the DENV-2 MTase domain. (A) A schematic representation of the X-ray crystal 

structure of DENV-2 MTase (amino acids 1-296) in complex with GTP and AdoMet determined at 2.4 Å (PDB 

code: 2P1D). The N-terminal, core MTase and C-terminal subdomains are colored in red, cyan and yellow 

respectively. (B) A surface representation of the DENV-2 MTase shown in (A). Positively, neutral and negatively 

charged amino acids are presented in blue, white and red respectively. The predicted RNA binding groove is 

arrowed. Adapted from (164).  

1.9.2 The RNA-dependent RNA polymerase domain 

The C-terminal RNA-dependent RNA polymerase (RdRp) of NS5 (residues 273-900 in 

DENV-3) is capable of initiating de novo RNA synthesis without a viral RNA primer, and is 

able to carry out subsequent elongation activity to produce transient double-stranded replicative 

RNA intermediates in which the newly-generated negative strand RNA is used as a template 

to produce progeny positive-strand genome (83). Earlier studies using cytoplasmic extracts 

from DENV-2-infected cells and recombinant DENV-2 full-length NS5 and RdRp domain 

proteins resulted in the production of two predominant in vitro RNA products, namely the 1x 

and 2x products, from a subgenomic template containing 5’ and 3’ ends (83, 246, 247). 

Analysis by denaturing agarose gel electrophoresis revealed that the 1x product was a dsRNA 

composing of a newly synthesized minus strand RNA complementary to the input template, 

whilst the 2x product was a dsRNA hairpin generated by “copy-back” mechanism whereby the 

3’ end of the template folds back on itself to serve as a primer for minus strand RNA synthesis. 

This finding indicated that DENV polymerase can synthesize RNA without using a primer. 

The importance of genome cyclization, where complementary sequences in both 5’ and 
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3’UTRs participate in long-range interactions, for synthesizing negative strand from the 3’ end 

has been mentioned in earlier text. Another study further examined the template requirements 

for RNA synthesis and found that mutations in the complementary regions had no effect on 

plus strand RNA synthesis using negative-strand template, but affected minus strand RNA 

production using positive-strand template, suggesting that the cyclization of viral RNA is a 

prerequisite for negative-strand RNA synthesis (248). Moreover, the physical interaction 

between the polymerase and SLA present in the 5’UTR as demonstrated by atomic force 

microscopy and RNA binding assays (25, 27) brings the polymerase to the 3’ initiation site via 

cyclization. SLA acts as a promoter for NS5 docking during viral replication. Mutations that 

disrupt the stem or top loop of SLA severely decreased viral replication whilst mutations that 

still maintain the structure did not significantly affect viral replication (25).  

The crystallographic structure of DENV-3 RdRp (amino acids 273-900) has been solved and 

structural comparison with other RdRp structures from the Flaviviridae members showed that 

the overall fold is well conserved. The overall architecture of these polymerases is similar as 

they adopt a right hand closed conformation comprising a finger, thumb and palm subdomains 

(Figure 1.8) (86, 115). Extensive interactions were observed between the thumb and fingers 

subdomains to completely enclose the active site on the palm subdomain. Two perpendicular 

tunnels were observed in the structure. One runs vertically amid the thumb and fingers 

subdomains to allow access of ssRNA substrate to the catalytic site, another is situated at “the 

back” of the structure (Figure 1.8) to allow diffusion of incoming nucleoside triphosphates 

(NTPs) to the active site. The palm domain is highly conserved and contains the active site for 

catalysis. The GDD catalytic motif C comprises two strictly conserved aspartic acid amino 

acids, Asp-663 and Asp-664, which coordinate two Mg2+ metal ions and catalyze 

phosphodiester bond formation.  
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Since the bases at the ends of Flavivirus genomes are strictly conserved, there should be certain 

mechanisms to ensure nucleotide conservation at the terminus. In an earlier study, DENV RdRp 

was shown to possess unique structural and mechanistic features to modulate specificity and 

selectivity for nucleotide incorporation (249). The T794-A799 priming loop is required to 

enable precise de novo initiation and to shape the ATP-specific priming site. Deletion of 

residues in the priming loop forced the polymerase to incorporate GTP as the first nucleotide 

and to perform primer-dependent RNA synthesis. Residue H798 provides an initiation platform 

for stabilizing the stacking interaction between the priming ATP and the RNA template, 

although it does not differentiate between adenine and guanine (250). Interestingly, even 

without any RNA template, the polymerase could exclusively generate dinucleotide pppAG in 

the presence of Mn2+ rather than Mg2+ as a catalytic ion. In the presence of Mn2+, the 

polymerase was also able to generate and elongate cognate dinucleotide by strongly 

discriminating against erroneous templates. It is possible that these mechanisms of 

maintenance, facilitated by the polymerase alone, could be applicable to viruses with conserved 

genomic RNA ends and to polymerases carrying out de novo viral RNA synthesis.  

Following the production of short oligonucleotide, the RdRp opens up for elongation of double-

stranded template-primer (83). These conformation changes require the priming loop to move 

out of the catalytic site, providing space for the polymerase to harbor and subsequently egress 

the nascent dsRNA.   

As RdRp activity is necessary to synthesize viral RNA and is absent in human host cells, it 

constitutes an attractive target for antiviral therapeutic intervention. In subsequent section 

1.10.2, past attempts to develop inhibitors targeting the viral polymerase are reported. Despite 

continuous concerted efforts, the development of effective antiviral drugs has not been 

successful so far. Perhaps one of the key challenges for NS5 is to understand the possible intra-
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molecular interaction, inter-regulations and cooperativity between MTase and RdRp as a 

natural fusion protein that may provide novel insights for drug discovery and design.  

 

Figure 1.8 Structure of the DENV-3 RdRp domain. (A) A schematic representation of the X-ray crystal 

structure of DENV-3 RdRp (amino acids 273-900) determined at 1.85 Å (PDB code: 2J7U). The fingers, palm 

and thumb subdomains are colored in blue, green and salmon respectively. The priming loop is colored in black 

and arrowed. (B) Front and rear surface view of the DENV-3 RdRp structure. Adapted from (86).  

1.9.3 NS5 inter-domain interactions 

The viral replication processes carried out by NS5 not only require its interactions with viral 

RNA, viral proteins and host cellular proteins within the replication complex, but also involves 
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intramolecular conformational changes of NS5. Since both MTase and RdRp domains are 

physically linked within a single NS5 protein, it was suggested that RNA-cap formation is 

coupled to viral RNA replication. Both domain proteins are enzymatically active in isolation, 

albeit several studies have provided evidence of MTase and RdRp intra-molecular interactions 

and that their conformation or enzymatic function could affect each other.  

Mutations of three surface exposed, charged residues Lys-46/Arg-47/Glu-49 to Ala in the 

DENV-2 MTase domain failed to produce infectious virus and resulted in a compensatory 

substitution of Leu to Val at residue position 512 of the RdRp domain which restored virus 

replicative ability (115). In silico docking of WNV MTase and RdRp domains revealed MTase 

Lys-46/Arg-47/Glu-49 loop fitted into a groove situated between the thumb and finger 

subdomains of RdRp (115). Similarly, the presence of genetic interaction between WNV 

MTase and RdRp was supported by mutagenesis analysis whereby the change of Asp-146 to 

Ser produced compensatory mutations of Lys-61 to Gln in the MTase domain which enhanced 

N-7 methylation activity, and Trp-751 to Arg in the RdRp domain which improved polymerase 

activity (251). Moreover, western blot analysis confirmed that recombinant WNV MTase co-

immunoprecipitated with RdRp, providing direct evidence of the specific interaction between 

the two domains (252). Remarkably, a recent study showed that the presence of MTase in full-

length (FL) NS5 mediates a higher RdRp activity by augmenting both de novo initiation and 

elongation as compared to NS5-RdRp alone (253). The enhancement of RdRp activity is 

probably attributed to an increased affinity of NS5 for ssRNA and priming nucleotide ATP 

during initiation, and also a greater affinity for primer-template RNA and an increased catalytic 

efficiency upon elongation. Together, these studies suggest that MTase domain makes dynamic 

and transient interactions with RdRp domain through a flexible linker, as supported by an 

earlier SAXS analysis which demonstrated that DENV-3 NS5 FL can adopt multiple 

conformations in solution (254). 
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1.10 Inhibitors of Flavivirus replication 

1.10.1 Inhibitors of RNA capping 

The RNA capping machinery can be targeted for anti-flaviviral drug discovery, particularly the 

essential enzymes involved in the conventional cap synthesis pathway. RNA triphosphatases 

(RTPases) catalyze the first step of cap formation by hydrolyzing the RNA 5’-γ-phosphate and 

can be found in flavivirus NS3 which also carries helicase and NTPase activities to unwind 

dsRNA. The RTPase active site can be superimposed onto NTPase active site containing 

DEAD/H sequence and providing energy for helicase movement along RNA (203). Inhibition 

at this site should be bi-functional, suppressing both RTPase/NTPase and helicase activities. A 

few groups have reported inhibitors targeting the NS3 helicase via structure-based approach, 

in vitro enzymatic or cell-based assays (255-257). High throughput molecular docking had 

identified two compounds that significantly reduced unwinding activity of JEV NS3 helicase 

and inhibited JEV propagation in cells (255). The EC50s of the compounds were 25.67 µM 

and 23.50 µM, and they exhibited low cytotoxicity. These compounds were shown to bind the 

RNA unwinding channel using simulated docking, in line with the results of enzyme inhibition 

assay and amino acids involved in the interactions could be used to facilitate future compound 

optimization. A widely-used anti-helminthic drug, Ivermectin, was discovered by in silico 

docking to bind in the NS3 ssRNA binding pocket and exerted inhibitory effects on the helicase 

activity and replication of several flaviviruses such as YFV, TBEV and DENV, albeit to 

different extents (258). High-throughput screening using a whole-virus assay detected a novel 

benzoxazole inhibitor, ST-610, that presented antiviral effects on DENV replication in vitro 

and in vivo (257). A virus variant conferring compound resistance was found to harbor a 

mutation (A263T) in the NS3 helicase domain, and molecular-beacon-based helicase assay 

supported the specific inhibition of ST-610 on helicase as the compound suppressed helicase 

RNA unwinding activity. Another group showed that ML283 can potently inhibit NS3 helicase 
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and HCV replication without significant cytotoxicity (259). They further analyzed a small 

library of ML283 analogues and pyrrolones, and confirmed that ML283 analogues inhibited 

DENV3 NS3-catalyzed RNA unwinding and replication whilst inhibitors with pyrrolone 

scaffold substantially reduced both DENV and WNV replication in cells (256). Besides 

targeting the domains of NS3, the interaction between NS3 protease and its cofactor NS2B 

important for catalytic processing of viral polyprotein could also be targeted for antivirals 

development. Several studies have identified non-peptidic inhibitors including flavonoids 

(260), diaryl (thio)ethers (261), thiadiazaoloacrylamide derivatives (262) and SK-12 (263) 

which demonstrated low micro-molar IC50 or EC50 against DENV NS2B-NS3pro. For these 

inhibitors, their binding pattern were predicted and further development would be greatly 

accelerated by the elucidation of cocrystal structures to validate the putative interactions. 

Recently, crystal structure of ZIKV NS2B-NS3pro in complex with a peptidomimetic boronic 

acid inhibitor, cn-716, revealed that the inhibitor fits in the substrate-binding site and forms a 

cyclic diester with glycerol as well as establishes interactions with residues (D83, D129 and 

S135) of NS2B (264). This compound reversibly inhibited ZIKV NS2B-NS3pro at IC50 of 

approximately 0.25 µM and Ki of 0.04 µM, and was not cytotoxic in cells. Thus, the crystal 

structure serves as a good starting point to facilitate the design of more specific and potent 

drugs for anti-ZIKV inhibition.  

The second step of RNA capping reaction to attach a GMP molecule onto the pre-mRNA is 

performed by guanylyltransferases (GTases). In flaviviruses, the GTase activity was proposed 

to lie at the N-terminus of NS5 protein which also carries MTase activities to form cap structure 

(143). The MTase domain of NS5 contains a GTP-binding pocket and earlier studies have 

reported the ability of ribavirin (guanine nucleotide analogue) and 2-thioxothiazolidin-4-one 

analog, BG-323, to displace GTP from the DENV capping enzyme  (265, 266). BG-323 was 

shown to decrease guanylation activity in vitro, present antiviral efficacy in DENV replicon 



   
  Chapter 1 Introduction 

43 

 

assay and inhibit replication of WNV and YFV. Moreover, resistance of WNV to the 

compound was not detected after long-term culture experiment (267). However, it is probable 

that the antiviral effect detected may be attributed to the compound interfering with the MTase 

activity of the capping enzyme or intervening with aldose reductase since BG-323 has a 

structure that resembles the known FDA-approved drug, Epalrestat, that targets this cellular 

protein for improving the conditions of patients with diabetic neuropathy (268). Additional 

experiments need to be carried out to confirm the mechanism of action for this series of 

compounds. The same group tested the antiviral effects of BG-323 in murine model and 

observed a lack of in vivo efficacy which may be due to its short half-life (T1/2) in mice and 

human plasma protein binding (267). Future studies would be necessary to ameliorate the 

effects of plasma protein binding and improve compound stability and half-life in vivo.  

Ribavirin is a broad-spectrum antiviral agent used to treat infection caused by RNA viruses 

such as hepatitis C virus (HCV) (269-271). Similar to BG-323, ribavirin 5’-triphosphate (RTP) 

and its analogues compete against GTP for binding to DENV NS5 MTase (266). Crystal 

structure of DENV NS5 MTase in complex with RTP showed that the RTP molecule binds in 

the previously identified GTP-binding site (164) and forms atomic contacts with MTase similar 

to GTP. In the enzyme inhibition assay, RTP moderately reduced RNA 2’-O-methyltransferase 

activity of DENV at IC50 of about 101 µM. These findings suggest that RTP may compete 

with viral RNA cap structure to bind the GTP/RNA cap binding site of NS5 MTase, thereby 

preventing efficient cap 2’-O methylation.  

The NS5 methyltransferase (MTase) domain mediates both guanine N-7 and ribose 2’-O 

methylations at the third and fourth steps of RNA capping pathway and uses the same SAM-

binding site for the two methyl transfer reactions (145, 164). The inhibition of N-7 MTase 

activity is expected to cause a detrimental effect on viral replication as it prevents viral RNA 

translation, and this notion is corroborated by previous studies in which mutation (D146A of 
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WNV) that impaired N-7 activity abolished viral replication (145, 165). On the contrary, 

mutagenesis study indicates that inhibition of 2’-O activity yielded attenuated viruses in cells 

(165). Nonetheless, since a loss of methyl group at the ribose 2’-O atom induces type I 

interferon expression through MDA5-mediated sensing (272), this exemplifies the importance 

of 2’-O methylation. The SAM-binding pocket of MTase can be targeted and SAM analogues 

such as sinefungin, a broad-spectrum MTase inhibitor, has been shown to bind to this pocket 

of several flaviviruses (235, 237, 273). The binding mode of this ligand is similar to SAM 

without having extra contacts with the protein. Yet, the affinity for sinefungin is higher than 

SAM (274) which is translated to better inhibitory efficacy as compared to SAH in N7 and 2’-

O assays (275). Nevertheless, this compound cannot be used as an antiviral drug as it lacks 

specificity towards viral MTase. Thus, rational design approaches were carried out to modify 

SAH by adding substituents to the adenine ring (276). SAH derivatives harboring hydrophobic 

extensions from the N6 position of adenine moiety showed improved potency and selectivity 

against human DNA, RNA and histone MTases. Crystal structure of DENV MTase-compound 

10 complex revealed that the N6 benzyl ring fits into a unique cavity located above the SAM-

binding site in flavivirus MTases and generates conformational changes in the residues (F133 

and R163 of DENV-3) lining the pocket. Although this compound produced good inhibitory 

profile in vitro, improvement in cell permeability is required to achieve antiviral activity in cell 

culture. Several groups have performed virtual screening and docking method to identify 

potential binders against flavivirus NS5 MTase that were subsequently assayed in vitro to 

examine activity (277-281). Some molecules demonstrated inhibitory properties at micromolar 

IC50. Remarkably, two potent compounds, NSC306711 and NSC610930, inhibited viral 

MTase with low cytotoxic effects (281). The high potency of NSC306711 may be due to extra 

interactions of this larger compound with residues outside the SAM-binding pocket, thus 

improving the specificity towards flavivirus but not host MTase proteins. An interesting 
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approach was used recently to link fragment hits obtained from fragment-based X-ray 

crystallography screening targeting DENV MTase, leading to the production of a novel series 

of inhibitors that showed improved potency compared to the initial hits (282). In the past, two 

screening efforts were carried out to look for inhibitors of DENV MTase, as briefly mentioned 

in section 1.9.1. The first screen utilized the scintillation proximity assay (SPA) to assess N7 

and 2’-O activities (240, 275) for approximately 60,000 compounds, but failed to identify any 

specific hits. It is possible that expanding the number of compounds for screening would 

increase the chance of obtaining specific inhibitors. However, further screening was not 

executed due to the high costs of reagents required for the assay. The second screen employed 

a fluorescent polarization assay (241) to measure 2’-O activity for 250,000 compounds, and 

was also unsuccessful in getting any specific hits. Given the unsatisfactory outcomes of 

enzymatic activity-based screens, it may be more feasible to obtain hits via structure-guided 

strategies, as evidenced by the success in discovery and design of potent inhibitors illustrated 

earlier. The availability of cocrystal structures with bound inhibitors would greatly facilitate 

optimization of compounds to achieve enhanced potency and specificity towards flaviviral 

MTases.  

1.10.2 Inhibitors of RNA synthesis 

The RNA-dependent RNA polymerase (RdRp) plays a central role in viral RNA synthesis and 

represents the most attractive drug target for antiviral research. There are two classes of viral 

polymerase inhibitors, i.e. nucleoside/nucleotide analog inhibitors (NIs) and non-nucleoside 

inhibitors (NNIs). NIs must be transformed into active triphosphates intracellularly before 

competing with natural NTP substrates and acting as RNA chain terminator to stop elongation. 

Some NIs, such as ribavirin, can be added into a growing RNA chain without termination and 

subsequently cause mutations in the daughter RNAs (283, 284). Ribavirin 5’-triphosphate 

(RTP) is a guanosine analog and is described in previous section 1.10.1 to interfere with viral 
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RNA capping. Here, poliovirus polymerase (3Dpol) was shown to be able to incorporate RTP 

in the viral RNA opposite either cytosine or uracil without any significant difference in its 

incorporation efficiency facing the two complementary bases (283). Similarly, CMP and UMP 

can be incorporated into a template containing ribavirin and the rate of their incorporation was 

about 500-fold more rapid than incorporation of RMP facing cytidine and uridine. In addition, 

3Dpol was capable of extending the RNA chain after the position of RTP incorporation, proving 

that ribavirin is not a chain terminator. Cell-based assays showed that ribavirin drastically 

impaired virus production, but only moderately affected RNA replication since levels of 

poliovirus RNA was comparable to wild-type levels. Sequence analyses of cloned cDNA of 

capsid protein from virus grown in poliovirus-infected cells in the presence of ribavirin 

revealed that the genomes contain an increase in G-to-A and C-to-U transition mutations 

caused by incorporation of RTP as a GTP analog during plus- and minus-strand RNAs 

synthesis, respectively. Thus, ribavirin is a powerful mutagen that may exert its antiviral effects 

through introducing replicative errors. Notably, this drug has proven to be effective in treating 

infections caused by influenza virus (285), Lassa fever virus (286) and Hantaan virus (287), 

but has weak activity against flaviviruses (288-290). Prophylactic ribavirin treatment of rhesus 

monkeys infected with DENV-1 virus had little or no effect on viremia (288). However, 

ribavirin analogues such as 5-ethylnyl-1-β-D-ribofuranosylimidazole-4-carboxamide (EICAR) 

exhibited higher activity than ribavirin against YFV and DENV, as measured by a 20- to 35-

fold improvement in EC50 (289). Correspondingly, EICAR was able to compete with GTP for 

binding to DENV NS5 MTase and could possibly also inhibit RNA 2’-O-methyltransferase 

activity like RTP (266). Hence, derivatives of ribavirin constitute potential drug candidates for 

anti-flaviviral activity and further exploration of their mechanism of action in either MTase or 

RdRp may lead to the development of more selective and potent inhibitors.  
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NIs represents the largest class of approved antiviral drugs and present several advantages for 

drug development. In the case of DENV, nucleoside analogs targeting RdRp should be broad-

spectrum and exhibit pan-serotype inhibition. Also, they should display a higher barrier for 

resistance emergence since the residues at the active site of polymerase are mostly conserved. 

Nevertheless, there are challenges in the development of nucleoside analogs for therapeutics. 

It is difficult to predict the structure-activity relationship (SAR) of NIs as they depend on host 

kinases to convert into active triphosphates. Hence, potent NIs are usually discovered 

serendipitously. Additionally, mitochondrial toxicity is a common side effect as toxicity is 

unpredictable and is frequently missed out in vitro. This usually involved inhibition of the 

human DNA polymerase gamma which leads to a reduction in mitochondrial DNA level, 

especially for NIs used for treating HIV-1 infection (291). Thus, animal toxicological studies 

would be required to investigate potential side effects of compounds. Many NIs of DENV were 

derived from anti-HCV drugs as the two viruses belongs to the same Flaviviridae family. The 

2’-C-methyl-substituted ribonucleosides which was active against HCV RdRp also harbors 

anti-flaviviral activity (292). Inhibition of several flaviviruses such as DENV, YFV and BVDV 

by 2’-C-methyladenosine ranges from an EC50 of 1.6 to 5.1 µM. However, this compound 

displayed susceptibility to get converted to 2’-C-methylinosine by host adenosine deaminase 

and had limited oral bioavailability in the rat (293). Incorporation of 7-deaza modification into 

2’-C-methyladenosine resulted in the discovery of MK-0608 that exhibited improved 

pharmacokinetic properties as deamination of the compound was reduced, however there was 

an EC50 shift to 15 µM (294). Potency was regained to EC50 of 0.64 µM by replacing the 2’-

C-methyl with 2’-ethylnyl group to produce NITD-008 (295). This adenosine analogue 

functions as a chain terminator during RNA polymerization and strongly blocked DENV 

replication both in vitro and in vivo (242, 243, 295). Besides DENV, it also demonstrated 

antiviral activity against other flaviviruses such as HCV. This compound entered preclinical 
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animal safety studies, but was terminated due to severe side-effects observed in both rats and 

dogs. For guanosine analogues, 2’-C-methylguanosine inhibited several members of flavivirus 

such as DENV and WNV at weak EC50 of 13.6 and 30 µM respectively (292) whereas its 

modified derivative, INX-08189, significantly increased potency in nano-molar range with no 

mitochondrial toxicity (296). Besides adenosine and guanosine analogues, cytosine analogue 

also showed anti-viral activity in vitro (297, 298). Balapiravir (an ester prodrug of cytidine 

analogue, 4’-azidocytidine) was originally developed for HCV treatment but its clinical 

development was discontinued due to serious adverse effects observed in patients (299). 

Moreover, treatment of dengue patients with this drug did not reduced viremia, NS1 production 

and fever duration although it was well tolerated (300). Chronic HCV infection can be treated 

with sofosbuvir, a marketed anti-HCV prodrug which demonstrated excellent safety and 

efficacy profile (301). Recent study reported good in vitro inhibition of DENV polymerase 

using this prodrug with EC50 of 0.4 µM (302), indicating the potential of sofosbuvir as an anti-

DENV inhibitor. This drug also showed inhibitory effects towards zika virus (ZIKV) 

polymerase (303), suggesting that the same enzyme inhibitor could be used to treat infections 

caused by members from one family since the viruses share same morphology and replication 

mechanism. In all, the results demonstrated proof of concept in the potential of NIs to be 

developed for flavivirus therapy.  

Another class of viral polymerase inhibitors is the NNIs which are usually non-competitive and 

bind to allosteric sites in the polymerase, blocking conformational changes crucial for its 

enzymatic functions. Highly specific NNIs could reduce off-target inhibitions and lower 

cytotoxicity.  However, the difficulties related to NNIs include the emergence of resistant 

viruses and to have cross-serotype inhibitory properties as there is a lesser tendency to retain 

the residues lining the allosteric pockets. For instance, escape mutation that arose from 

benzimidazole-containing inhibitors was mapped to proline 495 of the HCV NS5b polymerase 
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thumb domain, conferring resistance to this class of compounds (304, 305). NNIs are mostly 

discovered in high-throughput screening campaigns using RdRp biochemical assays. One 

compound identified through elongation scintillation proximity assay (SPA), NITD-2, which 

likely inhibits polymerase activity by targeting the RNA tunnel of DENV RdRp, could not be 

advanced due to poor cell permeability (242, 306). N-sulfonyl-anthranilic acid derivatives, 

optimized from a hit discovered via primer extension-based RdRp assay, were also found to 

bind the RNA template tunnel and inhibit DENV RdRp at IC50 of 0.7 µM (306). The inhibitory 

effect of this compound was specific to DENV and not to other polymerases from Flaviviridae 

family or the host cell. Another NNI identified through fluorescent-coupled elongation assay 

(307), NITD-107, binds to the RNA binding groove but exhibited only weak antiviral activity 

against DENV polymerase and replicon (308). Furthermore, several NNIs of HCV NS5B such 

as tegobuvir (of unidentified binding site) and filibuvir (thumb domain site II inhibitor) 

progressed to clinical testing but did not produce desired outcomes (309). The challenges in 

developing NNIs highlighted the importance to validate the biological relevance of these 

allosteric pockets which might provide new insights to obtain better inhibitors.  

1.11 Next challenges in Flavivirus RNA capping and RNA replication research 

The flavivirus NS5 is a naturally fused protein comprising a methyltransferase (MTase) and a 

RNA-dependent RNA polymerase (RdRp), in which both are essential for virus replication in  

the host cell. Little is known about how the viral polymerase coordinates their nucleotide 

synthesizing activity with the 5’-capping activity of methyltransferase in the overall scheme of 

genome synthesis. The crystallographic structures of individual domains have been solved 

providing a structural basis for the design of drugs that may alter the enzyme’s dynamics (86, 

164). Subsequently, cocrystal structures of these domain proteins in complex with small-

molecule inhibitors were obtained and are useful to understand the mode of actions of these 

antiviral compounds (266, 276, 308, 310). However, drug discovery efforts have not yielded 
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suitable leads and could be impeded due to the lack of a crystallographic structure of the full-

length NS5 protein to understand the in cis regulation on RdRp by their N-terminal MTase 

domain. Elucidation of this structure would shed light on the possible interplay between the 

two domains in viral cap formation and genome replication as well as NS5-related molecular 

interactions for viral replication and pathogenesis during infection.  

Another active area of research is to understand how the viral RNA substrate is recognized by 

the two enzymatic domains of NS5 to get replicated and capped. The mechanism for flavivirus 

guanylyltransferase and methyltransferase activities of the capping enzyme have been 

extensively studied ever since the structure of this enzyme was determined (164, 165, 231, 239). 

The N-terminus of NS5 was speculated to possess guanylyltransferase activity based in vitro 

experiments which showed that WNV NS5 was able to form a covalent enzyme-GMP 

intermediate in the presence of GTP as a substrate and has the ability to transfer GMP to RNA 

transcript containing diphosphate 5’-end (143). Likewise, Wesselsbron virus MTase becomes 

covalently linked to GMP via a lysine residue K38 following incubation with GTP molecule 

(235), hinting possible successive event to transfer the guanine group to diphosphate end of an 

acceptor RNA. The same domain with putative GTase function is also responsible to carry out 

N7 and 2’-O methylations for type I cap formation. Crystal structure of DENV-3 MTase in 

complex with a 5’-capped RNA octamer was solved and it shows the cap moiety of RNA ligand 

docking in the GTP binding pocket but the rest of the substrate did not extend in the putative 

basic RNA binding groove (238). This structure may represent the product of guanylylation 

step prior to the N7 and 2’-O methylation processes that require conformational rearrangements 

to bring the RNA substrate near to the SAM donor site for methyl transfer reaction. Therefore, 

in order to understand how flavivirus guanylyltransferase works, it would be necessary to 

dissect the mechanism of how the capping enzyme binds to diphosphorylated RNA substrate. 

Furthermore, trapping the capping enzyme in a catalytically relevant complex with its 
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substrates would open up new structural and functional insights on GTase, N7 and 2’-O MTase 

activities.  

The flavivirus RdRp is responsible to copy the viral genetic code via de novo initiation followed 

by processive elongation of RNA synthesis. Major challenges remain in deciphering the 

mechanism of polymerase catalysis, translocation on the RNA template and the conformational 

changes involving the priming element during the transition from initiation to elongation phase. 

Remarkably, the stalled ternary structures of HCV NS5B in both primed initiation and 

elongation states have been determined, revealing conserved residues in the active site play a 

role in positioning the primer for nucleophilic attack on the incoming NTP as well as the 

different orientations of the thumb domain β-loop and C-terminal membrane-anchoring tail, 

from occupying the active site cavity in apo state to retraction during primed initiation 

formation and subsequently leaving the active site to accommodate the nucleic acid during 

elongation (311). Crystal structures of stalled elongation complexes (EC) of poliovirus, 

coxsackievirus and rhinovirus also provided molecular details associated with nucleotide 

selection and catalysis (93, 95). Therefore, in order to expand our knowledge on flaviviral RNA 

replication and to unravel the structural changes that occur during various steps of RNA 

synthesis, it is important to elucidate catalytically-relevant polymerase ternary complexes with 

its substrates which may in turn provide possibilities for the discovery and development of new 

inhibitors. Moreover, we still lack information about the macromolecular organization in the 

replication complex comprising of viral and cellular components in genome synthesis. 

Molecular interactions were illustrated between NS3 and NS5 proteins (224) that may be 

important for their coordinated activities in the individual steps of RNA synthesis and 5’-RNA 

cap formation (312), as well as between NS3 and NS4B for enhancement of the helicase 

activity of NS3 (195, 313). These interactions may account for the anchoring of viral 

replication machinery to ER membranes owing to the integral membrane association of NS4B 
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and NS2B (cofactor of NS3 for its protease function). Distinct spatial arrangements of the 

proteins in the replication complex may exist to allow coupling of dsRNA winding, RNA 

polymerization and capping of the newly-synthesized RNA. Future studies could look at how 

the membrane-bound replication complex is assembled and how this complex synchronizes the 

individual events of genome replication.  

1.12 Aims of this thesis 

My PhD research aims to reveal valuable information on the functions and dynamics of NS5 

protein along with its molecular interactions with substrates and inhibitors, and to validate it as 

an attractive target for the development of anti-flaviviral drugs. There are four objectives to my 

project and they are described below.  

(i) To examine how dengue virus NS5 performs its versatile, multi-functional roles in viral 

replication 

This study was aided by the resolution of the first crystal structure of the DENV-3 FL NS5 

which occurred when I first embarked on my PhD research. The functional significance of 

intra-molecular/domain interactions and the flexible interdomain linker for viral replication, 

growth and infectivity was explored using the following techniques. 

Experimental work 

• Site-directed mutagenesis was carried out to generate interdomain interface and linker 

mutations in the context of recombinant DENV-2 or -4 NS5 FL protein, DENV-2 or -4 

subgenomic replicon and DENV-4 infectious clone. 

• Biochemical and biophysical assays: Thermal stability, MTase and RdRp activities of 

mutant proteins were measured using thermo-fluorescence assay, scintillation proximity 

assay (SPA) and fluorescence-based alkaline phosphatase-coupled polymerase assays 

(FAPA), correspondingly. Steady-state kinetic measurement was also performed to 

determine mechanism of altered RdRp activity using FAPA.  



   
  Chapter 1 Introduction 

53 

 

• Cell-based assays: Replicon and virus growth fitness were examined using renilla 

luciferase assay, immunofluorescence assay (IFA), plaque assay and qRT-PCR.  

(ii) To understand specific viral RNA recognition and 2’-O methylation by DENV NS5 

Following the structure determination of DENV-3 FL NS5, the crystal structure of a ternary 

complex between DENV-3 NS5 protein, an authentic cap-0-viral RNA substrate and SAH was 

determined representing a catalytically-competent complex for methylation. The importance 

of amino acids lining the RNA binding groove as well as interacting nucleotide of the RNA 

substrate for specific viral RNA recognition and 2’-O methylation by DENV NS5 MTase was 

investigated as follows.  

Experimental work 

• Site-directed mutagenesis was carried out to generate mutations of NS5 MTase residues 

in the context of recombinant DENV-4 MTase and NS5 FL proteins and DENV-2 

infectious clone, as well as mutations of the second nucleotide of viral RNA using capped-

DENV-4 5’ UTR 1-110 nt RNA template and in DENV-2 infectious clone.  

• Biochemical and biophysical assays: Thermal stability, MTase 2’-O and RdRp enzymatic 

activities of mutants were measured using thermo-fluorescence, SPA and FAPA assays, 

respectively.  

• Cell-based assays: Virus growth fitness was examined using plaque assay, qRT-PCR and 

IFA.  

(iii) To examine biological relevance of allosteric binding pockets of DENV RdRp 

inhibitors 

In-house (conducted at NITD) compound screening campaign and fragment-based screening 

exercise in combination with structure-guided approach targeting the DENV RdRp identified 

several non-nucleoside inhibitors that bound to allosteric pockets by X-ray crystallography. 

One class of the inhibitors bound at the thumb/palm interface near the enzyme active site 
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(termed “N pocket”), whilst another interacted with the finger-thumb interconnecting loops, 

resulting in an ordered F1 motif. The relevance of these inhibitor binding sites in the RdRp for 

viral replication and the mechanism of action of these compounds were assessed using the 

following approaches.  

Experimental work 

• Site-directed mutagenesis was performed to generate alanine mutations of residues lining 

the pockets in the context of recombinant DENV-4 NS5 FL protein and DENV-4 

subgenomic replicon.  

• Resistant mutations raised using N-pocket compounds were also engineered into DENV-

2 subgenomic replicon and DENV-2 infectious clone.  

• Biochemical and biophysical assays: Thermal stability, RdRp activity and dnI IC50 of 

mutants were measured using thermo-fluorescence and FAPA assays. The inhibition mode 

of N-pocket compounds was studied using order-of-reagent addition and steady-state 

kinetic competition experiments. 

• Cell-based assays: Replicon and virus growth fitness were examined using renilla 

luciferase assay, IFA, cell viability assay, plaque assay and qRT-PCR.  

• Co-crystallization of DENV-3 FL NS5 in complex with N-pocket compounds was carried 

out to examine the binding mode as compared to the polymerase domain.  

(iv) To obtain a co-crystal structure of an elongation complex of DENV RdRp bound to 

dsRNA 

Further dissection of the interactions between NS5 RdRp and viral RNA would be informative 

in elucidating how the viral RNA is recognized and replicated, and possibly facilitate drug 

discovery and design targeting the RdRp. A systematic approach was taken from assembling 

an active elongation complex, to profiling numerous dsRNA templates and selecting those with 

good binding and elongation profile, and finally generating stable polymerase-RNA elongation 
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complexes for crystallization.  

Experimental work 

• Development of fluorescence polarization (FP)-based assay to measure binding affinity 

and elongation activity of DENV NS5 protein with various distinct RNA constructs  

• Assembly of functional elongation complexes and crystallization of these complexes using 

commercial screening kits 

• Optimization of buffer conditions with observed crystals  
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2 MATERIALS AND METHODS 

2.1 Cells  

For transfection, baby hamster kidney cells (BHK-21-US) were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin (P/S) in 5% CO2 at 37°C. For plaque assay, baby hamster 

kidney cells (BHK-21-NITD) were propagated in Roswell Park Memorial Institute (RPMI) 

1640 (Gibco) supplemented with 10% FBS and 1% P/S in 5% CO2 at 37°C.  

2.2 Construction of DENV replicon cDNAs 

2.2.1 Generation of DENV-4 NS5 interface mutant replicons  

Mutations K95A, K95A/N96A (K95A/K96A in DENV-3), Y119A, R263A (R262 in DENV-

3), E268A (E267 in DENV-3), E270A (E269 in DENV-3), R353A (R352 in DENV-3), R362A 

(R361 in DENV-3) and K596A (K595 in DENV-3) in the DENV-4 NS5 sequence were 

engineered into the subclone, pACYC-DENV4-F shuttle vector, using QuikChange II XL site-

directed mutagenesis (SDM) kit according to the manufacturer’s protocol (Stratagene). This 

plasmid harbours nucleotides 5351-10652 (from NS3 to 3’UTR) from the DENV-4 MY01-

22713 strain, followed by Hepatitis delta virus ribozyme (HDVr) sequence. After sequence 

verification, the plasmids were digested with NotI and KpnI restriction enzymes and inserted 

with a PCR product comprising nucleotides 1-5350 downstream of the T7 promoter in which 

the region from nucleotides 217-2331 has been replaced by renilla luciferase and foot-and-

mouth disease virus 2A protease cDNAs. DENV-4 replicon with Rluc reporter (pACYC-I-DV4 

Rep; Figure 2.1) was used to study the effects of mutations on viral replication. After cloning, 

all constructs were checked by DNA sequencing again to ensure the presence of correct 

mutations before proceeding to subsequent experiments. A list of primers used for mutagenesis 

and cloning is available in Table 2.1 and 2.2.  

2.2.2 Generation of DENV-4 NS5 310-helix mutant replicons  
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Mutations S264A (H263 in DENV-3), V265A (V264 in DENV-3), S266A (N265 in DENV-3) 

and T267A (A266 in DENV-3) in the DENV-4 NS5 sequence were introduced into pACYC-

DENV4-F shuttle vector using QuikChange II XL SDM kit. Subsequent steps to generate 

replicon cDNA were performed as per section 2.2.1. A list of primers used for mutagenesis is 

available in Table 2.3.  

 

Figure 2.1 DENV-4 replicon cDNA. The plasmid map of DENV-4 replicon is shown.  

2.2.3 Generation of DENV-2 NS5 linker mutant replicons  

Mutations consisting 4 amino acids (aa264-267) in DENV-2 NS5 inter-domain linker swapped 

with corresponding Flavivirus amino acids (L4) were engineered into the subclone, TA-

DENV2 NGC-E shuttle vector, using QuikChange II XL SDM kit according to the 

manufacturer’s protocol (Stratagene). The primers used for mutagenesis are listed in Table 2.4. 

Mutations consisting 9 amino acids (aa264-272) in DENV-2 NS5 inter-domain linker swapped 

with corresponding Flavivirus amino acids (L9) were generated by overlap PCR using TA-

DENV2 NGC-E shuttle vector. The overlapped PCR products were digested with AccI and 

PmlI restriction enzymes, following by cloning into TA-DENV2 NGC-E shuttle vector at these 

two sites. The primers used for overlap PCR reaction are shown in Table 2.5. To construct 

DENV2 NGC replicon, the mutants were cloned into pACYC-DENV2 NGC RLUC vector at 

BspEI and MluI restriction sites (Figure 2.2). The DENV2 NGC RLUC plasmid contains a T7 
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promoter and HDVr sequence at 5’ and 3’ ends respectively and the structural genes had been 

replaced by renilla luciferase and foot-and-mouth disease virus 2A protease cDNAs. All 

constructs were verified by DNA sequencing before proceeding to the subsequent experiments.  

 

Figure 2.2 DENV-2 replicon cDNA. The plasmid map of DENV-2 replicon is shown.  

2.2.4 Generation of DENV-4 NS5 F1 motif mutant replicons  

Mutations N453A (N452 in DENV-3), K457A (K456 in DENV-3), R458A (R457 in DENV-

3), K457A/R458A, E459A (E458 in DENV-3), F465A (F464 in DENV-3), W475A (W474 in 

DENV-3) and K579A (K578 in DENV-3) in the DENV-4 NS5 sequence were engineered into 

pACYC-DENV4-F shuttle vector using QuikChange II XL SDM kit. Subsequent steps to 

generate replicon cDNA were performed as per section 2.2.1. A list of primers used for 

mutagenesis is available in Table 2.6.  

2.2.5 Generation of DENV-4 NS5 N-pocket mutant replicons  

Mutations C710A (C709 in DENV-3), S711A (S710 in DENV-3), H801A (H800 in DENV-3) 

and Q803A (Q802 in DENV-3) in the DENV-4 NS5 sequence were engineered into pACYC-

DENV4-F shuttle vector using QuikChange II XL SDM kit. Subsequent steps to generate 
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replicon cDNA were performed as per section 2.2.1. A list of primers used for mutagenesis is 

available in Table 2.7.  

2.3 Construction of DENV infectious clones 

2.3.1 Generation of DENV-4 NS5 interface mutant infectious clones  

DENV-4 NS5 mutations were cloned into subclone, pACYC-DENV4-E shuttle vector, by 

subjecting DENV-4 NS5 mutant replicon cDNAs to KpnI and SalI restriction digestion. The 

pACYC-DENV4-E plasmids which now contain NS5 mutations were double digested with 

BsrGI & XhoI, followed by gel extraction to obtain the 8476 bp fragment comprising 

nucleotides 2246 to 10652 (contains NS1, 2A, 2B, NS3, 4A, 4B, NS5 and 3’UTR). Another 

subclone, pACYC-DENV4-A1 shuttle vector, was double digested with SacII and BsrGI, 

followed by gel extraction to obtain the 2268 bp fragment comprising the T7 promoter followed 

by nucleotides 1 to 2245 (contains 5’UTR, C, prM and E). The two fragments were in vitro 

ligated with T4 DNA ligase and purified through illustra MicroSpin G-25 column (GE 

Healthcare) and phenol-chloroform extraction. The purified ligated cDNAs (Figure 2.3) were 

resuspended in nuclease-free water.  

 

Figure 2.3 DENV-4 infectious clone. The structure of DENV-4 infectious clone is depicted. The infectious clone 

was generated by ligating the 8476 bp fragment from pACYC-DENV4-E shuttle vector and the 2268 bp fragment 

from pACYC-DENV4-A1 shuttle vector.  

2.3.2 Generation of DENV-2 NS5 E111 and G2 mutant infectious clones  

DENV-2 full-length cDNA clones bearing NS5 E111A, E111Q and E111R substitutions were 

generated using pACYC-NGC FL and TA-NGC (shuttle E) plasmids as illustrated previously 

(314). The pACYC-NGC infectious clone vector contains a long DNA fragment comprising a 

T7 promoter, the DENV2 NGC genome, followed by the HDVr sequence (Figure 2.4). The 

shuttle vector harbors sequences from NS3 to 3’UTR-HDVr (nucleotides 5427 to 10955) from 
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the pACYC-NGC FL plasmid. All mutations were introduced into the shuttle E vector using 

QuikChange II XL SDM kit (Stratagene). The primers used for mutagenesis are available in 

Table 2.8. After sequence verification, the mutants were cloned into the FL infectious clone at 

BspEI and MluI restriction sites.  

DENV2 full-length cDNA clones with mutations at the second nucleotide G2 of the viral 

genome were constructed by PCR using Phusion DNA Polymerase under standard procedures. 

Table 2.9 shows the primers used for engineering 5’ UTR mutations. The PCR products were 

purified and checked by DNA sequencing before cloning into pACYC-NGC infectious clone 

at NotI and NheI restriction sites.  

 

Figure 2.4 DENV-2 infectious clone. The plasmid map of DENV-2 infectious clone is shown.  

2.4 RNA in vitro transcription and transfection 

The DENV-4 and DENV-2 replicon cDNA plasmids were linearized with XhoI and XbaI 

respectively, whilst the full-length DENV-2 infectious cDNA clones were linearized with XbaI. 

These plasmids were purified with phenol/chloroform before carrying out in vitro transcription 
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(IVT) using T7 mMESSAGE mMACHINE kit according to the manufacturer’s protocol 

(Ambion, U.S.A.). The genome-length DENV-4 interface mutant infectious cDNAs were in 

vitro transcribed similarly using T7 mMESSAGE mMACHINE kit. The resulting RNA was 

resuspended in RNase-free water and stored at -20°C before use. Approximately 10 µg replicon 

and DENV-2 infectious clone RNAs were electroporated into 8 x 106 BHK-21 cells in 0.8 ml 

Ingenio Electroporation Solution (Mirus) in a pre-chilled 0.4 cm cuvette, pulsing three times 

using Genepulser Xcell™ Electroporation System (Bio-Rad, U.S.A.) with 5-10 sec intervals at 

850 V and 25 µF. Cells were recovered at room temperature (RT) for 3-5 min before mixing 

with 25 ml pre-warmed DMEM containing 10% FBS. The final cell number was 3.2 x 105 per 

ml. For DENV-4 interface mutant infectious clones, the RNA yield after IVT purification was 

relatively low so only about 2 µg RNA was electroporated into 4 x 106 BHK-21 cells in 0.4 ml 

Ingenio Electroporation Solution (Mirus).  Cells were recovered at RT for 10 min before 

resuspending in 20 ml pre-warmed DMEM containing 10% FBS. The final cell number was 2 

x 105 per ml.  

2.5 Cell viability assay 

Cell viability assay was performed using CellTiter-Glo kit (Promega, USA) following the 

manufacturer’s protocols, and luminescence was measured using a microplate reader (Tecan).  

2.6 Renilla luciferase assay 

Replicon RNA transfection cells were seeded into 12-well plates at 0.5 ml per well (1.6 x 105 

cells) and incubated in 5% CO2 at 37°C. Duplicate wells were seeded for each time point. At 

1, 4, 24, 48, 72, and 96 hour post-transfection (hpt), the medium was removed and the cells 

were washed with PBS twice before adding 250 µl lysis buffer to each well of 12-well plate 

and storing the plate at -80°C for subsequent luciferase assay. Luciferase activity was measured 

using the Clarity™ Luminescence Microplate Reader by adding 50 µl substrate to 20 µl lysate 
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in one well of 96-well white opaque plate. This assay was performed using Renilla Luciferase 

Assay System following the manufacturer’s protocol (Promega, WI, U.S.A.).  

2.7 Immunofluorescence assay (IFA) 

Replicon RNA-transfected and DENV-2 genome-length RNA-transfected cells were seeded 

onto 8-well chamber slide at various amounts: 250 µl per well for 24 hpt harvesting (8 x 104 

cells), 150 µl per well for 48 hpt harvesting (4.8 x 104 cells), and 100 µl per well for 72 and 96 

hpt harvesting (3.2 x 104 cells), and were incubated in 5% CO2 at 37°C. For DENV-4 interface 

mutant infectious clone, RNA-transfected cells were seeded onto 8-well chamber slide at 150 

µl per well for 72 hpt harvesting (3 x 104 cells) and 100 µl per well for 120 hpt harvesting (2 x 

104 cells). Note that at 24 hpt, the medium in the chamber slides for infectious clones was 

changed to DMEM containing 2% FBS and incubated in 5% CO2 at 30°C. At designated time 

points, the medium was removed and the cells were washed with PBS twice before fixing in 

cold methanol for 30 min at -20°C. The fixed cells were washed with PBS three times and 

blocked with PBST (composed of 1% FBS (v/v), 1% bovine serum albumin (BSA) (g/v) and 

0.05% Tween-20 (v/v) in PBS) for 1 hour at RT with gentle rocking to prevent non-specific 

binding of antibodies at later steps. After blocking, the cells were washed thrice with PBS and 

then incubated 1 hour at RT with primary antibodies – anti-NS3 helicase protein rabbit 

antibody (1:200 dilution with PBST; NITD), anti-DENV-4 RdRp rabbit antibody (1:100 

dilution with PBST; NITD), anti-DENV2 NS5 rabbit polyclonal antibody (1:100 dilution with 

PBST; Genetex GTX103350), or anti-dsRNA mouse monoclonal antibody (1:100 dilution with 

PBST; clone J2, English & Scientific Consulting Kft., Hungary), with gentle rocking. 

Following primary antibodies staining, the cells were washed with PBS three times and then 

incubated in the dark with secondary antibodies – Alexa Fluor 568 donkey anti-mouse IgG 

(1:2000 dilution with PBST; Invitrogen, U.S.A.), Alexa Fluor 488 goat anti-rabbit IgG (1:2000 

dilution with PBST; Invitrogen, U.S.A.), Alexa Fluor 568 goat anti-rabbit IgG (1:2000 dilution 
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with PBST; Invitrogen, U.S.A.), or FITC-labeled goat anti-mouse IgG (1:200 dilution with 

PBST; Sigma, USA), for 1 hour at RT with gentle rocking. After PBS washing for three times, 

mounting agent containing 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc.) 

was added to stain the nuclei and seal the coverslip. The slide was visualized under a 

fluorescence microscope and cell images were captured on camera at 20x magnification.  

2.8 Plaque assay 

Virus stock was generated by harvesting the supernatant of genome-length RNA-transfected 

BHK-21 cells grown in T75 flask (Corning) at 24, 48, 72, 96, and 120 hpt, and virus titer and 

morphology were determined by standard plaque assay. Briefly, a series of 10-fold dilutions 

was produced by first diluting 50 µl virus stock with 450 µl RPMI 1640 with 2% FBS to obtain 

10-1 dilution and then diluting further until 10-6 dilution was achieved. Confluent BHK-21 cells 

(8 x 104 seeded per well two days in advance) grown in 24-well plate was added with 200 µl 

of each dilution into each well. Duplicate wells were seeded for each time point and dilution 

factor. The infection was allowed to take place at 30°C for 1 hour. After an hour, the medium 

was removed and 500 µl 0.8% methyl-cellulose overlay (containing RPMI, 2% FBS, 1% P/S, 

0.05% NaHCO3, 25 mM Hepes, and 0.5% DMSO) was dispensed into each well. After 5 days 

of incubation in 5% CO2 at 37°C, the cells were fixed in 3.7% formaldehyde and stained with 

1% crystal violet. The virus titer was calculated as plaque-forming unit (PFU) per ml.  

2.9 Intracellular and extracellular virus RNA extraction and quantification 

DENV-4 and DENV-2 genome-length RNA-transfected BHK-21 cells were seeded into 6-well 

plate at 2 x 105 cells and 3.2  105 cells per well respectively, and incubated in 5% CO2 at 37°C. 

Note that at 24 hpt, the medium was changed to DMEM containing 2% FBS and the plate was 

incubated in 5% CO2 at 30°C. At designated time points (6.5/6, 24, 48, 72, 96, and 120 hpt), 

the medium was removed and the cells were washed once with PBS before lysing with 1 ml 

TRIzol Reagent (Invitrogen). The subsequent steps for RNA extraction was followed according 
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to the manufacturer’s instruction. For intracellular viral RNA quantification, 100 ng of 

extracted RNA was subjected to qRT-PCR using iScript enzyme one-step RT PCR with SYBR 

and run with iQ™5 Multicolor or Bio-Rad CFX96 Real-Time PCR Detection System. The 

primers used of DENV-4 viral RNA are forward, 5'-GCTTACGCCCAGATGTGG-3', and 

reverse, 5'-CGTTGGAACTGCTGAGCAT-3', targeting the DENV-4 NS5 region. The primers 

used of DENV-2 viral RNA are forward, 5’-CGTCGAGAGAAATATGGTCACACC-3’, and 

reverse, 5’-CCACAATAGTATGACCAGCCT-3’, targeting the DENV-2 NS5 MTase region. 

The protocol for qRT-PCR reaction is as follows: (i) 52°C for 10 min, (ii) 95°C for 5 min, (iii) 

95°C for 10 sec, (iv) 60°C for 30 sec, (v) repeat steps iii and iv for another 44 times, (vi) 95°C 

for 1 min, (vii) 55°C for 1 min, (viii) 0.5°C increment for 10 sec from 55°C to 95°C. To 

generate a standard curve for quantification of viral genome copy number, DENV-4 replicon 

WT IVT RNA and DENV-2 NGC WT FL IVT RNA were serially diluted 3-fold for 10 times 

and subjected to qRT-PCR similarly as described above (Appendix 1 and 2).  

For extracellular viral RNA quantification, supernatant of DENV-2 genome-length RNA-

transfected BHK-21 cells was collected at 24, 48, 72, 96, and 120 hpt, and clarified prior to 

addition of TRIzol LS reagent (Invitrogen). RNA extraction was performed and the extracted 

RNA was subjected to qRT-PCR as depicted above. To ensure that the engineered mutations 

were still present after transfection, the extracted RNA at 24 and 120 hpt were also used for 

RT-PCR by using several overlapping primers covering the complete NS5 gene. The RT-PCR 

products were then purified with gel extraction kit and sent for DNA sequencing.  

2.10 Construction of DENV WT and mutant FL NS5 plasmids 

2.10.1 Generation of DENV-4 WT and interface mutant FL NS5 plasmids 

DENV-4 WT and interface mutant FL NS5 cDNAs were PCR amplified from the respective 

WT and mutant pACYC-DENV4-F shuttle plasmids and cloned into pET28a vector using NheI 
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and XhoI restriction sites (Figure 2.5). The primers used for PCR amplification can be found 

in Table 2.10. 

2.10.2 Generation of DENV-4 WT and 310-helix mutant FL NS5 plasmids 

The S264A, V265A, S266A and T267A mutations in the DENV-4 NS5 sequence were 

engineered into pET28a-DENV4 FL NS5-MY22713 plasmid using QuikChange II XL SDM 

kit according to the manufacturer’s protocol (Stratagene). This vector contains an N-terminal 

His-tag sequence upstream of the NS5 FL sequence. The primers used for mutagenesis are 

listed in Table 2.11.  

 

Figure 2.5 DENV-4 recombinant His-tag NS5 protein. The plasmid map of pET28a DENV-4 FL NS5 

MY22713 is shown.  

2.10.3 Generation of DENV-2 WT and linker mutant FL NS5 plasmids 

DENV-2 WT FL NS5 protein plasmid was constructed by PCR amplifying the DENV-2 FL 

NS5 cDNA from TA-DENV2 NGC-E shuttle vector and cloning them into pET28a vector 

(Stratagene) using the NheI and XhoI restriction sites. The L4 mutations in the DENV-2 NS5 

sequence were engineered into pET28a-DENV2 FL NS5 plasmid using QuikChange II XL 

SDM kit according to the manufacturer’s protocol (Stratagene). This vector contains an N-
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terminal His-tag sequence upstream of the NS5 FL sequence. The primers used for cloning and 

mutagenesis are listed in Table 2.12 and 2.4. To generate pET28a-DENV2 FL NS5 L9 mutant 

plasmids, the respective L9 mutant TA-DENV2 NGC-E shuttle plasmids were digested and 

cloned into pET28a-DENV2 FL NS5 plasmid at StuI and PmlI restriction sites.  

2.10.4 Generation of DENV-4 WT and E111 mutant FL NS5 plasmids 

The E111A, E111Q, E111R mutations in the DENV-4 NS5 sequence were introduced into 

pET28a-DENV4 FL NS5-MY22713 plasmid using QuikChange II XL SDM kit (Stratagene). 

This vector contains an N-terminal His-tag sequence upstream of the NS5 FL sequence. The 

primers used for mutagenesis are listed in Table 2.13.  

2.10.5 Generation of DENV-4 WT and F1 motif mutant FL NS5 plasmids 

The N453A, K457A, R458A, K457A/R458A, E459A, F465A, W475A and K579A mutations 

in the DENV-4 NS5 sequence were introduced into pET28a-DENV4 FL NS5-MY22713 

plasmid using QuikChange II XL SDM kit (Stratagene). This vector contains an N-terminal 

His-tag sequence upstream of the NS5 FL sequence. A list of primers used for mutagenesis can 

be found in Table 2.14.  

2.11 Construction of DENV WT and mutant MTase plasmids 

The R38A, K42A, R57A, R84A, E111A, E111Q, E111R, R212A, S214A and T215A 

mutations in the DENV-4 NS5 sequence were generated using QuikChange II XL SDM kit 

(Stratagene) into the plasmid pGEX-4T-1+D4(MY22713)+SAM272 which bears DENV-4 

genome sequence encoding amino acids 1 to 272 of the NS5 MTase protein (Figure 2.6). Table 

2.13 shows the primers employed for mutagenesis.  
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Figure 2.6 DENV-4 recombinant GST-tag MTase protein. The plasmid map of pGEX-4T-

1+D4(MY22713)+SAM272 is shown.  

2.12 Expression and purification of DENV WT and mutant proteins 

2.12.1 Expression and purification of DENV-4 and DENV-2 WT and mutant FL NS5 

proteins 

Expression plasmids for all recombinant NS5 proteins fused with N-terminal His-tag sequence 

were transformed into Escherichia coli BL21 cells and grown on LB medium with 30 µg/ml 

kanamycin (Kan30) agar plates for incubation at 37°C overnight. Colonies were scraped and 

inoculated into two 400 ml 2xYT medium with Kan30 per protein at 37°C with shaking at 180 

rpm until an absorbance optical density at 600 nm of 0.6 to 0.8 was reached. The cultures were 

gradually cooled to 16°C before adding 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) 

for inducing protein expression at 16°C overnight with shaking at 180 rpm. After overnight 

growth, OD600 reached 2.0 and above and the cells were harvested by centrifugation at 6,000 

rpm at 4°C for 10 min. Cell pellets were resuspended and sonicated in buffer A (20 mM Tris-

HCl at pH 7.5, 550 mM NaCl, 5% glycerol, 5 mM β-mercaptoethanol (β-ME)) supplemented 

with 0.01% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and 

protease inhibitor cocktail tablet (Roche). The lysates were clarified by centrifugation at 18,000 
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rpm for 40 min at 4°C and the supernatants were purified using nickel-nitrilotriacetic acid (Ni-

NTA) agarose (Qiagen) by washing unbound protein with buffer A. Recombinant His-tag NS5 

proteins were eluted with buffer B (buffer A supplemented with 400 mM imidazole), pooled 

and concentrated using Amicon Ultra centrifugal filter (Millipore, U.S.A.) with a molecular 

weight cut-off of 30 kDa. Further purification by size-exclusion chromatography was 

performed with the use of Superdex 200 10/300 GL column (GE Healthcare Life Sciences). 

Peak fractions were analysed on 10% sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) gel before the desired His-tag NS5 FL proteins of size ~100 kDa 

were pooled, concentrated and stored at -80°C before use.  

2.12.2 Expression and purification of DENV-4 WT and mutant MTase proteins 

Expression plasmids for all recombinant MTase proteins fused with N-terminal GST-tag 

sequence were transformed into Escherichia coli BL21 cells and plated onto LB medium with 

100 µg/ml ampicillin (Amp100) agar plates for incubation at 37°C overnight. Colonies were 

scraped and inoculated into 2 YT medium containing Amp100 at 37°C with shaking at 180 

rpm to ~0.6-0.8 absorbance optical density at 600 nm (OD600). The cultures were gradually 

cooled to 16°C before adding 0.4 mM IPTG for inducing protein expression at 16°C overnight 

with shaking at 180 rpm. After overnight growth, OD600 reached 2.0 and above and the cells 

were harvested by centrifugation at 6,000 rpm at 4°C for 10 min. Cell pellets were resuspended 

and sonicated in buffer A (20 mM Tris-HCl at pH 7.5, 0.5 M NaCl, 2 mM β-ME, 5% glycerol) 

supplemented with 0.01% CHAPS, and protease inhibitor cocktail tablet (Roche). The lysates 

were clarified by centrifugation at 18,000 rpm for 40 min at 4°C and the supernatants were 

loaded on a GSTrap™ FF column (GE Healthcare) pre-equilibrated with buffer A. Overnight 

cleavage at 4°C using thrombin was carried out to remove the GST-tag. The desired DENV-4 

MTase protein was further purified through both the GSTrap™ FF and HiTrap™ Benzamidine 
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FF columns (GE Healthcare) and analysed on 10% SDS-PAGE gel before concentrated and 

stored at -80°C.  

2.13 Construction of mutant m7G0ppp-DENV4 5’UTR nt-110 RNAs for 2’-O MTase 

assay 

DENV-4 5’ UTR nt-110 DNA with mutations at the second position G2 was generated by 

Phusion PCR kit (New England Biolabs; NEB). The primers used for engineering 5’ UTR 

substitutions are shown in Table 2.15. Purification and sequencing of the PCR products were 

carried out before using MEGAshortscript T7 Transcription Kit (Life Technologies) for in vitro 

transcription (IVT). The transcription reaction was added with m7GpppA cap analog to obtain 

RNA containing the cap structure. The IVT RNAs were subsequently purified and resuspended 

in RNase-free water.  

2.14 Thermo-fluorescence assay 

A 20 µl reaction mixture comprising of 2.5 µM protein, with or without 50 μM 5’-

m7GpppAGUUGUU-3’ RNA (Trilink) and SYPRO Orange dye (Invitrogen) in 1x assay buffer 

(50 mM Tris-Cl at pH 7.5, 100 mM KCl, 0.001% Triton X-100, 0.1 mM MnCl2 and 0.1 mM 

MgCl2) was prepared in a 96-well white opaque plate (Bio-Rad). Duplicate wells were prepared 

for each protein. The plate was sealed and centrifuged briefly before heated at 0.5°C increments 

from 25°C to 85°C using iQ5 Multicolor or CFX96 Touch Real-Time PCR Detection System 

(Bio-Rad, Hercules, U.S.A.).  Fluorescence was detected at excitationmax and emissionmax 

wavelengths of 485 nm and 625 nm respectively, and signals were recorded as relative 

fluorescence unit (RFU) with respect to temperature. The derivatives (-dRFU/dT) were plotted 

using Graphpad® Prism software.  

2.15 DENV NS5 N-7 and 2’-O methyltransferase assays 

DENV scintillation proximity-based N-7 and 2’-O methyltransferase assays were carried out 

similarly as described previously (240, 275, 276). For testing DENV-4 NS5 methyltransferase 



   
  Chapter 2 Materials and Methods 

70 

 

activity, the 25 µl N-7 assay reaction mixture comprised of 25 nM protein, 240 nM biotinylated 

GTP-capped DENV-4 nucleotide 1-110 (includes 5’UTR and 66 nucleotide of the core 

sequence) IVT RNA, and 320 nM Adenosyl-L-Methionine/[3H-methyl]-SAM (Perkin Elmer, 

USA) in 50 mM Tris at pH 7.5, 20 mM NaCl, and 0.05% CHAPS. The 25 µl 2’-O reaction 

mixture comprised of 25 nM protein, 40 nM m7-Gppp-DENV4 5’UTR nt-110 RNA or GpppA-

7mer RNA (Trilink), and 320 nM [3H-methyl]-SAM in 50 mM Tris at pH 7.5, 10 mM KCl, 2 

mM MgCl2, and 0.05% CHAPS. For testing DENV-2 NS5 methyltransferase activity, the N-7 

MTase reaction comprised 25 nM protein, 240 nM Gppp-DENV4 5’UTR nt-110 RNA and 125 

nM [3H-methyl]-SAM (American Radiolabeled Chemicals, Inc., USA) in 50 mM Tris-HCl at 

pH 7.5, 75 mM NaCl and 0.001% Triton X-100. The 2’-O MTase reaction comprised 25 nM 

protein, 40 nM m7-Gppp-DENV4 5’UTR nt-110 RNA or 5’GpppAGAACCUG-3’ RNA 

(Trilink) and 125 nM [3H-methyl]-SAM in 50 mM Tris-HCl at pH 7.5, 10 mM KCl, 2 mM 

MgCl2, and 0.05% CHAPS. The reaction was set up in a 96-well half-area white opaque plate 

(Corning Costar, Acton, MA) by first mixing buffer, RNA substrate and enzyme, followed by 

adding the [3H-methyl]-SAM to initiate the reaction. Duplicate wells were prepared for each 

protein. The N-7 and 2’-O reactions were incubated at RT for 15 min and 1 hour respectively 

before stopping the reactions with 2x stop solution (50 mM Ethylenediaminetetraacetic acid 

(EDTA), 100 mM Tris at pH 7, 300 mM NaCl, 4mg/ml or 2 mg/ml streptavidin-SPA beads, 

and 62.5 µM cold SAM). The plate was shaken at 750 rpm for 20 min at RT and centrifuged 

at 1,200 rpm for 2 min, and subsequently read in a Trilux microbeta counter (PerkinElmer, 

Boston, MA) at 1 min/well. All data points were collected in duplicate wells. 

2.16 DENV NS5 polymerase in vitro FAPA assays 

DENV polymerase de novo initiation (dnI)/elongation and elongation fluorescence-based 

alkaline phosphatase-coupled polymerase assays (FAPA) were performed similarly as 

demonstrated earlier (307, 315). In general, the 15 µl dnI reaction comprised of 100 nM protein, 

http://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid
http://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid
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100 nM IVT DENV-4 5’UTR-3’UTR RNA (Trilink), 20 µM ATP, 20 µM GTP, 20 µM UTP, 

and 5 µM Atto-CTP (Trilink Biotechnologies) in assay buffer (50 mM Tris-Cl at pH 7.5, 0.3 

mM MnCl2, 0.001% Triton X-100, 10 mM KCl, 1 mM MgCl2, and 10 µM cysteine). The 15 

µl elongation reaction comprised of 100 nM protein, 100 nM IVT 244 nucleotide 

heteropolymeric RNA (repeats of (UCAG)20(UCCAAG)14(UCAG)20), 200 nM four primers 

(C1 primer: 3’-AGUCAGCAGUCGUGU-biotin-5’, A1 primer: 3’-

GUCAGUCAGUCAGUCUC-biotin-5’, G1 primer: 3’-UCAGUCAGUCAGUCAGCA-

biotin-5’, and U1 primer: 3’-CAGUCAGUCAGUCAGAG-biotin-5’) (316), 2 µM ATP, 2 µM 

GTP, 2 µM UTP, and 0.5 µM Atto-CTP in assay buffer (50 mM Tris-Cl at pH 7.5, 0.5 mM 

MnCl2, 0.001% Triton X-100, 10 mM KCl, and 10 µM cysteine). Before the reaction, RNA 

was pre-annealed to the four different sets of primers at 95°C for 3 min, followed by 65°C for 

20 min and 37°C for 20 min, cooled and mixed together. All the reactions were incubated at 

RT for up to 3 hours. At designated time points, 10 μl of 2.5x STOP buffer (200 mM NaCl, 25 

mM MgCl2, 1.5 M DEA, pH 10; Promega) containing 25 nM calf intestinal alkaline 

phosphatase (CIP; New England Biolabs) was added to the wells to terminate the reactions. 

The plate was centrifuged at 800 rpm and shaken briefly, followed by incubation at RT for 

additional 60 min. The released AttoPhos was measured by reading on a Tecan Saffire II 

microplate reader at excitationmax and emissionmax wavelengths of 422 nm and 566 nm 

respectively. All data points were performed in triplicate wells in 384-well black opaque plates 

(Corning).  

2.17 Measurement of steady-state kinetic parameters in FAPA assays 

Michaelis-Menten constant (Km) and Vmax of Atto-CTP and RNA substrates were determined 

in both de novo initiation (dnI) and elongation FAPA. A range of substrate concentrations were 

obtained by serially diluting Atto-CTP and RNA two-fold for up to 10 times. In dnI FAPA, 

Atto-CTP concentrations tested ranged from 20 to 0.03 μM (at a fixed RNA concentration of 
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200 nM and the three other individual NTP concentrations of 20 μM), while RNA 

concentrations tested ranged from 500 to 0.73 nM (at fixed individual NTP concentrations of 

20 μM). In elongation FAPA, Atto-CTP concentrations tested ranged from 20 to 0.03 μM (at 

fixed annealed RNA concentration of 200 nM and the three other individual NTP 

concentrations of 5 μM), while RNA concentrations tested ranged from 400 to 0.59 nM (at 

fixed individual NTP concentrations of 5 μM). To measure Km of Atto-CTP, 5 μl of the serially 

diluted Atto-CTP was added to their respective wells, followed by 5 μl of RNA and NTPs mix 

to all reaction wells. For Km measurement of RNA, 5 μl of the serially diluted RNA was added 

to their respective wells, followed by 5 μl of NTPs mix to all reaction wells. The reaction was 

initiated upon adding 5 μl of enzyme at a concentration of 100 nM. After incubation at RT for 

120 minutes, 10 μl of 2.5x STOP buffer was added to terminate the reactions. The plate was 

centrifuged at 800 rpm and shaken briefly, followed by incubation at RT for additional 60 min 

and read on a Tecan Saffire II microplate reader at excitationmax and emissionmax wavelengths 

of 422 nm and 566 nm respectively. All data points were performed in triplicate wells in 384-

well black opaque plates (Corning) and the experiments were performed two times. A standard 

curve consisting of 10-points of 2-fold serially diluted Atto-Phos substrate (2′-[2-

benzothiazoyl]-6′-hydroxybenzothiazole phosphate or BBT-Pi; Promega) with concentrations 

ranged from 1000 to 1.95 nM was generated for calculating the amount of Atto-Phos released 

from Atto-CTP incorporation. Km and Vmax values were obtained by plotting the observed BBT 

production (nM/min or velocity, v) as a function of Atto-CTP or RNA concentrations, and the 

data were fitted to the equation: v = Vmax × [S]/(Km + [S]) for Michaelis-Menten model or v = 

Vmax × [S]/(Km + [S] × (1+[S]/Ki)) for substrate inhibition model, where [S] is the substrate 

concentration for Atto-CTP or RNA, using Graphpad Prism software.  

2.18 Determination of IC50 using De Novo FAPA assay 
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IC50 values for F1 motif inhibitors were determined in DENV-4 de novo initiation FAPA assay 

by dose response testing of compounds (10-point, 3-fold serially diluted compounds from 0-2 

mM or 0-10 mM), from one experiment with WT and mutant enzymes. Briefly, compounds 

were incubated for 20 min with enzyme alone, after which reactions were started with addition 

of ssRNA and nucleotide substrates, and allowed to proceed for 3 hr (317). Reactions were 

stopped by addition of 2.5X STOP buffer with 25 nM CIP, re-incubated at RT for 60 min and 

read on a Tecan Safire II microplate reader (excitationmax and emissionmax wavelengths 422 nm 

and 566 nm). Data was fitted to the four parameter logistic equation and IC50 curves were 

plotted using GraphPad Prism software. Average IC50 values and hill slopes were obtained. All 

data points were measured in duplicates.  

2.19 Co-crystallization of compounds with DENV-3 FL NS5 

Co-crystallization of compounds 27 and 29 with DENV-3 FL NS5 was performed by vapor 

diffusion hanging drop method according to conditions from (318). Basically, 1 µl of mother 

liquor (0.2 M Magnesium Formate, 16-18% PEG 3350) was mixed with 1 µl of protein mixture 

(10 mg/ml of protein supplemented with 2 mM TCEP and with a final compound concentration 

of 2.5 mM diluted in 5% DMSO) and incubated at 18°C. Crystals obtained were cryo-protected 

in crystallization solution supplemented with 25% glycerol and 5 mM compound.  

2.20 Order-of-reagent addition experiment 

DENV-4 FL NS5 de novo initiation FAPA assay was performed with 10-point, 2-fold serially 

diluted compounds from 0-2.5 µM for compound 29 and 0-25 µM for compound 27. 

Compounds were incubated for 20 min with 100 nM enzyme alone, pre-formed enzyme-

ssRNA complex or enzyme-dsRNA complex (comprising ssRNA and newly-synthesized RNA 

products – AGAA or AGAACC), followed by reaction initiation with corresponding missing 

ssRNA and/or NTP components for 2 hours. 100 nM DENV-4 5'-3' UTR IVT RNA, 20 µM 

ATP, 20 µM GTP, 20 µM UTP and 5 µM Atto-CTP were used. After 2 hours of incubation, 
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reactions were stopped by addition of 2.5X STOP buffer with 25 nM CIP and re-incubated at 

RT for 60 min before reading on a Tecan Safire II microplate reader (excitationmax and 

emissionmax wavelengths 422 nm and 566 nm). Data was fitted to the four parameter logistic 

equation and IC50 curves were plotted using GraphPad Prism software. Average IC50 values 

and hill slopes were obtained. All data points were measured in duplicates.  

2.21 Inhibition kinetic characterization of compound 29 

DENV-4 de novo initiation FAPA assay was performed in increasing concentration of 

compound 29 (obtained by 2-fold serial dilution from 1 μM) with a range of substrate 

concentrations (obtained by 2-fold serial dilution of RNA and GTP for up to 10 times). RNA 

concentrations tested ranged from 500 to 0.98 nM (at fixed ATP, GTP and UTP concentrations 

of 50 μM and Atto-CTP concentration of 5 μM), while GTP concentrations tested ranged from 

50 to 2.5 μM (at a fixed RNA concentration of 100 nM, ATP and UTP concentrations of 50 

μM, and Atto-CTP concentration of 5 μM). For competition of compound with RNA, 100 nM 

enzyme was first added to compound-spotted plate followed by addition of the serially diluted 

RNA to their respective wells and NTPs mix to all reaction wells. For competition of compound 

with GTP, 100 nM enzyme was first added to compound-spotted plate followed by addition of 

the serially diluted GTP to their respective wells and RNA-NTPs mix to all reaction wells. 

After incubation at RT for 120 minutes, 10 μl of 2.5x STOP buffer was added to terminate the 

reactions. The plate was centrifuged at 800 rpm and shaken briefly, followed by incubation at 

RT for additional 60 min and read on a Tecan Saffire II microplate reader at excitationmax and 

emissionmax wavelengths of 422 nm and 566 nm respectively. All data points were performed 

in duplicate wells in 384-well black opaque plates (Corning). Lineweaver-Burk and Michaelis-

Menten plots were derived from non-linear regression curve fitting using Graphpad Prism 

software.  

2.22 Optimization of DENV NS5 or RdRp elongation complex formation 
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The elongation complex was formed by incubating 250 nM DENV-4 FL NS5 or RdRp (aa266-

900) and 50nM T18/FAM-labeled-P8 at RT for 1 min in 50 mM Tris-Cl at pH 7.5, 0.5 mM 

MnCl2, 0.001% Triton X-100, 10 mM KCl, and 10 µM cysteine. Reaction was started by 

adding UTP at varying concentrations (0.017 to 1000 µM) and was terminated after 15 min 

using 50 mM EDTA. For buffer optimization, various concentrations of divalent cations (0.25, 

0.5, 1, 2 and 5 mM MnCl2/MgCl2) and monovalent salts (2-fold dilutions of KCl/NaCl from 

250 mM for 10 times) as well as pH values (5.0 to 9.0) were tested during complex assembly 

and reaction. The reaction was composed of 250 nM DENV-4 RdRp (aa266-900), 50nM 

T18/FAM-labeled-P8 and 100 µM UTP, incubated at RT for 8 min. All the elongation reactions 

were added with 2X loading dye (Ambion) and heated at 65 °C for 15 min before running on 

23% Urea-PAGE gel. The gel was scanned on a Typhoon phosphor/fluorescence imager and 

band intensity was determined using ImageQuant TL software (GE Healthcare Life Sciences) 

to calculate the percentage of incorporation.  

2.23 Fluorescence polarization RNA binding assay  

RNA binding assay was performed using 5 nM 6-FAM (6-carboxyfluorescein) labelled RNAs 

(ordered from Sigma-Aldrich or TriLink BioTechnologies; pre-annealed before use) in 50 mM 

Bis-Tris at pH 7.25, 0.5 mM MnCl2, 0.001% Triton X-100, 10 mM KCl and 10 µM cysteine. 

Purified WT DENV-2, -3 or -4 FL NS5 proteins (additional 20 mM NaCl from protein storage 

buffer) was titrated into the RNA mix giving a range of protein concentrations from 0.1 nM to 

10 µM. The binding reaction was incubated at room temperature for 10 min before FP data was 

collected using the BIOTEK Synergy 4 Multi-Detection Microplate Reader at excitation and 

emission wavelengths of 495 nm and 520 nm respectively. RNA dissociation constant (Kd) was 

determined by curve fitting the data to a one-site specific binding isotherm using Graphpad 

Prism Software.  

2.24 Fluorescence polarization polymerase elongation assay  
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Polymerase elongation assay was performed by incubating DENV-4 or -3 NS5 FL protein (at 

Kd concentration with respect to the RNA substrate) and 5 nM FAM-labelled RNA in 50 mM 

Bis-Tris at pH 7.25, 0.5 mM MnCl2, 0.001% Triton X-100, 10 mM KCl and 10 µM cysteine at 

RT for 1 min. Next, nucleotides were added to a final concentration of 100 μM each for 

elongation. At indicated time points, the reaction was stopped with 300 mM NaCl or 50 mM 

EDTA and added to each well of a 384-well black opaque plate (Corning) before FP data was 

collected using the BIOTEK Synergy 4 Multi-Detection Microplate Reader at excitation and 

emission wavelengths of 495 nm and 520 nm respectively. The elongation reaction was also 

run on 23% Urea-PAGE gel and scanned on a Typhoon phosphor/fluorescence imager to 

monitor nucleotide incorporation.  

2.25 Steady-state kinetic measurements of DENV elongation complexes  

Single nucleotide incorporation assay was performed by incubating 250 nM DENV-4 NS5 FL 

or RdRp (266-900) protein, 50 nM annealed RNA/labelled-primer (Table 2.16) and 0.2 U/uL 

RNasin ribonuclease inhibitor (Promega) in 50 mM Bis-Tris at pH 7.25, 0.5 mM MnCl2, 0.001% 

Triton X-100, 10 mM KCl and 10 µM cysteine at RT for 1 min. After this, NTP substrate at 

varying concentrations (4-fold dilutions from 1000 μM to 0.015 μM) was added to initiate 

elongation. After 15 min of incubation, the reaction was terminated with 50 mM EDTA. The 

elongation reaction was added with 2X loading dye (Ambion) and heated at 65 °C for 15 min 

before running on 23% Urea-PAGE gel. The gel was scanned on a Typhoon 

phosphor/fluorescence imager and band intensity was determined using ImageQuant TL 

software (GE Healthcare Life Sciences). In order to determine amount of incorporation, a 

standard curve was established by first loading a range of FAM- primer samples with known 

concentrations onto Urea-PAGE gel, followed by measuring the band intensity for each sample 

and obtaining a linear regression of band intensity versus substrate concentrations (Appendix 

3). Amount of single nucleotide incorporation from this assay was calculated based on the 



   
  Chapter 2 Materials and Methods 

77 

 

standard equation and plotted against varying concentrations of NTP substrate. Michaelis-

menten constant Km and kcat values were obtained from non-linear regression curve fitting using 

Graphpad Prism software.  

2.26 Crystallization attempts of DENV polymerase-RNA and elongation complexes 

DENV polymerase-RNA complex was assembled by incubating DENV-3 FL NS5 and pre-

annealed RNA (T18/P8, T12/P8, T10/P6 and 12-7) at 1:1.5 molar ratio in binding buffer (50 

mM Bis-Tris pH 7.25, 2.5 mM MnCl2, 0.001% Trx-100, 10mM KCl, 10uM cysteine) on ice 

for 15 min. The complexes (each with different RNA substrate) were clarified by centrifugation 

before purification by size exclusion chromatography on a Superdex 200 10/300 GL gel 

filtration column (GE Healthcare Life Sciences), buffer exchanged with 20 mM Hepes pH 7.5, 

150 mM NaCl, 1 mM TCEP reducing agent and 10% glycerol. The peak fractions were 

spectrophotometrically analyzed for nucleic acid purity and those with 260/280 nm ratio of 

approximately 1.20 to 1.70, possibly consisting of both protein and RNA, were pooled and 

concentrated (Figure 6.7). Crystallization screens were carried out using commercial kits from 

Hampton Research and Molecular Dimensions at 18°C.  

Additionally, DENV3 NS5-T12/P8 and NS5-T10/P6 were incubated with nucleotides (GTP 

and 3’dCTP, or CTP and GTP) to form +1 or +2 elongation complexes. All the crystals were 

cryoprotected with the same crystallization buffer and sent to Swiss Light Source (SLS) for 

data collection.  

Formation of a more stable elongation complex was carried out by incubating DENV-3 and 

DENV-4 FL NS5 and pre-annealed RNA (T18/P8 and T10/P6) at 1:1.2 molar ratio in binding 

buffer (50 mM Bis-Tris pH 7.25, 2.5 mM MnCl2, 0.001% Trx-100, 10 mM NaCl, 10 µM 

cysteine) at RT for 15 min. The protein-RNA complexes were either not elongated and 

screened directly, or added with (i) UTP, GTP, ATP and 3’dCTP to elongate T18/P8 by +4 

bases, or (ii) GTP and CTP to elongate T10/P6 by +2 bases during overnight incubation at RT. 
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All the complexes were centrifuged to remove precipitants and the supernatants were used for 

screening with commercial crystallization kits at 18°C.  
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Table 2. List of primers used for mutagenesis, cloning and assay 

Mutation(s)a 
Primer 

Orientationb Sequence 

K95A 

 
 

K95A/N96A 

 
 

Y119A 

For 

Rev 
 

For 

Rev 
 

For 

GTCCTATTACATGGCGACACTCGCAAACGTGACTGAAGTGAAAGGAT 

ATCCTTTCACTTCAGTCACGTTTGCGAGTGTCGCCATGTAATAGGAC 
 

GGATGGTCCTATTACATGGCGACACTCGCAGCCGTGACTGAAGTGAAAGGATATACAAA 

TTTGTATATCCTTTCACTTCAGTCACGGCTGCGAGTGTCGCCATGTAATAGGACCATCC 
 

ATGAAGAACCAATCCCCATGGCTACTGCAGGCTGGAATTTGGTCA 

 Rev TGACCAAATTCCAGCCTGCAGTAGCCATGGGGATTGGTTCTTCAT 

   

R263A For GATCTTGGGGCAGGAACGGCAAGTGTCTCCACTGAAAC 

 Rev GTTTCAGTGGAGACACTTGCCGTTCCTGCCCCAAGATC 

   

E268A For CGAGAAGTGTCTCCACTGCAACAGAAAAACCAGACAT 

 Rev ATGTCTGGTTTTTCTGTTGCAGTGGAGACACTTCTCG 

   

E270A For GAAGTGTCTCCACTGAAACAGCAAAACCAGACATGACAATTAT 

 Rev ATAATTGTCATGTCTGGTTTTGCTGTTTCAGTGGAGACACTTC 

   

R353A 
 

 

R362A 

For 
Rev 

 

For 

CAACCCCTTTTGGGCAACAAGCAGTGTTCAAGGAGAAGGT 
ACCTTCTCCTTGAACACTGCTTGTTGCCCAAAAGGGGTTG 

 

CAAGGAGAAGGTGGATACCGCAACACCACAACCAAAACCC 

 Rev GGGTTTTGGTTGTGGTGTTGCGGTATCCACCTTCTCCTTG 

   

K596A For GTAATGGACATTATATCCAGGGCAGACCAAAGAGGTAGTGGACA 

 Rev TGTCCACTACCTCTTTGGTCTGCCCTGGATATAATGTCCATTAC 

Table 2.1 Primers used for site-directed mutagenesis (SDM) to generate interface mutants in pACYC-

DENV4-F plasmid 
a Mutations generated using QuikChange II XL SDM kit.  
b For, forward; Rev, reverse.  

 

Primer Orientationa Sequence 

DV4-Rep-NotI-FOR For GTATCACATATTCTGCGGC 

DV4-Rep-KpnI-REV Rev ATCCATCACTATGAGGTTAT 

Table 2.2 Primers used for PCR of T7pro-LUC-NS3 cDNA cassette from pACYCI DV4-WT replicon 
a For, forward; Rev, reverse.  

 

Mutation(s)a 
Primer 

Orientationb Sequence 

S264A For GATCTTGGGGCAGGAACGAGAGCAGTCTCCACTGAAACAGAAAAA 

 Rev TTTTTCTGTTTCAGTGGAGACTGCTCTCGTTCCTGCCCCAAGATC 

   

V265A For GGCAGGAACGAGAAGTGCATCCACTGAAACAGAAA 

 Rev TTTCTGTTTCAGTGGATGCACTTCTCGTTCCTGCC 

   

S266A For GGCAGGAACGAGAAGTGTCGCAACTGAAACAGAAAAACCAG 

 Rev CTGGTTTTTCTGTTTCAGTTGCGACACTTCTCGTTCCTGCC 

   

T267A For GGAACGAGAAGTGTCTCCGCTGAAACAGAAAAACCAG  

 Rev CTGGTTTTTCTGTTTCAGCGGAGACACTTCTCGTTCC 

Table 2.3 Primers used for SDM to generate 310-helix mutations in pACYC-DENV4-F plasmid 
a Mutations generated using QuikChange II XL SDM kit.  
b For, forward; Rev, reverse.  

The positions of the mutated amino acids are underlined.  
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Mutation(s)a 
Primer 

Orientationb Sequence 

d1-L4 For CTCGGAAGCGGAACCCGCCATGTGGCAGTAGAAAGTGAGATACCAAAC 

 Rev GTTTGGTATCTCACTTTCTACTGCCACATGGCGGGTTCCGCTTCCGAG 

   

d3-L4 For CTCGGAAGCGGAACCCGCCATGTCAATGCGGAAAGTGAGATACCAAAC 

 Rev GTTTGGTATCTCACTTTCCGCATTGACATGGCGGGTTCCGCTTCCGAG 

   

d4-L4 For CTCGGAAGCGGAACCCGCAGTGTCTCCACTGAAAGTGAGATACCAAAC 

 Rev GTTTGGTATCTCACTTTCAGTGGAGACACTGCGGGTTCCGCTTCCGAG 

   

JV-L4 For CTCGGAAGCGGAACCCGCGCCGTGGGAAAGGAAAGTGAGATACCAAAC 

 Rev GTTTGGTATCTCACTTTCCTTTCCCACGGCGCGGGTTCCGCTTCCGAG 

   

ZV-L4 For CTCGGAAGCGGAACCCGCGCGGTGGTTAGCGAAAGTGAGATACCAAAC 

 Rev GTTTGGTATCTCACTTTCGCTAACCACCGCGCGGGTTCCGCTTCCGAG 

Table 2.4 Primers used for SDM of DENV-2 NS5 inter-domain linker amino acids (L4) in TA-DENV2 

NGC-E and pET28a-DENV2 FL NS5 plasmids  

a Mutations generated using QuikChange II XL SDM kit. 
b For, forward; Rev, reverse.  

The positions of the mutated amino acids are underlined.  

 

Mutation(s)a 
Primer 

Orientationb Sequence 

DV2-AccI For CAATGAGACACAAGAAAGCCA 

DV2-PmI Rev CCTACTATCTTCAACAGCCTC 

   
d1-L9 For GGAACCAGAGGTAGCCAACCTAGACATAATCGGG 

 Rev GGCTACCTCTGGTTCCACTGCCACATGGCGGGTTCCGCTTCCG 

   

d3-L9 For CGGAACCAGAAACACCCAACCTAGACATAATCGGG 

 Rev GGGTGTTTCTGGTTCCGCATTAACATGGCGGGTTCCGCTTCCG 

   

d4-L9 For CGGAAACCGAAAAACCGAACCTAGACATAATCGGG 

 Rev CGGTTTTTCGGTTTCCGTACTGACAGAGCGGGTTCCGCTTCCG 

   

JV-L9 For AGGGAGAAGTCCATAGCAACCTAGACATAATCGGG 

 Rev TGCTATGGACTTCTCCCTTTCCCACGGCGCGGGTTCCGCTTCCG 

   

ZV-L9 For GCTGCGCGGAGGCGCCGAACCTAGACATAATCGGG 

 Rev TCGGCGCCTCCGCGCAGCTAACCACCGCGCGGGTTCCGCTTCCG 

Table 2.5 Primers used for overlap PCR reaction to generate DENV-2 NS5 inter-domain linker amino 

acids mutations (L9) in TA-DENV2 NGC-E shuttle plasmid
 

a Mutations generated using overlap PCR. 
b For, forward; Rev, reverse.  

 

Mutation(s)a 
Primer 

Orientationb Sequence 

N453A For AGGAAGGAAAATGTGAATCGTGTGTCTATGCCATGATGGGAAAACGT 

 Rev ACGTTTTCCCATCATGGCATAGACACACGATTCACATTTTCCTTCCT 
   

R457A For AATGTGAATCGTGTGTCTATAACATGATGGGAGCACGTGAGAAAAAATTAG 

 Rev CTAATTTTTTCTCACGTGCTCCCATCATGTTATAGACACACGATTCACATT 
   

R458A For GAATCGTGTGTCTATAACATGATGGGAAAAGCTGAGAAAAAATTAGGAGA 
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 Rev TCTCCTAATTTTTTCTCAGCTTTTCCCATCATGTTATAGACACACGATTC 

   

K457A/R458A For 
GGAAAATGTGAATCGTGTGTCTATAACATGATGGGAGCAGCTGAGAAAAAATTAGGA

GAGT 

 Rev 
ACTCTCCTAATTTTTTCTCAGCTGCTCCCATCATGTTATAGACACACGATTCACATTTTC
C 

   

E459A For GTCTATAACATGATGGGAAAACGTGCAAAAAAATTAGGAGAGTTTGGTAGGG 

 Rev CCCTACCAAACTCTCCTAATTTTTTTGCACGTTTTCCCATCATGTTATAGAC 

   

F465A For GTGAGAAAAAATTAGGAGAGGCTGGTAGGGCCAAGGGAAGC 

 Rev GCTTCCCTTGGCCCTACCAGCCTCTCCTAATTTTTTCTCAC 

   

W475A For GGGAAGCCGAGCAATCGCCTACATGTGGCTGGGGG 

 Rev CCCCCAGCCACATGTAGGCGATTGCTCGGCTTCCC 

   

K579A For CTATCAAAACAAAGTGGTGGCAGTCCTCAGACCCACACCG 

 Rev CGGTGTGGGTCTGAGGACTGCCACCACTTTGTTTTGATAG 

Table 2.6 Primers used for SDM to generate F1 motif mutations in pACYC-DENV4-F plasmid 
a Mutations generated using QuikChange II XL SDM kit.  
b For, forward; Rev, reverse.  

The positions of the mutated amino acids are underlined.  

 

Mutation(s)a 
Primer 

Orientationb Sequence 

C710A For GAAAAACTGGCAAGAGGTTCCTTTTGCCTCCCACCATTTTC 

 Rev GAAAATGGTGGGAGGCAAAAGGAACCTCTTGCCAGTTTTTC 
   

S711A For GCAAGAGGTTCCTTTTTGCGCCCACCATTTTCACAA 

 Rev TTGTGAAAATGGTGGGCGCAAAAAGGAACCTCTTGC 
   

H801A For CATGGTCGATCCACGCTGCACACCAGTGGATGACCAC 

 Rev GTGGTCATCCACTGGTGTGCAGCGTGGATCGACCATG 

   

Q803A For GTCGATCCACGCTCATCACGCATGGATGACCACTGAAGACA 

 Rev TGTCTTCAGTGGTCATCCATGCGTGATGAGCGTGGATCGAC 

Table 2.7 Primers used for SDM to generate N-pocket mutations in pACYC-DENV4-F plasmid 
a Mutations generated using QuikChange II XL SDM kit.  
b For, forward; Rev, reverse.  

The positions of the mutated amino acids are underlined.  

 

Mutation(s)a 
Primer 

Orientationb Sequence 

E111A For GAGGACCAGGACATGCAGAACCCATCCCCAT 

 Rev ATGGGGATGGGTTCTGCATGTCCTGGTCCTC 

   

E111Q For AGGAGGACCAGGACATCAAGAACCCATCCC 

 Rev GGGATGGGTTCTTGATGTCCTGGTCCTCCT 

   
E111R For CAAAAGGAGGACCAGGACATAGAGAACCCATCCCCATGT 

 Rev ACATGGGGATGGGTTCTCTATGTCCTGGTCCTCCTTTTG 

Table 2.8 Primers used for SDM to generate DENV-2 NS5 E111 mutations in TA-DENV2 NGC-E plasmid 

a Mutations generated using QuikChange II XL SDM kit. 
b For, forward; Rev, reverse.  

 

Mutation(s)a Primer 
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Orientationb Sequence 

G2A For TTCTGCGGCCGCTAATACGACTCACTATAGAATTGTTAGTCTAC 

 Rev GCTGAAGCTAGCTTTGAAGGGGATTC 

   

G2U For TTCTGCGGCCGCTAATACGACTCACTATAGATTTGTTAGTCTAC 
 Rev GCTGAAGCTAGCTTTGAAGGGGATTC 

   

G2C For TTCTGCGGCCGCTAATACGACTCACTATAGACTTGTTAGTCTAC 
 Rev GCTGAAGCTAGCTTTGAAGGGGATTC 

Table 2.9 Primers used to generate G2 mutations at 5’ UTR of pACYC-NGC FL plasmid 

a Mutations generated using Phusion PCR reaction. 
b For, forward; Rev, reverse. 

 

Primer Orientationa Sequenceb 

D4 FL-NheI-FOR For GCTAGCTAGCGGAACTGGGACCACAGGAG 

D4 FL-XhoI-REV Rev CTCACTCGAGTTACAGAACTCCTTCACTCT 

Table 2.10 Primers used for PCR of NS5 FL mutant cDNA cassettes from pACYCI DV4-F mutant Rep 

plasmids 
a For, forward; Rev, reverse.  
b Restriction enzyme sequences are underlined.  

 

Mutation(s)a 
Primer 

Orientationb Sequence 

S264A For GGGGCAGGAACGAGAGCGGTCTCCACTGAAACAGAAAAA 

 Rev TTTTTCTGTTTCAGTGGAGACCGCTCTCGTTCCTGCCCC 

   

V265A For GGAACGAGAAGTGCCTCCACTGAAACAGAAAAACC 

 Rev GGTTTTTCTGTTTCAGTGGAGGCACTTCTCGTTCC 
   

S266A For CGGGTACGCGCTCTGTCGCTACGGAAACCGAAAAAC 

 Rev GTTTTTCGGTTTCCGTAGCGACAGAGCGCGTACCCG 
   

T267A For GGGTACGCGCTCTGTCAGTGCGGAAACCGA 

 Rev TCGGTTTCCGCACTGACAGAGCGCGTACCC 

Table 2.11 Primers used for SDM to generate 310-helix mutations in pET28a-DENV4 FL NS5-MY22713 

plasmid 
a Mutations generated using QuikChange II XL SDM kit. 
b For, forward; Rev, reverse.  

The positions of the mutated amino acids are underlined.  

 

Primer Orientationa Sequenceb 

DENV2 NS5 FL-NheI-FOR For GCTAGCTAGCGGAACCGGTAACATAGGAGAGACG 

DENV2 NS5 FL-XhoI-REV Rev CTCACTCGAGCTACCACAGGACTCCTGCC 

Table 2.12 Primers used for PCR amplification of DENV-2 FL NS5 from TA-DENV2 NGC-E shuttle 

plasmid into pET28a vector 
a For, forward; Rev, reverse.  
b Restriction enzyme sequences are underlined.  

 

 

Mutation(s)a 
Primer 

Orientationb Sequence 

R38A For AAGTGGAATACTAGAAGTGGATGCAACTGAAGCCAAGTCTGCCCT 

 Rev AGGGCAGACTTGGCTTCAGTTGCATCCACTTCTAGTATTCCACTT 

   

K42A For GAAGTGGATAGGACTGAAGCCGCATCTGCCCTAAGAGATGGATCT 
 Rev AGATCCATCTCTTAGGGCAGATGCGGCTTCAGTCCTATCCACTTC 
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R57A For ATCAAGCATGCGGTGTCCGCAGGGTCTAGTAAGATCAG 

 Rev CTGATCTTACTAGACCCTGCGGACACCGCATGCTTGAT 

   

R84A For CGTGGATCTTGGTTGTGGGGCAGGAGGATGGTCCTATTACA 
 Rev TGTAATAGGACCATCCTCCTGCCCCACAACCAAGATCCACG 

   

E111A For GGAGGTCCAGGACATGCAGAACCAATCCCCATG 
 Rev CATGGGGATTGGTTCTGCATGTCCTGGACCTCC 

   

E111Q For AAGGAGGTCCAGGACATCAAGAACCAATCCCC 
 Rev GGGGATTGGTTCTTGATGTCCTGGACCTCCTT 

   

E111R For CAAAAGGAGGTCCAGGACATAGAGAACCAATCCCCATGG 
 Rev CCATGGGGATTGGTTCTCTATGTCCTGGACCTCCTTTTG 

   

R212A For CTCGTCAGATGCCCGCTATCCGCAAATTCTACTCATGAGATGTAT 
 Rev ATACATCTCATGAGTAGAATTTGCGGATAGCGGGCATCTGACGAG 

   

S214A For CAGATGCCCGCTATCCAGGAATGCAACTCATGAGATGTATTG 
 Rev CAATACATCTCATGAGTTGCATTCCTGGATAGCGGGCATCTG 

   

T215A For CCCGCTATCCAGGAATTCTGCACATGAGATGTATTGGGTGT 
 Rev ACACCCAATACATCTCATGTGCAGAATTCCTGGATAGCGGG 

Table 2.13 Primers used for SDM to generate MTase mutations in pET28a-DENV4 FL NS5-MY22713 

and pGEX-4T-1+D4(MY22713)+SAM272 plasmids 
a Mutations generated using QuikChange II XL SDM kit.  
b For, forward; Rev, reverse.  

 

Mutation(s)a 
Primer 

Orientationb Sequence 

N453A For GAAGGCAAATGCGAATCTTGTGTGTATGCCATGATGGGTAAACG 

 Rev CGTTTACCCATCATGGCATACACACAAGATTCGCATTTGCCTTC 
   

R457A For ATGCGAATCTTGTGTGTATAACATGATGGGTGCACGTGAGAAAAAACTG 

 Rev CAGTTTTTTCTCACGTGCACCCATCATGTTATACACACAAGATTCGCAT 
   

R458A For CTTGTGTGTATAACATGATGGGTAAAGCTGAGAAAAAACTGGGCG 

 Rev CGCCCAGTTTTTTCTCAGCTTTACCCATCATGTTATACACACAAG 

   

K457A/R458A For GCGAATCTTGTGTGTATAACATGATGGGTGCAGCTGAGAAAAAACTGGGCG 

 Rev CGCCCAGTTTTTTCTCAGCTGCACCCATCATGTTATACACACAAGATTCGC 

   

E459A For TATAACATGATGGGTAAACGTGCAAAAAAACTGGGCGAATTCGGTC 

 Rev GACCGAATTCGCCCAGTTTTTTTGCACGTTTACCCATCATGTTATA 

   

F465A For CGTGAGAAAAAACTGGGCGAAGCCGGTCGTGCAAAAGGTAG 

 Rev CTACCTTTTGCACGACCGGCTTCGCCCAGTTTTTTCTCACG 

   

W475A For CAAAAGGTAGTCGCGCTATTGCATACATGTGGCTGGGCGC 

 Rev GCGCCCAGCCACATGTATGCAATAGCGCGACTACCTTTTG 

   

K579A For GTACCAAAACAAAGTTGTCGCAGTTCTGCGCCCGACCC 

 Rev GGGTCGGGCGCAGAACTGCGACAACTTTGTTTTGGTAC 

Table 2.14 Primers used for SDM to generate F1 motif mutations in pET28a-DENV4 FL NS5-MY22713 

plasmid 
a Mutations generated using QuikChange II XL SDM kit.  
b For, forward; Rev, reverse.  

The positions of the mutated amino acids are underlined.  
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Mutation(s)a 
Primer 

Orientationb Sequence 

G2A For GCGGCCGCTAATACGACTCACTATTAATTGTTAGTCTGTGTGGAC 

 Rev TGGTTCATTTTTCCAGAGATCTGC 

   

G2U For GCGGCCGCTAATACGACTCACTATTATTTGTTAGTCTGTGTGGAC 

 Rev TGGTTCATTTTTCCAGAGATCTGC 

   
G2C For GCGGCCGCTAATACGACTCACTATTACTTGTTAGTCTGTGTGGAC 

 Rev TGGTTCATTTTTCCAGAGATCTGC 

Table 2.15 Primers used to generate G2 mutations at 5’ UTR of DENV-4 5’UTR nt-110 DNA 
a Mutations generated using Phusion PCR reaction.  
b For, forward; Rev, reverse 

 

RNA/primer Sequence (5’-3’) 

Primer N1N2N3N4N5N6N7N8 

  

A-RNA template N18N17N16N15N14N13GCAUN8N7N6N5N4N3N2N1 

C-RNA template N18N17N16N15N14N13CAUGN8N7N6N5N4N3N2N1 

G-RNA template N18N17N16N15N14N13UAGCN8N7N6N5N4N3N2N1 
U-RNA template N18N17N16N15N14N13GUCAN8N7N6N5N4N3N2N1 

Table 2.16 RNA and primer used for single nucleotide incorporation assay 

The primer contains FAM fluorophore conjugated at the 5’ end and sequences complementary to the RNA 

template (highlighted in blue). A, C, G, U-RNA templates represent the identity of the first nucleotide to be 

incorporated into the strand by pairing with the bases underlined in red.  
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3 RESULTS AND DISCUSSION 

3.1 Functional Characterization of the DENV-3 FL NS5 Protein 

The crystal structure of DENV-3 FL NS5, encompassing amino acids 6-895, was determined 

at a resolution of 2.3 Å bound to SAH and GTP (318). This structure revealed a well-ordered 

linker region consisting of a short 310-helix (residues 263-266) and an inter-domain interface 

formed by mostly polar residues (Figure 3.1). The interface is composed of two contact areas 

involving amino acid residues from the putative linker region (residues 263-272), the finger 

subdomains of RdRp, and MTase domain (Figure 3.1). The polar interaction network is 

established via water-mediated hydrogen bonding as well as directly between charged side-

chains. In the first cluster (Figure 3.1C), the side chain of E267 from the linker region interacts 

with Y119 and R262 from the MTase domain via hydrogen bonding, while E269 from the 

linker region makes salt bridge interaction with the guanidinium side chain of R361 as well as 

interacts with K595 from the RdRp domain. Additionally, MTase amino acids K95-K96 form 

several electrostatic interactions with E296-K300 from the RdRp domain. The second cluster 

(Figure 3.1D) features numerous contacts including water-mediated hydrogen bonding 

between amino acids from the MTase domain and residues F348 to K357 of helix α5 which is 

part of the βNLS motif of the RdRp domain. At the center of this helix, the guanidinium 

functional group of R352 forms various electrostatic interactions with E67, E252 and Q63. A 

salt bridge is also formed between K357 and D256. The only hydrophobic contacts comprise 

stacking interactions between W64, R68, F348 and P582. Most of the interface residues are 

highly evolutionarily conserved in DENV (Figure 3.1E), indicating their functional importance 

in NS5. By employing a combination of biochemical and reverse genetic approaches, the 

biological relevance of intra-molecular interactions and the flexible interdomain linker in the 

DENV-3 NS5 FL structure was elucidated. The details of these experimental results are 

described in following Sections (3.1.1 and 3.1.2). 
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Figure 3.1 Crystal structure of DENV-3 FL NS5. (A) Overall structure of DENV-3 NS5 FL protein in cartoon 

representation viewing from the bottom of RdRp. MTase, RdRp fingers, palm and thumb domains are colored 

yellow, green, blue and salmon respectively. The linker helix (residues 263-267) is colored orange. GTP and co-

factor SAH are represented as sticks and labelled.  Zinc ions are shown as spheres. (B) 180° rotation of the NS5 

FL molecule around a vertical axis as in (A). The two inter-domain interface regions as indicated in (B) are boxed 

and shown in (C) and (D). Key residues for intra-molecular interactions are shown as sticks and labeled. (E) 

Multiple sequence alignment of flavivirus NS5 proteins. Interface residues are shaded in gray. The linker residues 

from 263-272 are boxed. Adapted from (318).  
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3.1.1 Functional importance of the intra-molecular interactions 

Several conserved interface residues were selected for structure-guided site-directed 

mutagenesis (SDM). The effect of mutations on viral replication was studied using in vitro 

enzymatic assays, transient luciferase-expressing subgenomic-replicon system and virus 

infectious clones.  

3.1.1.1 The interface mutants differentially affect NS5 activities in vitro 

To investigate the functional relevance of amino acids involved in inter-domain interactions on 

MTase and RdRp enzymatic activities, individual alanine mutations of the residues K95, 

K95/N96 (K95/K96 in DENV-3), Y119, R263 (R262 in DENV-3), E268 (E267 in DENV-3), 

E270 (E269 in DENV-3), R353 (R352 in DENV-3), R362 (R361 in DENV-3) and K596 (K595 

in DENV-3) were introduced into DENV-4 NS5 FL and the recombinant proteins were 

expressed. The mutations were introduced into DENV-4 NS5 protein and not DENV-3 which 

was used for structural determination because DENV-3 NS5 protein is unstable in vitro and 

not robust for enzymatic activity measurement. Residues K95, N96, Y119 and R263 are 

localized within the MTase core domain, whilst residues E268 and E270 reside in the putative 

linker region and residues R353, R362 and K596 are found in the RdRp core domain. Note that 

the amino acids chosen for mutations are conserved across all serotypes of DENV except for 

N96 and K596, but not across other flaviviruses except for R263 and R353 (Figure 3.1E). The 

substitution of these charged residues except for Y119 that is polar, hydrophobic, and N96 that 

is polar, uncharged, with alanine could induce a non-complementary charge and disrupt inter-

domain interactions, allowing us to study their biological functions. Thermo-fluorescence 

assay showed that WT protein and all the mutant proteins exhibited comparable stability, 

indicated by only ±1.5°C difference in their Tm values, denoting that the proteins were properly 

folded (Table 3.1).  



  Chapter 3 Results and Discussion

  
                                                      Section 3.1 Functional Characterization of the DENV-3 FL NS5 Protein 

88 

 

The MTase activities of the proteins were assessed by N-7 and 2’-O methylation assays, while 

the RdRp activities were examined using de novo initiation (dnI)/elongation and elongation 

fluorescence-based alkaline phosphatase-coupled polymerase assays (FAPA) as illustrated in 

Materials & Methods. The dnI assay employs a viral UTR sequence as template to initiate new 

RNA synthesis, whereas the elongation assay uses a heteropolymeric RNA template annealed 

to four primers to carry out RNA extension. The enzymatic activities of the mutant proteins 

were compared against WT protein (Table 3.1).  

In general, none of the alanine substitutions induced significant impairment in MTase activity 

except for Y119A which displayed less than 50% N-7 activity and minimal 2’-O activity, and 

R263A in which both N-7 and 2’-O activities were almost abolished (Table 3.1 and Figure 

3.2C and 3.2D). These two residues are part of the MTase core domain, and thus are important 

for MTase activity of NS5.  

In the RdRp assays, only E270A which resides at the putative linker region showed key 

reduction of 40-50% in de novo initiation/elongation activity and 20-30% in elongation activity 

(Table 3.1 and Figure 3.2A and 3.2B). Its interacting partner in the RdRp domain, K596A, 

displayed a moderate decrease in both polymerase activities by 30-40%. The remaining 

mutants either exhibited comparable or higher RdRp activities as compared to WT. The alanine 

mutation of MTase domain residue K95 seems to have resulted in an active RdRp with 

approximately 2-fold increase in both RdRp activities as compared to WT. Additionally, its 

double mutant, K95A/N96A, displayed two times enhancement in the de novo 

initiation/elongation activity and about 60-90% increase in the elongation activity. 

Interestingly, R353, which is part of the helix α5 of the βNLS motif and plays a central role in 

forming transverse polar contacts with interacting residues at the second cluster of the interface 

(Figure 3.1D), when substituted with alanine, exhibited 2-fold higher in the elongation activity 

while maintaining de novo initiation/elongation activity similar to WT. In contrast, R362A 
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mutant that also belongs to part of the βNLS region and is present at the first interaction cluster 

demonstrated a 2-fold increase in the de novo initiation/elongation activity and no change in 

the elongation activity.  

The only mutant that displayed minor changes in both MTase and RdRp activities is E268A in 

which 70% of both MTase activities were retained, elongation activity was similar to WT, and 

the de novo initiation/elongation activity was about 30% higher than WT (Table 3.1, Figure 

3.2A-D).  

% FL NS5 

activity 

De novo 

initiation/elongation 
Elongation 

N-7 

MTase 

2’-O 

MTase 

Thermo-

fluoresce

nce Location 

in NS5 Time (hr) 1 2 3 1 2 3 0.25 1 Tm (oC) 

WT 100 100 100 100 100 100 100 100 37 

K95A 
189.9 

± 4.0 

198.4 ± 

9.5 

171.9 

 ± 3.7 

194.0  

± 3.9 

200.6 

 ± 1.0 

182.3 ± 

13.1 

85.6  

± 15.0 

82.4  

± 1.0 
37 

MTase 

domain 

K95A/N96A 
214.4 

± 1.2 

209.1 ± 

17.2 

197.5   

± 8.9 

166.1 

± 6.5 

185.2  

± 1.9 

168.5 ± 

8.3 

92.6  

± 4.2 

117.6 

 ± 12.0 
36 

Y119A 
149.5 

± 11.4 

144.3 ± 

22.1 

149.9  

± 12.1 

113.0  

± 3.3 

110.2  

± 1.1 

114.5 ± 

0.5 

46.3 

 ± 0.8 

8.3  

± 0.4 
38 

R263A 
151.3 

± 2.5 

142.9 ± 

5.0 

135.7  

± 5.0 

103.9 

 ± 4.8 

105.0  

± 0.5 

112.4 ± 

0.8 

4.0  

± 0.3 

3.2  

± 0.3 
37 

E268A 
129.0 

± 4.6 

128.3 

± 8.3 

135.2  

± 8.2 

92.7 

± 2.5 

87.6  

± 2.8 

98.3  

± 3.2 

71.9 

 ± 2.6 

70.4 

 ± 2.5 
37 Putative 

linker 

region E270A 
56.0  

± 3.7 

62.3 

± 5.4 

57.4  

± 5.5 

71.7 

 ± 2.4 

70.1   

± 1.8 

77.9 

 ± 1.5 

74.1  

± 10.2 

65.1  

± 0.4 
37 

R353A 
107.0 

 ± 3.1 

92.0  

± 3.4 

94.3  

± 2.5 

193.1 

 ± 2.9 

198.1  

± 25.1 

206.4 ± 

15.0 

106.3 

± 6.7 

97.7 

 ± 4.4 
38 

RdRp 

domain 
R362A 

194.2  

± 12.6 

185.5 ± 

5.0 

198.5  

± 15.4 

101.9  

± 2.0 

104.3 

 ± 4.2 

119.6 ± 

3.4 

126.0 

± 0.9 

81.2  

± 2.6 
37 

K596A 
59.5 ± 

12.8 

84.9 ± 

2.8 

78.6 ± 

3.2 

67.4 

± 2.3 

75.0 ± 

3.0 

62.7 ± 

10.9 
N.D. N.D. 35.5 

Table 3.1 Enzymatic activities and thermo-stabilities of DENV-4 NS5 FL WT and interface mutant proteins. 

The polymerase de novo initiation and elongation activities of DENV-4 WT and interface mutant FL NS5 proteins 

were measured in FAPA assays. Results shown are the average percentage activity compared against DENV-4 

WT FL NS5 protein derived from average relative fluorescence units (RFU) obtained for each protein from one 

experiment. N-7 and 2’-O MTase activities of DENV-4 WT and interface mutant FL NS5 proteins were measured 

in SPA assays. Results shown are the average percentage activity compared against DENV-4 WT FL NS5 protein 

derived from average corrected counts per minute (CCPM) obtained for each protein. All data points were 

performed in triplicate (RdRp activities) or duplicate (MTase activities) wells. Thermo-stability was assessed 

using thermo-fluorescence assay. N.D. denotes not determined.  
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Figure 3.2 In vitro enzymatic activities of DENV-4 NS5 FL WT and interface mutant proteins. (A) De novo 

initiation/elongation activities, (B) elongation activities, (C) N-7 MTase, and (D) 2’-O MTase activities of DENV-

4 WT and interface mutant FL NS5 proteins. The graphs in (A) and (B) show the average percentage activity of 

the mutants as compared to WT at 1 hr.  

3.1.1.2 Increased RdRp activities could be correlated to a higher affinity of NS5 towards 

nucleotide and RNA substrates 

To better understand the mechanism for enhanced RdRp activity, steady-state kinetic 

measurements were performed with K95A that showed 2-fold increase in both RdRp activities, 

R353A that displayed 2 times better in the elongation activity, and R362A that exhibited double 

enhancement in the de novo initiation/elongation activity, and were compared with WT NS5 

FL protein (Table 3.2). Both dnI and elongation FAPA were employed to measure Km, Kcat and 

Vmax of Atto-CTP and RNA substrates. Relatively consistent with the results from RdRp 

activity testing, K95A demonstrated about 1.8-fold lower Km and 2.1-fold higher Kcat resulting 

in about 3.7-fold higher catalytic efficiency for Atto-CTP upon dnI, as well as comparable 

catalytic efficiency for Atto-CTP and RNA as WT upon elongation. This result suggests that 
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K95A stimulates higher RdRp activity by slightly increasing affinity and turnover for Atto-

CTP during dnI, and sustains elongation capability similar to WT for Atto-CTP incorporation 

and affinity towards RNA. Likewise for R362A, the observed increase in the de novo 

initiation/elongation activity could be accounted for by a marginally better affinity (Km about 

1.8-fold lower) and catalytic efficiency (2.2-fold higher) for Atto-CTP during dnI, For R353A 

mutant, the double increase in the elongation activity was not reflected on the kinetic 

measurements whereby only a partially better affinity for RNA (Km about 1.5-fold lower) was 

observed during elongation.  

Table 3.2 Kinetic constants for DENV-4 NS5 FL WT and interface mutant proteins derived using FAPA 

dnI and elongation assays. Vmax, Km and kcat values were obtained using Graphpad Prism 6 software as described 

in Materials and Methods. Results shown in the table are the average values obtained for each protein from two 

independent experiments. All data points were performed in triplicate wells.  

3.1.1.3 The MTase-RdRp interface is essential in modulating viral replication  

A systematic mutagenesis analysis was performed by engineering alanine substitutions at key 

positions K95, K95/N96 (K95/K96 in DENV-3), Y119, R263 (R262 in DENV-3), E268 (E267 

in DENV-3), E270 (E269 in DENV-3), R353 (R352 in DENV-3), R362 (R361 in DENV-3) 

and K596 (K595 in DENV-3) in a DENV-4 subgenomic RNA replicon, harboring a Rluc 

reporter (in place of the viral structural genes), to examine whether amino acids at the interface 

FAPA dnI Atto-CTP RNA 

Average 
Vmax

app 

(nM/min) 
Km

app (µM) Kcat
app (min-1) 

kcat
app/Km

app 

(min-1 µM-1) 
Km

app (nM) Kcat
app (min-1) 

DENV4 NS5 

FL WT 
2.225 ± 0.071 1.370 ± 0.296 0.022 ± 0.001 0.017 ± 0.004 39.050 ± 7.449 0.031 ± 0.014 

DENV4 NS5 

FL K95A 
4.816 ± 0.101 0.759 ± 0.057 0.048 ± 0.001 0.064 ± 0.006 38.065 ± 0.064 0.043 ± 0.002 

DENV4 NS5 

FL R362A 
2.776 ± 0.602 0.726 ± 0.025 0.028 ± 0.006 0.038 ± 0.010 48.495 ± 2.510 0.034 ± 0.005 

 

FAPA 

elongation 
Atto-CTP RNA 

Average 
Vmax

app 

(nM/min) 
Km

app (µM) Kcat
app (min-1) 

kcat
app/Km

app 

(min-1 µM-1) 
Km

app (nM) Kcat
app (min-1) 

DENV4 NS5 

FL WT 
0.861 ± 0.114 0.163 ± 0.002 0.009 ± 0.001 0.053 ± 0.006 61.620 ± 5.558 0.010 ± 0.000 

DENV4 NS5 

FL K95A 
1.199 ± 0.112 0.188 ± 0.024 0.012 ± 0.001 0.065 ± 0.014 45.500 ± 4.384 0.011 ± 0.001 

DENV4 NS5 

FL R353A 
1.018 ± 0.051 0.317 ± 0.013 0.010 ± 0.001 0.032 ± 0.003 40.425 ± 11.264 0.013 ± 0.003 
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are essential for virus replication. The same amounts of WT and mutant replicon RNAs were 

electroporated into BHK-21 cells and luciferase activities were measured at 1, 4, 24, 48, 72 and 

96 hour post-transfection (hpt) (Figure 3.3A). The luciferase activity for DENV-4 WT replicon 

reached a peak level at about 24 to 48 hpt and the signal gradually dropped from 48 to 96 hpt.  

For DENV-4 mutant replicons Y119A, R263A, E270A, R362A and K596A, only background 

or low luciferase signal level was observed from 24 to 96 hpt, implying that they were unable 

to replicate. This finding was supported by the substantial decrease in the MTase or RdRp 

activities observed for Y119A, R263A, E270A and K596A (Table 3.1 and Figure 3.2A-D). 

Surprisingly, the results from enzymatic assays for R362A did not account for the defective 

viral replication observed here. Mutant replicons K95A, K95A/N96A and E268A exhibited 

roughly equal levels of luciferase signal that are comparable to WT replicon at 48 hpt, albeit 

they showed some delay at the first 24 hrs.  

Interestingly, R353A mutant replicon replicated at a lower level as compared to WT replicon 

at earlier hours (about 13-fold lower at 24 hpt), but the level of luciferase signal increased 

subsequently and maintained at about 2.5-fold higher than WT replicon throughout 48 to 96 

hpt.  This observation is in accordance with the previous data whereby R353A mutant showed 

a 2-fold increase in the elongation activity while maintaining its de novo initiation/elongation 

activity and MTase activity (Table 3.1 and Figure 3.2A-D).  

Immunofluorescence assay (IFA) was also carried out to detect NS3 helicase protein and viral 

RNA expression in transfected cells, and only images at 48 hpt were shown in Figure 3.3B. 

Consistent with the results in Renilla luciferase assay, K95A and E268A produced IFA-positive 

cells comparable to WT, while R353A produced more IFA-positive cells than WT. Also, no 

IFA-positive cells were seen in Y119A, R263A, E270A, R362A and K596A-transfected cells, 

suggesting that these residues play a vital role in viral replication. Overall, the data from both 

Renilla luciferase assay and IFA provided evidence that the conserved residues in the MTase-
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RdRp interface are essential for regulating virus replication and mutations of critical residues 

resulted in defective replication ability.  
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Figure 3.3 Replicon analysis of NS5 interface mutants. (A) DENV-4 subgenomic RNA replicon was used to 

assess the effects of interface mutations on viral RNA replication. Equal amounts of WT and mutant replicon 

RNAs were electroporated into BHK-21 cells and assayed for luciferase activity at the designated time points post 

transfection. The y-axis shows the log10 value of Renilla luciferase activity (relative light units, RLU) and the x-

axis shows the time post electroporation (hr). Each data point is the average for two replicates, and error bars 

indicate the standard deviations. (B) Immunofluorescence analysis of DENV-4 subgenomic RNA replicon 

replication containing NS5 interface mutations in BHK-21 cells at 48 hpt. Primary antibodies used were anti-NS3 

helicase protein rabbit polyclonal antibody and anti-dsRNA mouse monoclonal antibody (J2), while secondary 

antibodies used were Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 568-conjugated donkey 

anti-mouse IgG.  

3.1.1.4 The importance of the MTase-RdRp interface in DENV-4 virus production  

To further explore the biological importance of the MTase-RdRp interactions in viral 

replication, K95A, Y119A, E268A (E267 in DENV-3), and R353 (R352 in DENV-3) alanine 

mutations were introduced into DENV-4 infectious clone. Immunofluorescence assay (IFA) 

was carried out to monitor viral RNA and RdRp protein expression in transfected cells, and 

only images at 72 and 120 hpt were shown in Figure 3.4A. Plaque assay and qRT-PCR were 

also carried out for quantification of virus productions and intracellular viral RNA at indicated 
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time points post transfection respectively (Figure 3.4B and 3.4C).  Similar to the replicon data 

(Figure 3.3A), Y119A mutant failed to produce infectious virus or increased intracellular RNA, 

further confirming its critical role in viral replication. K95A mutant virus displayed lower 

replicative ability than WT with lesser IFA-positive cells, virus production and intracellular 

RNA as compared to WT at the first 4 days. Strangely at 120 hpt, K95A mutant expressed 

higher intracellular RNA level than WT which is not reflective of the lesser IFA-positive cells 

and lower virus production observed.  

For E268A mutant, virus production was detected at 96 and 120 hpt consistent with the plaque 

formation observed at 120 hpt, although no IFA-positive cells and increased intracellular RNA 

were seen. This observation is relatively in line with the results from enzymatic assays and 

replicon experiments whereby E268A did not exhibit significant changes in both MTase and 

RdRp activities (Table 3.1 and Figure 3.2A-D), and it replicated similarly as WT (Figure 3.3A), 

indicating that E268 does not play essential roles in the enzymatic activities of NS5 as well as 

in viral replication and infectivity. R353A did not produce any IFA-positive cells and viable 

virus as shown by no plaque formation and no increase in intracellular RNA. This result did 

not match the replicon data in which its luciferase signal sustained at a higher level than WT 

replicon from 48 to 96 hpt and more IFA-positive cells were generated (Figure 3.3A), 

suggesting that R353 play important but non-enzymatic role in viral replication, growth and 

infectivity.  
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Figure 3.4 Functional analysis of NS5 interface mutations in DENV-4 infectious cDNA clone. (A) 

Immunofluorescence analysis and plaque morphology of DENV-4 genome-length viral RNA replication 

containing NS5 interface mutations in transfected BHK-21 cells at 72 and 120 hpt. Primary antibodies used were 

anti-DENV-4 RdRp rabbit polyclonal antibody and anti-dsRNA mouse monoclonal antibody (J2), while 

secondary antibodies used were Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 568-conjugated 

donkey anti-mouse IgG. Plaque morphogy of WT and mutant viruses was determined using supernatants collected 

at 72 and 120 hpt. The dilution factor where countable plaques were observed is indicated. (B) Virus production 

of the transfected cells at each time point post-transfection was observed by plaque assay, and the visible plaques 

were used to calculate titers of DENV-4 WT and NS5 interface mutants. (C) Viral replication in transfected BHK-

21 cells was monitored over a course of 5 days. Intracellular viral RNA replication was detected by qRT-PCR as 

described in Materials and Methods.  

3.1.2 Functional importance of the interdomain linker region 

The importance of the linker region in NS5 was highlighted earlier using alanine mutagenesis 

for in vitro enzymatic and cellular-based viral replication studies whereby mutation of critical 

linker residues affected polymerase activities and impaired viral replication in cells (315, 318, 

319).  

Since the DENV-3 NS5 FL structure presented a well-ordered linker with clear electron density, 

the boundaries of the RdRp domain was carefully delineated and the linker region was precisely 

defined as 4-amino acids long from residues 263 to 266 (318). The least evolutionarily 

conserved short linker folds into a compact 310-helix, allowing the formation of a MTase-RdRp 

interface. The functional relevance of the short 310-helix residues in viral replication was 

explored using biochemical and reverse genetic approaches. The linker in DENV-2 NS5 was 

also swapped with corresponding flavivirus sequences to examine the biological relevance of 

amino acid composition of the linker region in viral replication.   
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3.1.2.1 The residues of the 310-helix are important for viral replication 

To characterize the enzymatic function of the short 310-helix residues, individual alanine 

mutations of the residues S264A (H263 in DENV-3), V265A (V264 in DENV-3), S266A 

(N265 in DENV-3) and T267A (A266 in DENV-3) were introduced into the DENV-4 NS5 FL 

protein and the enzymatic activities of polymerase were compared against WT protein (Figure 

3.5A and 3.5B). Note that the amino acids chosen for mutations are highly variable across all 

serotypes of DENV and other flaviviruses (Figure 3.6). Thermofluor assays confirmed that all 

the mutant proteins exhibited comparable stability as WT NS5 FL, suggesting that they were 

properly folded (Table 3.3). The RdRp activity of WT and mutant proteins was examined using 

both the coupled de novo initiation/elongation and elongation FAPA assays as illustrated 

previously (315, 318). S264A exhibited about 40% increase in de novo initiation/elongation 

activity compared to WT protein, whilst V265A demonstrated comparable de novo 

initiation/elongation and elongation activities to WT protein. In contrast, S266A and T267A 

displayed differential effects on both polymerase activities. Their elongation activities were 

about 50-60% higher than WT protein whereas their de novo initiation/elongation activities 

showed 30-40% reduction. These results indicated that the last two amino acids of the 310-helix 

are important for regulating both the de novo initiation and elongation steps of RNA synthesis. 

We next assessed whether the mutants could have an effect on viral replication in cells.  

The same individual alanine mutations were introduced in a DENV-4 subgenomic replicon, 

bearing a renilla luciferase reporter. All WT and mutant DENV-4 replicon RNAs were 

electroporated into BHK-21 cells at equal amounts and luciferase activities were assayed at 1, 

4, 24, 48, 72 and 96 hour post-electroporation (Figure 3.5C). After 24 hours, mutant replicons 

S264A and V265A were less replicative competent as compared to WT replicon. However, 

growth of S264A was comparable to WT at 48 and 72 hour, and V265A showed less than 1 

log reduction in luciferase signals from 48-96 hour post-electroporation. On the other hand, 
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little or no luciferase activity was detected for mutant replicons S266A and T267A throughout 

the four days following transfection. Together, these data indicated that the first two residues 

of the short 310-helix are less important for viral replication whereas the third and fourth 

residues are essential for virus replication in cells. These results are in line with the observed 

impacts of these mutations on in vitro NS5 polymerase activities. 

 

Figure 3.5 Polymerase activities and replication profiles of DENV-4 WT and 310-helix mutant NS5 FL 

proteins and replicons. (A) A polymerase de novo/elongation assay was performed using viral untranslated 

region (UTR) sequence as the RNA template as described previously (242, 306). (B) Elongation assay was 

performed with a heteropolymeric RNA template annealed with four primers as described previously (316, 318). 

Results shown are the average percentage activity compared against DENV-4 WT NS5 FL protein at t=1hr derived 

from average relative fluorescence units (RFU) obtained from each protein from one experiment. Two 

independent experiments were carried out in triplicate wells. (C) Renilla luciferase activities of DENV-4 WT and 

mutant replicons. Equal amount of replicon RNA were electroporated into BHK-21 cells and luciferase activities 

were assayed at indicated time points. The y axis shows the log10 value of Renilla luciferase activity (RLU). Each 

data point is the average for two replicates, and error bars show the standard deviations. *Note that the effects of 

alanine mutation of S264 and V265 on polymerase de novo initiation activities were previously studied (315) and 

are included here for comparison.  
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% D4 NS5 activity 
De novo 

initiation/elongation 
Elongation 

Thermo-

fluorescence 

Tm (°C)  

WT 100 100 37 

S264A *140.6 ± 10.9 93.3 ± 6.6 37 

V265A *102.0 ± 1.7 104.0 ± 3.2 37 

S266A 70.9 ± 10.9 165.9 ± 8.5 37 

T267A 62.5 ± 7.9 151.3 ± 0.6 37 

Table 3.3 Enzymatic activities and thermo-stabilities of DENV-4 WT and 310-helix mutant NS5 FL proteins. 

The polymerase de novo initiation and elongation activities of DENV-4 WT and 310-helix mutant NS5 FL proteins 

were measured in FAPA assays with 1 hour incubation at RT. Results shown are the average percentage activity 

compared against DENV-4 WT NS5 FL protein derived from average relative fluorescence units (RFU) obtained 

for each protein from one experiment. Two independent experiments were performed for each assay in triplicate 

measurements. Thermo-stability was assessed using thermo-denaturation assay. *Note that the effects of alanine 

mutation of S264 and V265 on polymerase de novo initiation activities were previously studied (315) and are 

included here for comparison.  

 

Figure 3.6 Sequences of flavivirus NS5 linker. Shown here are the NS5 linker sequences of the four DENV 

serotypes (DENV-1, 2, 3 and 4) as well as Japanese Encephalitis Virus (JEV) and Zika Virus (ZIKV). Swapping 

of the 310-helix amino acids (aa264-267 in DENV-2 numbering) and the entire inter-domain linker (aa264-272 in 

DENV-2 numbering) in DENV-2 NS5 with corresponding Flavivirus sequences was carried out to generate L4 

and L9 mutants. Residues in DENV-3 linker that make interactions with MTase or RdRp are highlighted in red. 

Residues that are underlined means that they are predicted to have a higher preference for α-helix formation. 

CFSSP online tool was used to predict the helix propensity of different linker sequences.  

3.1.2.2 Biological relevance of the unique amino acid composition of linker 

To investigate the relevance of amino acid composition of the linker region, the 310-helix amino 

acids (aa264-267 in DENV-2 numbering; L4) as well as the entire inter-domain linker (aa264-

272 in DENV-2 numbering; L9) in DENV-2 NS5 were swapped with corresponding Flavivirus 

sequences. Note that there is low sequence conservation of the linker region across the four 

DENV NS5 serotypes as well as JEV and ZIKV (Figure 3.6). The enzymatic activities and 
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viral replicative abilities of these mutations were studied in the context of DENV-2 NS5 FL 

protein and DENV-2 subgenomic RNA replicon respectively. With the exception of d4-L9 

(DENV-2 entire linker amino acids replaced by DENV-4) protein which has a slightly higher 

melting temperature (Tm) than WT NS5 FL, all the other purified mutant proteins exhibited 

comparable stability to WT as determined by the thermofluor assay (Table 3.4A and 3.4B). 

FAPA assays mentioned above were employed to examine the ability of mutant proteins to 

carry out de novo initiation/elongation and elongation activities (Figure 3.7A-D). In general, 

the L4 and L9 mutants were able to elongate RNA to similar extent or better than WT (< 40 % 

change in activity compared to WT protein).  

Substituting DENV-2 NS5 with DENV-1 linker residues (d1-L4 and d1-L9) did not influence 

its de novo initiation nor elongation activities significantly (< 30% change). Substitution with 

DENV-3 and ZIKV linker residues (d3- or ZV-L4 and d3- or ZK-L9) decreased DENV-2 de 

novo initiation activity somewhat (~40% reduction in d3- and ZV-L9) and did not affect its 

NS5 elongation activity. Likewise, JEV linker residues, JV-L4 and JV-L9 also reduced DENV-

2 de novo initiation activity by ~40 % and ~60 % respectively, without changing its elongation 

activity. On the other hand, DENV-4 linker residues (d4-L4 and d4-L9) did not impact DENV-

2 de novo initiation but enhanced its elongation activity (~70% in d4-L9). In summary, 

replacing DENV-2 interdomain linker residues with those from other Flaviviruses had a 

stronger impact on its de novo initiation activity compared to elongation activity. Of the 5 

sequences investigated, DENV-2 de novo initiation activity was most strongly suppressed by 

JEV linker residues whilst its elongation activity was found to be most highly augmented by 

DENV-4 linker residues. 

In order to examine the biological importance of these mutants in viral replication, the same 

mutations engineered in DENV-2 subgenomic RNA replicon harboring a renilla luciferase 

reporter were electroporated into BHK-21 cells and measured for luciferase levels at indicated 
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time points (Figure 3.8A and 3.8B). DENV-1 and DENV-3 substitutions displayed marginally 

poorer viral replication compared to WT, whilst the most similar DENV-4 sequence, 

demonstrated comparable viral replicative ability as DENV-2. This is in agreement with their 

observed in vitro de novo initiation and elongation activities. The better in vitro elongation 

activity of DENV2-d4-L9 NS5 protein did not translate to better viral growth properties. The 

linker residues of JEV and ZIKV which have the least sequence identity with DENV-2 

exhibited poorest replicative abilities. When the entire inter-domain linker amino acids of 

DENV-2 was substituted with JEV and ZIKV sequences, virus replication was completely 

abolished whilst changing the shorter 310-helix amino acids of DENV-2 to JEV and ZIKV 

sequences still allowed low levels of viral replication. The lethal phenotype observed for JV-

L9 and ZV-L9 mutant replicons could not be attributed entirely to an impact in their in vitro 

polymerase activity since they still retained 40% and 60% de novo initiation activity 

respectively as well as WT levels of elongation activity. Moreover, since JV-L4 and ZV-L4 

mutants produced comparable luciferase signals throughout the four days post-electroporation, 

we would have expected similar de novo initiation and elongation activities in in vitro 

enzymatic assays. However, ZV-L4 enzyme displayed 60% higher de novo activity than JV-

L4. Since JV and ZV mutant proteins generated differential enzymatic results and the in vitro 

data could not match the observed replicative abilities of the mutants in cells, it may be possible 

that the linker residues also play non-enzymatic roles in viral replication. The unique amino 

acid composition of the linker may be crucial for serotype/virus-specific inter-domain 

interactions between MTase and RdRp which are necessary for viral replication.  
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Figure 3.7 Polymerase activities of DENV-2 WT and linker mutant NS5 FL proteins. (A) Polymerase de 

novo/elongation and (B) elongation assays were carried out using DENV-2 NS5 FL WT and L4 mutants. (C) 

Polymerase de novo/elongation and (D) elongation assays were performed using DENV-2 NS5 FL WT and L9 

mutants. DENV-2 linker amino acids replaced by DENV-1, 3, 4, JEV and ZIKV are denoted as d1, d3, d4, JV 

and ZV on the diagrams. Results shown are the average percentage activity compared against DENV-2 WT NS5 

FL protein at t=1hr derived from average relative fluorescence units (RFU) obtained from each protein from one 

experiment. Two independent experiments were carried out in triplicate wells.  
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Figure 3.8 Replication profiles of DENV-2 WT and linker mutant replicons. Renilla luciferase activities of 

DENV-2 WT and linker mutant replicons - (A) DENV-2 310-helix amino acids swapped with corresponding 

Flavivirus sequences (L4) and (B) DENV-2 entire inter-domain linker swapped with corresponding Flavivirus 

sequences (L9). DENV-2 linker amino acids replaced by DENV-1, 3, 4, JEV and ZIKV are denoted as d1, d3, d4, 

JV and ZV on the diagrams. Equal amount of replicon RNA were electroporated into BHK-21 cells and luciferase 

activities were assayed at indicated time points. The y axis shows the log10 value of Renilla luciferase activity 

(RLU). Each data point is the average for two replicates, and error bars show the standard deviations.  

% D2 NS5 activity 
De novo 

initiation/elongation 
Elongation 

Thermo-

fluorescence 

Tm (°C) 

WT 100 ± 0 100 ± 0 37.5 

d1-L4 96.1 ± 16.2 126.7 ± 9.9 37.5 

d3-L4 112.2 ± 4.4 80.2 ± 1.8 37.5 

d4-L4 84.0 ± 7.9 135.0 ± 2.2 38 

JV-L4 66.9 ± 4.7 126.9 ± 5.0 38 

ZV-L4 125.0 ± 1.3 94.7 ± 8.8 38 

Table 3.4A Enzymatic activities and thermo-stabilities of DENV-2 WT and L4 mutant NS5 FL proteins. 
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% D2 NS5 activity 
De novo 

initiation/elongation 
Elongation 

Thermo-

fluorescence 

Tm (°C) 

WT 100 ± 0 100 ± 0 37.5 

d1-L9 93.4 ± 3.2 125.5 ± 1.3 39 

d3-L9 62.0 ± 3.2 127.4 ± 6.8 38 

d4-L9 105.3 ± 2.6 169.1 ± 6.7 41 

JV-L9 40.0 ± 0.7 114.0 ± 0.9 37 

ZV-L9 68.6 ± 5.1 105.7 ± 8.1 37 

Table 3.4B Enzymatic activities and thermo-stabilities of DENV-2 WT and L9 mutant NS5 FL proteins. 

Polymerase activities DENV-2 WT, (A) L4 and (B) L9 mutant NS5 FL proteins measured in de novo 

initiation/elongation and elongation FAPA assays with 1 hour incubation at RT. Results shown are the average 

percentage activity compared against DENV-2 WT NS5 FL protein derived from average relative fluorescence 

units (RFU) obtained for each protein from one experiment. Two independent experiments were performed for 

each assay in triplicate. Thermo-stability was assessed using thermo-denaturation assay. 

3.1.3 Discussion 

The first high-resolution crystal structure of DENV-3 NS5 FL assumes a compact 

conformation in which the MTase domain is positioned on top of the finger subdomain of the 

RdRp (318). In this conformation, NTP and RNA entry channels of the RdRp domain remain 

accessible. This structure also reveals an inter-domain interface made up of numerous polar, 

electrostatic interactions as well as a well-ordered linker consisting of a short 310-helix 

(residues 263-266). By comparing the DENV-3 NS5 crystal structure with that from Japanese 

Encephalitis Virus (JEV), it was shown that the relative arrangements of MTase and RdRp 

domains are different (101). The MTase domain of JEV is situated at the back of the RdRp 

partially blocking the NTP entry tunnel and the inter-domain interactions are mainly 

hydrophobic. Since these interface residues are highly conserved, it suggests that NS5 protein 

from various flaviviruses may have evolved to assume distinct orientations stabilized by unique 

inter-domain interfaces, thereby resulting in different mechanisms for regulating their catalytic 

functions. Previous study using small-angle X-ray scattering (SAXS) demonstrated that the full 

length NS5 from DENV-3 could adopt multiple conformations in solution, from compact to 

more extended forms (254). The ability to assume various conformers could be attributed to 
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the flexibility of the ten-residue linker. With the use of a combination of established 

biochemical and reverse genetic approaches, the functional significance of intra-molecular 

interactions and linker region to virus replication, growth and infectivity was explored by 

structure-guided mutagenesis.  

3.1.3.1 The polar interface modulates virus replication, growth and infectivity 

The intra-molecular interactions between the two domains in the dengue NS5 FL structure is 

believed to be of utmost importance for NS5 to perform its versatile, multi-functional roles in 

genome replication. The presence of MTase-RdRp interface possibly brings the two domains 

close to each other for inter-domain regulations of the essential enzymatic activities of this 

naturally fused protein.  

The DENV-3 NS5 MTase-RdRp interface is composed of two contact regions, one of which 

comprises residues from the well-ordered linker region making polar interactions with amino 

acids from both domains (Figure 3.1C). This interaction network is not observed in the FL JEV 

NS5 structure whereby the flexible linker is disordered (101). In this first cluster of residues 

involved in inter-domain interactions, the side chain of E267 from the linker region interacts 

with Y119 and R262 from the MTase domain via hydrogen bonding. The substitutions of 

DENV-4 Y119 and R263 (R262 in DENV-3) to alanine severely affected both MTase activities 

(Table 3.1 and Figure 3.2C-D), and impaired viral replication and reinfection (Figure 3.3 and 

3.4), indicating that Y119 and R262 which belong to MTase core domain, are critical for the 

NS5 MTase activity and also viral replication. On the contrary, alanine substitutions of DENV-

4 E268 (E267 in DENV-3) provoked only minor changes in both MTase and RdRp activities 

– about 70% of both MTase activities are retained, elongation activities are comparable to WT, 

and the de novo initiation/elongation activity are 30% higher than WT (consistent with the dnI 

activity data for alanine mutant for E267 in (315)). In addition, this mutant replicated similarly 

as WT and was able to produce viable virus, suggesting that E267 does not play critical roles 
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in the enzymatic activities of NS5 as well as in viral replication and infectivity, probably due 

to conformational flexibility of NS5 at its inter-domain linker region.  

Also in the first cluster, salt bridge interaction is established between the carboxylate group of 

E269 and the guanidinium side chain of R361 from the DENV-3 RdRp domain (Figure 3.1C). 

Residue E269 also forms hydrogen bonding with the main-chain nitrogen amide of K595. 

Interestingly, residue 595 is either a lysine or an arginine in DENV-1 to -4 whilst E269 and 

R361 are strictly conserved across the four serotypes of DENV. Thus, the K595-E269-R361 

interactions are also likely to be conserved across all the serotypes and could constrain the 

mobility of the linker. Consistent with the hypothesis, alanine mutations of DENV-4 E270 

(E269 in DENV-3), R362 (R361 in DENV-3) and K596 (K595 in DENV-3) resulted in 

defective viral replication (Figure 3.3A), possibly caused by reduction in both polymerase 

activities due to a loss in its ability to assume functional conformation for catalysis. A previous 

study (315) reported that DENV-4 E270A mutant demonstrated approximately 2-fold 

reduction in dnI activity which is in line with our enzymatic data (Table 3.1 and Figure 3.2A), 

due to about 2-fold poorer turnover of NTP and RNA substrates. Mutant K596A also displayed 

a decrease in both de novo initiation and elongation activities by 30-40%. On the contrary, the 

results from enzymatic assays for R362A did not account for impaired viral replication. A 

double enhancement in the de novo initiation/elongation activity was detected with no change 

in the elongation activity, and only slight changes in both MTase activities (Table 3.1 and 

Figure 3.2A-D). It is possible that R362A mutation causes NS5 conformation modifications, 

influencing its ability to bind to the viral protease/helicase, NS3, as well as nuclear transport 

receptor, importin-β. This residue belongs to part of the βNLS region containing amino acids 

320-368 whereby yeast two-hybrid system and pull-down assays showed that NS3 and 

importin-β bind competitively with NS5 at this region (320). Indirect immunofluorescence 

revealed that the hyperphosphorylated NS5 was distributed predominantly in the nucleus 
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during DENV infection (224), and importin-β was proposed to interact with NS5 for its nuclear 

import (321, 322). The importance of the region containing NLS and importin-β binding 

domain was evidenced by a mutagenesis study in which mutations in this region caused a 

severe reduction in viral titer in cultured cells, thus implying that NS5 translocation into the 

nucleus is vital for virus fitness and virulence (323). The dengue pathogenesis could be 

explained by another study in which they showed that DENV-2 infection triggered chemokine 

interleukin-8 gene expression, presumably through activation of CAAT/enhancer binding 

protein (227). Besides importin-β binding, NS3 can also interact with NS5 at the βNLS region, 

localizing NS5 in the cytoplasm necessary for viral replication (224). The relevance of the 

βNLS has now been questioned and the true NLS (recognized by importin) has recently been 

proposed to lie at the C-terminal end of NS5 (324). The amino acid crucial for NS3 binding is 

K330 that is within the 3 helix of the RdRp domain (325). Surface plasmon resonance (SPR) 

assay demonstrated that K330A mutation reduced NS5-NS3 interaction. Also, K330A retained 

in vitro RdRp activity but abolished viral replication in an infectious clone. Thus, NS5-NS3 

association may facilitate NS3 helicase activity for dsRNA unwinding during RNA synthesis, 

as well as aid in NS5 stimulation of nucleotide triphosphatase (NTPase) and RNA 

triphosphatase (RTPase) activities of NS3 for viral RNA replication and capping respectively 

(326). Therefore, the inability of NS5 to bind to importin-β or NS3 due to perturbation at the 

βNLS region of the RdRp domain could render drastic effects on virus replication and 

infectivity. In all, these three residues form important charged interactions within NS5 in which 

a loss of these interactions crippled viral replication either enzymatically or non-enzymatically.  

Several polar interactions exist between MTase residues K95-K96 and RdRp residues E296-

K300 in the first cluster (Figure 3.1C). Alanine substitutions of K95 and K96 resulted in an 

active RdRp with almost 2-fold increase in both RdRp activities without impacting N-7 and 2’-

O MTase activities (Table 3.1 and Figure 3.2A-D). Analogously, transverse polar interactions 
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occur between the guanidinum functional group of R352 and E67, E252 and Q63 in the second 

cluster (Figure 3.1D). DENV-4 R353A (R352 in DENV-3) mutant also demonstrated 2-fold 

higher in the elongation activity (Table 3.1 and Figure 3.2B). However, these hyperactive 

enzymes were not beneficial for the virus. Replicon assay showed that they displayed delayed 

viral replication at the first 24 hour (Figure 3.3A), while K95A produced lesser viable virus 

and R353A was completely lethal in virus production (Figure 3.4). It could be possible that 

these mutations induce dynamic NS5 conformational changes that impact its ability to form 

competent viral replication complex with viral and host cofactors, as in the case of R362A 

mentioned above. Moreover, R352 and residues F348 to K357 of helix α5 is part of the βNLS 

motif of the RdRp domain present in the second interaction cluster, making numerous 

interactions with residues from the MTase domain. Like R361, these residues may also bind to 

NS3 and importin-β for virus replication and infectivity. This notion is supported by the crystal 

structure of DENV-3 RdRp in which R352, F354, E356 and K357 are properly positioned to 

interact with importin-β (86). It is expected that alanine mutation of these residues would likely 

give the same results as observed for R353A (R352 in DENV-3).  

Taken together, these findings showed that the conserved amino acids at the inter-domain 

interface of DENV NS5 are important for virus replication, growth and infectivity, and that the 

inter-domain regulations and cooperativity of the essential enzymatic activities of NS5 could 

be elegantly modulated by the presence and dynamics of MTase-RdRp interface.  

3.1.3.2 Hydrophobic contacts at the interface are critical for viral replication 

The only hydrophobic contacts formed in the inter-domain interface of the DENV-3 NS5 FL 

structure comprise stacking interactions between W64, R68, F348 and P582 at the second 

cluster. These four residues are strictly conserved across flavivirus except for residue 68 which 

is a lysine instead of arginine at this position for JEV, denoting their functional relevance in 

NS5. Recent elucidation of the JEV NS5 FL structure revealed a conserved interface containing 
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a hydrophobic network and GTP sequence (101). The hydrophobic network is composed of 

three residues P113, L115, and W121 from the MTase domain, and three residues F467 (ring), 

F351 (index/βNLS core helix), and P585 (middle) from the RdRp finger subdomains, arranged 

in an alternating pattern at the heart of the interface. A comparison between the hydrophobic 

amino acids of DENV-3 and JEV NS5 FL structures found two residues, F348 (F351 in JEV) 

and P582 (P585 in JEV), which coincided in the two structures.  

Mutagenesis analysis was carried out by the group by substituting each of the six hydrophobic 

residues with Arginine (R), Aspartic Acid (D) and Serine (S) in JEV infectious clone to disrupt 

the hydrophobic network (327). In general, most of the mutations impacted viral replication to 

different extent, with P113S, L115R/D/S, W121S, F351R/D/S, and P585S capable of virus 

production, albeit much lower than WT. In the same study, corresponding mutations (P113D, 

P115D, W121D, F349D, F465D, and P583D) in DENV-2 infectious clone yielded similar 

results whereby P113D, W121D and F465D-transfected cells did not produce IFA-positive 

cells, and both F349D and P583D produced lesser viable virus than WT. This finding provides 

functional validation of the biological relevance of the two hydrophobic residues, F348 and 

P582, at the interface of the DENV-3 NS5 FL structure. It would not be surprising if mutations 

of the other two residues, W64 and R68, involved in the hydrophobic stacking interactions also 

lead to viral replication impairment. The group further examined revertant viruses in the same 

study and they identified L322F adaptive mutation derived from P113D and F467D which is 

situated outside the interface and could rescue the replication defect of P113D and F467D 

mutations in MTase and RdRp, respectively. It could be possible that this residue also plays 

critical roles in viral replication during DENV life cycle.  

In all, the analysis of the hydrophobic network at the interface of JEV NS5 FL structure 

suggested that the hydrophobic interactions at the interface of the DENV-3 NS5 FL structure 

could also be important for viral replication. Further functional and mechanistic investigations 
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by reverse genetic approaches and in vitro enzymatic assays would be necessary to gain more 

detailed understanding of the inter-domain hydrophobic interactions in regulating viral 

replication and would likely open up new opportunities for drug discovery and development.  

3.1.3.3 The linker confers inter-domain flexibility to attain necessary distinct functional 

conformations of NS5 for catalysis and viral replication 

The flexible linker facilitates the formation of inter-domain interface important in mediating 

inter-regulations and cooperativity of the essential enzymatic activities of NS5 for virus 

replication, growth and infectivity. Simple addition of NS5-MTase to NS5-RdRp in trans was 

not sufficient to bring the two domains close enough to each other in order to reconstitute a 

stimulatory interface for de novo initiation (253), suggesting the existence of a linker for high 

inter-domain affinity and interface formation. In addition, DENV-3 RdRp comprising residues 

from the putative linker region (residues 265 to 900) exhibited improved thermostability and 

polymerase dnI activity as compared to the shorter catalytic domain (residues 272 to 900), 

pointing that the linker residues are critical for viral replication (315). Furthermore, DENV-2 

NS5 exhibited enhanced dnI and elongation activities than NS5-RdRp domain, suggesting that 

the MTase domain makes dynamic interactions with RdRp domain to modulate RNA synthesis 

(328).  

In the crystallographic structure of DENV-3 NS5 (318), the linker amino acids H263, V264, 

N265 and A266 folds into a short 310-helix and probably acts as a swivel, making structural 

transition to allow the formation of distinct inter-domain interfaces and enable the MTase and 

RdRp domains to adopt various orientations for cross-talk during viral replication. It is possible 

that this short linker may experience structural transition and convert to a more extended 

conformation for re-positioning of the two domains of NS5 for their respective or cooperative 

enzymatic functions during viral replication.  
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In this study, it was shown that the first two residues S264 and V265 (DENV-4 numbering) are 

less important for viral replication whilst the third and fourth residues S266 and T267 (DENV-

4 numbering) modulate polymerase de novo initiation (dnI) activity for viral replication in cells. 

Previously, our group had characterized the residue V264 in the context of DENV-3 NS5 

protein and DENV-2 infectious clone (319) and discovered that substitution of this residue to 

glycine substantially reduced the de novo initiation RdRp activity and produced slightly 

attenuated viruses. This finding supported our results here in which V265A still retained the 

ability to replicate in cells. It could be possible that the change of valine to smaller amino acids 

such as glycine and alanine did not affect the flexibility of the linker to regulate necessary NS5 

conformational modifications. However, mutation of this residue to proline had a dramatic 

effect on viral replication (319). It severely decreased the de novo initiation RdRp activity and 

failed to generate any viable viruses. The replacement of valine to proline could rigidify NS5 

structure and dynamics, deterring the formation of functional orientations between the two 

domains during viral replication. The importance of the third and fourth residues was 

corroborated by a recent research done using small-angle X-ray scattering (SAXS) to examine 

the flexibility of DENV-4 NS5 S266N/T267A and ∆S266T267 proteins (329). Mutations 

S266N/T267A whereby polar residues S266 and T267 from DENV-4 were reverted to 

asparagine and alanine from DENV-3, as well as ∆S266T267 whereby these two residues were 

deleted, both displayed enlarged dimensions and larger flexibility alike to wild-type DENV-3 

NS5. This result provided an indication that these two residues are vital for the compactness of 

DENV-4 NS5 and mutations may cause structural perturbations to the NS5 protein, impacting 

its specific interaction with viral RNA and its enzymatic ability to synthesize RNA in a de novo 

manner.  

Several linker residues downstream of the 310-helix from 267 to 272 are also essential to 

regulate NS5 conformational flexibility and form extensive interactions with RdRp domains 
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(315, 318). For instance, the main-chain carbonyl oxygen of E267 makes a hydrogen bond with 

the side-chain amino group of R361. The side-chain of R361 is also involved in a salt bridge 

linkage with the carboxylate group of E269 which in turn forms hydrogen bonding with the 

main-chain nitrogen amide of K595. The importance of the electrostatic interactions between 

these three residues was emphasized earlier in Section 3.1.3.1. The side-chain amino group of 

K595 also interacts with the main-chain carbonyl oxygen of T270. In addition, the main-chain 

carbonyl group of N272 establishes contacts with the main-chain amide of V275. The residue 

at position 270 (DENV-3 numbering) was shown to be essential for maintaining the 

compactness of DENV-4 NS5 since mutation of K271 in DENV-4 NS5 to threonine in DENV-

3 had the same effect as S266N/T267A and ∆S266T267 proteins mentioned earlier (329) whereby 

the mutant protein exhibited higher flexibility comparable to wild-type DENV-3 NS5. A 

former study further confirmed the relevance of these amino acids as paired mutations 

E270A/K271A and R595A/K596A in DENV-4 completely inhibited virus replication in cells 

(323). Residue P268 that does not interact with any residues from the RdRp domain in DENV-

3 may establish critical interactions in DENV-4 context as DENV-4 infectious virus exhibited 

selective pressure to retain threonine residue at position 269 of the linker region (315). Thus, 

linker residues downstream of the 310-helix also play critical roles during viral replication.  

The recent comparison of all four DENV NS5 FL proteins using SAXS shed light into their 

similarities and diversity in terms of compactness and dynamics, which may influence their 

conformation for catalysis and ensemble formation within the replication machinery (330). 

DENV-3 NS5 FL was revealed to be flexible in nature with the MTase domain forming 

multiple conformations in solution which are essential for its sequential steps of capping RNA 

after synthesis. On the other hand, DENV-4 NS5 demonstrated greater compaction as 

compared to DENV-1 to DENV-3 NS5. Remarkably, swapping the ten-residue linker from 

DENV-3 into DENV-4 NS5 FL increased the compactness of the protein, possibly caused by 
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changes in the amino acid partners in the linker region and residues of the MTase and RdRp 

domains. The newly-substituted residues were postulated to be involved in different or 

additional interactions that may aid in stabilization of the preferential molecular conformation. 

Further mutagenesis and solution studies carried out by the same group had identified residues 

S266, T267 and K271 in DENV-4 NS5 to be critical for the maintaining the compact form of 

the protein (329). This finding was in line with our reverse genetic work described earlier 

whereby DENV-4 replicons with S266A and T267A mutations significantly reduced 

polymerase de novo initiation activity and inhibited viral replication. The importance of the 

linker for NS5 conformational regulation was also confirmed when we swapped the linker 

amino acids in DENV-2 NS5 with other Flavivirus sequences. Their ability to replicate in cells 

decreases as the sequences became more non-homologous to DENV-2, indicating that the 

unique amino acid composition of the linker controls the formation of diverse inter-domain 

interactions in a serotype/virus-specific manner and contributes to the difference in flexibility 

and dynamics of the NS5 protein.  

In conclusion, the linker of flaviviruses may have evolved to allow functional conformational 

plasticity of NS5 as well as to accommodate other host and viral partners in the replication 

complex, and is a valuable drug target for anti-flaviviral therapeutic development. Future 

research could involve the search for peptides, aptamers or small molecules to disrupt the 

degree of freedom of the overall molecular conformation of NS5 as part of the drug discovery 

effort towards antiviral therapy.  
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3.2 Functional Validation of the DENV-3 FL NS5 and 2’-O Methylated Capped-RNA 

Cocrystal 

Previous studies have reported co-crystal structures of flavivirus MTases bound to S-adenosyl-

L-homocysteine (AdoHcy/SAH; the product of methylation reaction)  and GTP (164), to 

guanosine analog ribavirin 5’-triphosphate (RTP) (266), to short cap analogs (120, 235), and 

to a 5’-capped RNA octamer (238). These structures revealed a SAM methyl donor binding 

site, GTP-binding site, and a basic putative RNA binding groove, and also provided structural 

insights on the interactions between the substrates and MTase within their distinct pockets. The 

crystal structure of DENV MTase in complex with the 5’-capped RNA octamer does not 

represent a catalytically-competent complex for specific viral RNA methylation and may 

correspond to the product of guanylylation of the RNA genome preceding subsequent 

methylation events (238). Thus, determination of the structure of NS5 bound to viral RNA 

would be useful to understand RNA recognition, which may propose new strategies to the 

design of NS5 inhibitors targeting the catalytic site of NS5.  

Following the resolution of the crystallographic structure of FL NS5 protein from the dengue 

virus, the crystal structure of a ternary complex between DENV-3 FL NS5 protein, an authentic 

octameric cap-0 viral RNA substrate (5’-m7G0pppA1G2U3U4G5U6U7-3’), and SAH was 

determined at a resolution of 2.6 Å (Figure 4.1) (331). This structure represents a catalytically-

competent complex, in which it shows that the viral MTase is in the midst of transferring a 

methyl group to the 2’-O ribose of the first nucleotide of the viral genome. As seen from the 

electrostatic surface diagram in Figure 4.1B, the RNA moiety occupies a large basic area of 

the NS5 protein. Only the first four stacked bases A1G2U3U4 and the m7G0ppp cap are ordered 

whereas G5U6U7 extends beyond the binding groove and exhibits weak electron density (Figure 

4.1C). This observation is in line with earlier RNase footprinting experiment whereby WNV 

MTase protected 4 nucleotides of the viral RNA during 2’-O methylation (239). The first base 
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adenosine A1 fits tightly in a pocket shaped by NS5 residues I147-G148-E149-S150 and SAH 

(Figure 4.1D), and its 2’-O atom sits next to the sulfur atom of SAH and adjacent to the side 

chain of residue K180 from the highly conserved K61-D146-K180-E216 catalysis tetrad, positioned 

to accept a methyl group from a SAM methyl donor (Figure 4.1C and 4.2A). The second base 

guanosine G2 stacks with A1, and interacts with the carboxylic side chain of residue E111 via 

its N2 atom and with a water molecule coordinating the Mg2+ ion through hydrogen bonding 

(Figure 4.1E). In order to examine the functional implications of the ternary complex for virus 

replication, mutagenesis study targeting highly conserved residue E111 of NS5 and G2 base of 

the RNA as well as several residues lining the RNA binding groove were executed. This work 

provides a molecular basis for specific 2’-O methyl transfer reaction and cap formation by the 

flavivirus MTase, and also rationalizes the interactions between the protein and viral RNA.  
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Figure 4.1 Crystal structure of ternary complex between DENV-3 FL NS5, capped RNA and SAH. (A) 

Crystal structure of DENV-3 NS5 (residue 6-895) bound to an authentic RNA substrate (5’-
m7G0pppA1G2U3U4GUU-3’). MTase and RdRp domains are colored cyan and green respectively. The RNA/SAH 

binding pocket is boxed. Capped RNA and SAH are represented as sticks and are in magenta and yellow colors 
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respectively. (B) Electrostatic-potential map of NS5 (positive charges are in blue and negative charges are in red). 

(C) Magnified view of the boxed RNA and SAH binding sites. Amino acid residues interacting with RNA or SAH 

are shown as sticks (cyan) and labeled. Polar interactions between capped RNA nucleotides and protein residues 

are indicated as dashed lines. Mg2+ ion and water molecules are depicted as green and red spheres correspondingly. 

(D) Tight shape complementarily with adenine A1 only within the RNA binding groove. (E) The second 

nucleotide G2 of the RNA substrate forms hydrogen bonding with residue E111 and Mg2+ ion. Adapted from 

(331).  

 

Figure 4.2 Proposed enzymatic mechanism for 2’-O methylation. (A) Close-up view of the MTase active site 

with the K61-D146-K180-E216 enzymatic motif and SAH displayed as yellow and magenta sticks respectively. The 

close contacts and distances between the 2’-oxygen atom of adenine A1, the amino group of residue K180 and 

the sulfur group of SAH are indicated. (B) Schematic diagram of an active ternary complex formed by capped 

RNA and SAM, based on the present crystal structure. Adapted from (331).  

3.2.1 Residue E111 of NS5 is important for virus replication 

From the crystal structure of the ternary complex, it was revealed that the NS5 residue E111 

makes sole direct specific polar interaction with the second nucleotide G2 of the viral RNA 



                                                                       Section 3.2 Functional Validation of the DENV-3 FL NS5  

                                                                                          and 2’-O Methylated Capped-RNA Cocrystal 

119 

 

(Figure 4.1C and 4.1E). This residue is highly conserved across the four DENV serotypes and 

other flaviviruses, and was selected for mutagenesis into alanine (A), glutamine (Q) and 

arginine (R). These single mutations were engineered into DENV-4 MTase (aa1-272) and 

DENV-4 NS5 FL, and the recombinant proteins were expressed and tested for their effects on 

in vitro MTase 2’-O and RdRp enzymatic activities. All the purified mutant proteins were 

relatively stable as determined by thermo-fluorescence assay (Table 4.1 and 4.2). The 2’-O 

MTase activity was measured using SPA assay, whilst the RdRp activities were assessed by de 

novo initiation/elongation and elongation FAPA assays as mentioned before. The enzymatic 

activities of the mutant proteins were compared against WT protein (Figure 4.3A, Table 4.1 

and 4.2).  

Mutation E111R, which reversed the charge from negatively-charged glutamic acid to 

positively-charged arginine, resulted in a loss in 2’-O MTase activity (Figure 4.3A and Table 

4.1). On the contrary, mutants E111A and E111Q, which either remove the charged group or 

still retain the oxygen atom for interaction with G2 base respectively, exhibited >93% 2’-O 

MTase activity. Modelling NS5 protein carrying E111 to A and Q suggests that these mutations 

have limited impact on protein-RNA interaction whilst E111R mutation possibly introduces 

steric hindrance and influences the ability of the protein to bind cap-0 viral RNA (Figure 4.4A). 

The in vitro MTase and modelling results are consistent with thermo-stability measurements 

of FL NS5 WT and mutant proteins in the absence and presence of the cap-0-7mer-RNA 

whereby E111R mutant displayed the most reduced thermo-stability in its free state and in the 

presence of RNA ligand (Table 4.2).  

The effects of E111 mutants were also evaluated in cell culture to investigate its role in viral 

replication. The three mutations, E111A, E111Q and E111R, were introduced into DENV-2 

infectious clone to examine the growth kinetics of virus mutants. Plaque assay and qRT-PCR 

were carried out for quantification of virus productions, intracellular and extracellular viral 
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RNA levels from day 1 to 5 post-transfection (Figure 4.3B-E).  Immunofluorescence assay 

(IFA) was also performed to detect viral RNA and RdRp protein expression in transfected cells 

(Figure 4.3F). Both E111A and E111Q mutants attenuated viral replication and yielded three 

to four times less infectious virus. On the other hand, E111R mutant did not produce any viable 

virus and IFA-positive cells. The severe impairment in virus replication for E111R could be 

attributed to several factors: this mutant is defective in 2’-O methylation, less thermostable as 

compared to WT protein (Table 4.1) and has 50-60% decrease in polymerase elongation 

activity than WT protein, likely due to its poor binding to RNA substrate (Table 4.2). Thus, 

these findings indicate that residue E111 of NS5 plays a crucial role in virus replication, growth 

and infectivity.  

3.2.2 Conservation of terminal nucleotides in viral RNA 

Previous study had demonstrated the strict conservation of nucleotides at the ends of the 

flaviviral genomes (249). The genome of flaviviruses always starts with an adenosine at 

position 1 (Figure 4.4B) and this base binds tightly in a pocket formed by residues 147 to 150 

of NS5 and SAH as presented in the crystal structure of the ternary complex (Figure 4.1D). 

Modelling of RNA A1 to G, U or C showed that the amine group of G1 would sterically collide 

with the ribose ring of SAH molecule while pyrimidine bases U1 and C1 would leave an empty 

space energetically unfavourable for van der Waals interactions with the protein (Figure 4.4C), 

thus emphasizing the stringent requirement for an adenosine as the first nucleotide.  

The relevance of guanosine as the second nucleotide of viral RNA was assessed by measuring 

the 2’-O methylation activity of DENV-4 MTase protein using capped-DENV-4 5’ UTR 1-110 

nt RNA template containing G2 mutated to A, U, or C, and also in the context of DENV-2 

infectious clone. Substitution of G2 to A, U, or C lowered the 2’-O MTase activity of WT 

protein to 84%, 55% and 24% respectively (Table 4.1). This result is in line with the modelling 

of RNA G2 which shows that other bases are incompetent to establish the same polar 
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interactions with the carboxylic group from E111 of the NS5 MTase domain, and introduce 

unfavorable electrostatic repulsion (Figure 4.4D). DENV infectious clones harboring mutants 

G2A, G2U, and G2C completely abolished viral replication as evidenced by the absence of 

IFA-positive cells and did not produce any viable virus shown by no plaque formation and no 

increase in intracellular and extracellular RNAs (Figure 4.3B-F), indicating that the virus does 

not tolerate changes at the second position of the genome. Since the G2 mutations still retain 

2’-O methylation activity to different extents, their impact on virus growth could possibly be 

ascribed to an influence in the de novo initiation step during polymerization, where strict 

conservation of the dinucleotides pppA1G2 at the 5’ end of the flavivirus genome was observed 

(Figure 4.4B) (249).  

Percentage of WT and 

mutant MTase activity 
WT E111A E111Q E111R 

2’-O MTase 

activities using 

DENV4 5’UTR 

G0-1-110nt RNA 

G2 (WT) 100 ± 0 93.9 ± 1.7 93.4 ± 10.4 0 

A2 83.9 ± 5.2 62.4 ± 5.7 69.7 ± 3.0 4.0 ± 0.8 

U2 55.4 ± 1.4 37.1 ± 8.0 47.9 ± 12.3 2.4 ± 0.1 

C2 24.4 ± 4.7 26.8 ± 6.1 11.1 ± 0.3 0 

Protein thermo-stability, Tm 

(°C) 
39.5 39.0 39.0 38.5 

Table 4.1 In vitro 2’-O MTase activity and thermo-stabilities of DENV-4 WT MTase and E111 mutant 

proteins. SPA assay was performed using WT and mutant viral 5’ UTR RNA templates. Results shown are 

normalized to the activity of WT MTase on WT RNA, which is set to 100%. All data points and standard 

deviations were derived from two independent experiments, each with duplicate measurements. Protein thermo-

stability was determined from one experiment with duplicate measurements.   

% NS5 

activity 
De novo Initiation/Elongation Elongation Thermo-fluorescence (°C) 

Time 

(hr) 
1 2 3 1 2 3 

Tm, no 

RNA 

Tm, 

+RNA 

∆Tm with 

RNA 

WT 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 
37.3 ± 

0.3 
41.0 ± 0 +3.7 ± 0.3 

E111A 
69.2 ± 

5.2 

67.9 ± 

4.4 

67.4 ± 

10.3 

30.9 ± 

1.7 

40.2 ± 

5.4 

38.5 ± 

7.4 

37.3 

±  0.3 
38.5 ± 0 +1.2 ± 0.3 

E111Q 
116.5 ± 

14.2 

118.2 ± 

21.8 

119.7 ± 

12.6 

62.8 ± 

0.8 

71.5 ± 

4.6 

61.6 ± 

7.0 
36 ± 0 38.5 ± 0 +2.5 ± 0 

E111R 
92.8 ± 

5.4 

94.6 ± 

2.8 

101.2 ± 

2.0 

43.0 ± 

0.9 

51.3 ± 

2.6 

51.1 ± 

1.3 
35.5 ± 0 37.0 ± 0 +1.5 ± 0 

Table 4.2 Polymerase de novo initiation/elongation and elongation activities and thermo-stabilities of 

DENV-4 FL WT NS5 and E111 mutant proteins. De novo initiation/elongation and elongation FAPA assays 

were employed to measure polymerase activities of DENV-4 FL WT and mutant proteins at 1, 2 and 3 hours after 
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incubation of the reaction at RT. Results shown are the average percentage activity compared against WT protein 

derived from average relative fluorescence units (RFU) obtained for each protein. Two independent experiments 

were carried out, each with triplicate measurements. Protein thermo-stabilities with or without cap0-7mer-RNA 

were determined from two independent experiments, each with duplicate measurements.   
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Figure 4.3 Specific recognition of the capped viral RNA by NS5 protein is important for virus replication. 

(A) 2’-O MTase activities of DENV-4 WT MTase and E111 mutants using WT and mutant viral 5’ UTR RNA 

templates in SPA assay. Results shown are the average percentage activity of mutant MTase proteins compared 

against the activity of WT NS5 MTase on WT RNA, which is set to 100%. Each data point was derived from two 

independent experiments, and error bars denotes standard deviations. (B-F) IVT DENV-2 infectious clone RNAs 

were electroporated into BHK-21 cells and viral replication was monitored over a course of 5 days. (B) 

Intracellular viral RNA levels and (C) extracellular viral RNA levels in the supernatants were detected by qRT-

PCR as illustrated in Materials and Methods. (D) Virus titers were calculated based on visible plaques observed 

by plaque assay shown in (E). (E) Plaque morphology for WT and mutant viruses was determined using 

supernatants collected at 24, 72 and 120 hour post transfection (hpt). The dilution factor where countable plaques 

were observed is indicated.  (F) Immunofluorescence analysis at 24, 48, 72, 96 and 120 hpt. Primary antibodies 

used were anti-DENV-4 RdRp rabbit polyclonal antibody and anti-dsRNA mouse monoclonal antibody (J2), 

while secondary antibodies used were Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 568-

conjugated donkey anti-mouse IgG. 
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Figure 4.4 Local protein environment imposes strict requirement for adenine as the first base and 

preference for guanine as the second base. (A) Modeling E111A/Q/R mutations in the NS5-cap-0 RNA. (B) 

Multiple sequence alignment of the first 12 nucleotides of viral genome from various flaviviruses. (C) Modeling 

of X1 = G, U, or C (m7G0pppX1-RNA) in place of A1. (D) Modeling of X2 = A, U, or C (m7G0pppAX2-RNA) in place 

of G2. Adapted from (331).  

3.2.3 Critical residues lining the RNA binding groove are vital for 2’-O methylation 

activity 

The crystal structure of the ternary complex shows that several NS5 MTase residues lining the 

RNA binding groove forms key specific polar interactions with the RNA ligand (Figure 4.1C 

and Table 4.3). Alanine substitution of selected amino acids, R38, K42, R57, R84, R212 (R211 

in DENV-3), S214 (S213 in DENV-3) and T215 (T214 in DENV-3), were engineered into 

DENV-4 MTase (aa1-272). These recombinant proteins were generated and assayed for 2’-O 

cap methylation. Note that these residues are conserved across all the four serotypes of DENV, 

and other flaviviruses except for K42 and T214. The 2’-O activity of these mutants was 

compared against WT protein (Table 4.3).  
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The alanine mutants exhibited varied reduction in their 2’-O methylation activity. DENV-4 

R38A, R57A and R212A, which establish electrostatic contacts with G2-U3-U4 of the RNA, 

demonstrated a detrimental effect on 2’-O MTase activity (0 to 9% of the WT level; Table 4.3), 

suggesting that these residues are critically important for 2’-O methylation. Located near the 

m7G0 cap, DENV-4 T215A decreased 2’-O methylation to 42% of the WT level whilst S214A 

still maintained 80% of the activity as compared to WT. Mutations of DENV-4 K42A and 

R84A, which are situated near the third and fourth bases of the RNA, resulted in minor decrease 

of about 20-30% in 2’-O MTase activity. The stability of mutant proteins was measured using 

thermo-fluorescence assay to show that the loss of 2’-O methylation for critical residue mutants 

was not due to instability of protein as shown by minimal difference in the Tm (Table 4.3).  

Although these mutations are not explored in DENV infectious clone, R38A, R57A and R212A 

mutants which displayed significant reduction in 2’-O methylation activity could probably 

impede virus replication and growth, similar to E111R mutant mentioned earlier (Figure 4.3). 

It may be possible that the other mutants, which still retain moderate in vitro 2’-O MTase 

activity, could attenuate virus growth and infectivity in cells, like the E111A and E111Q 

mutations.  

D4 mutants 
D3 NS5 aa interaction with RNA 

atom/base 
% 2'-O activity 

Thermo-fluorescence 

(°C) 

WT - 100.0 ± 0 39.5 

R38A R38 NH2 with U4-OP1 8.9 ± 2.2 40.5 

K42A K42 NZ with U4-OP1 76.7 ± 2.4 40 

R57A R57 NH2 with G2-OP1 0.0 ± 0 40.5 

R84A R84 NH1 with U3-2’O 68.4 ± 6.4 40.5 

E111A E111 OE1 with G2-N2 94.0 ± 1.7 39 

R212A R211 NH1 with H2O/U3-OP2 2.7 ± 3.8 41.5 

S214A S213 OG with G0-O2B 79.2 ± 11.7 37.5 

T215A T214 OG1 with G0-O2C 41.9 ± 10.7 36 

Table 4.3 In vitro 2’-O MTase activity and thermo-stabilities of WT and mutant DENV-4 MTase proteins. 

SPA assay was performed using DENV-4 5’ UTR m7G0-1-110nt RNA template. Results shown are normalized to 
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the activity of WT MTase, which is set to 100%. All data points and standard deviations were derived from two 

independent experiments, each with duplicate measurements. Protein thermo-stability was determined from one 

experiment with duplicate measurements.   

3.2.4 Discussion 

The ternary crystal structure presented here represents a catalytically-relevant complex for 

specific viral RNA recognition and 2’-O methylation by the DENV NS5. In this structure, the 

RNA ligand binds to an extended patch of positively-charged amino acids of the NS5 protein 

between residue F25 of the MTase GTP-binding site and the SAM methyl donor binding pocket, 

spanning an overall atomic distance of about 17 Å across the RNA binding groove (Figure 

4.1B and 4.1C). This observation tallies with the crystal structure of WNV MTase (239) and 

DENV-3 MTase bound to a 5’-capped octameric RNA (238) in which F25 (F24 in WNV) is 

approximately 16 Å away from the SAM-binding pocket. Moreover, F25 was found to stack 

with the m7G0 base at the 5’ end and the hydrogen bonds formed between m7G0 ring and residues 

K14, L17, N18 and L20 of the GTP-binding site were similar in the two DENV MTase-capped 

RNA structures as well as in other flaviviral structures in complex with short cap analogs (120, 

332). Mutagenesis studies done earlier on DENV and WNV MTases have highlighted the 

importance of the aromatic ring at position 25 (24 in WNV) to form stacking interaction with 

the G0 base for RNA cap recognition and 2’-O methylation (207, 239). Mutation of F25 (F24 

in WNV) to alanine lowered the 2’-O activity of DENV-4 and WNV MTases down to 4% and 

33% respectively, and attenuated WNV replication. In contrast, substitution of WNV F24 to 

other aromatic residues such as tryptophan (W) and tyrosine (Y) has a lesser impact on 2’-O 

activity whereby 61% and 90% of the WT level were retained, further supporting the notion 

that stacking between the guanine base and an aromatic residue at position 24 mediates 

methylation. Amino acids of the GTP-binding pocket also specifically function at the stage of 

2’-O cap methylation as N18A (N17A in WNV) mutant moderately suppressed the 2’-O 

activity of DENV-4 and WNV MTases to 70% and 52% correspondingly, whilst K14A (K13A 
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in WNV) mutation resulted in a substantial decrease of >90% on the 2’-O activity of both 

DENV-4 and WNV MTases, and reduced virus replication.  

Nonetheless, the previous DENV-3 MTase-capped RNA crystal structure does not correspond 

to a functional conformation for methylation. Despite the docking of cap moiety in the GTP-

binding pocket, the remaining of the RNA chain does not extend into the putative basic RNA 

binding cleft and are instead stabilized by intra-molecular interactions. Since the N7 atom and 

2’-O ribose of the RNA cap is not situated beside the methyl donor, RNA substrate 

repositioning must occur for successive methyl transfer reactions. In the present ternary crystal 

structure, the RNA ligand is bound in the catalytic site of MTase such that the 2’-oxygen atom 

of A1 base is positioned adjacent to the SAH molecule, proposing that this complex is a 

representative of a particular stage during the 2’-O methylation cycle (Figure 4.2). The 

adenosine methyl acceptor is located near the K-D-K-E enzymatic motif of MTase which 

catalyzes 2’-O methyl transfer via an SN2 reaction (333). All the four residues are essential for 

2’-O methylation and can impact viral replication (165, 207, 239). It is hypothesized that 2’-O 

methyl transfer event occurs through first, activation of the 2’-OH of the adenosine ribose by 

the amino group of K180, followed by a nucleophilic attack on the methyl group of the 

positively-charged sulfur center of SAM by the active ribose 2’-O. As K180 sits in the middle 

of D146 and E216, the amino group of K180 could readily be protonated and deprotonated at 

different steps of the 2’-O methylation pathway. The carboxylic group of D146 acts to stabilize 

the electrophilic sulfur center and K180 upon ribose 2’-OH activation.  

The negative charges of the 5’-5’ triphosphate linkage between m7G0 and A1 of the RNA are 

neutralized by a hexacoordinated Mg2+ ion and form contacts with S213 and S150 of the MTase 

protein (Figure 4.1C and Table 4.3). DENV-4 S214A (S213 in DENV-3) and S150A (207) 

mutants still maintained about 80% and 55% of the 2’-O activity respectively as compared to 

WT (Table 4.3), suggesting that the loss of a single bond would likely not introduce major 
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perturbation to the overall binding of RNA to the protein since various interactions would still 

be in place. The remaining of the cap-0 RNA sequence assumes an α-helical conformation 

perpendicular to the m7G0ppp moiety (Figure 4.1C), revealing numerous protein surface residues 

that participate in polar interactions with the RNA.  

Two groups had previously performed systematic Ala-scanning mutagenesis on amino acids 

within the putative RNA binding groove of DENV-4 and WNV MTases (207, 239). These 

distinct residues are selected as they shape the continuous positively-charged patch on the 

surface of MTase and are postulated to form critical interactions with RNA during cap 

methylation. Some of these selected amino acids coincide with our mutagenesis study targeting 

residues lining the RNA binding site presented in the 2’-O methylation ternary crystal structure, 

corroborating the electrostatic potential analyses of flavivirus MTase structures that the basic 

cleft is conserved (164, 165, 334, 335). Residues R38, R57 and R211 of the protein make 

electrostatic interactions with the phosphate backbone of G2-U3-U4 nucleotides; mutations to 

alanine in the context of DENV-4 MTase enzyme drastically impaired their 2’-O MTase 

activities to 9%, 0% and 3% of WT level respectively (Table 4.3). This result is similar to the 

equivalent WNV R37A, R57A and R213A mutations in which 18%, 6% and 7% of the 2’-O 

MTase activity were exhibited (239). The reduction in methylation activity of these mutants is 

not due to poorer RNA binding since WNV R37A and R57A still displayed RNA-binding 

affinity comparable to WT. Instead, a critical single amino acid change may disrupt transient 

local RNA interactions, influencing methyl transfer reaction which could be translated to an 

impact on virus replication as evidenced by the lethal phenotype of WNV R37A infectious 

clone (239). Our mutagenesis work also revealed three other RNA-binding residues that do not 

play an essential role in 2’-O methylation. K42A, R84A and T215A substitutions moderately 

decreased the 2’-O MTase activity to 77%, 68% and 42% respectively in DENV-4 (Table 4.3), 

and to 90%, 100% and 104% in WNV (239). This result indicated that weakening of one 
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binding contact may be insufficient to block functional RNA-MTase complex formation, given 

that multiple interactions are established in the complex. Of these three mutants, R84A was 

introduced into WNV infectious cDNA to examine its biological relevance in cell culture 

because this mutation affected N7 but not 2’-O methylation, and no virus production was 

detected (239). This finding is consistent with an earlier observation that viruses inactive for 

N7 methylation alone was lethal while defect in 2’-O yielded attenuated viruses that can protect 

mice from later WT WNV challenge (165, 336).  

This structure not only validated the specific recognition of viral RNA by NS5 MTase, but also 

supported an earlier study which showed that the nucleotides at the ends of the flaviviral 

genomes are strictly conserved (249). Modelling of the first nucleotide A1 of the RNA has 

proven that other bases are unable to replace adenosine for the formation of favourable contacts 

with the protein (Figure 4.4C). In accordance, flavivirus NS5 specifically perform internal 2’-

O methylation on polyA but not polyG/C/U RNA substrates (236). The four residues 

surrounding adenine A1 are involved in methylation activity of NS5. Amino acid S150, which 

interacts with the α-phosphate of GTP as mentioned above, when mutated to alanine reduced 

2’-O activity of DENV-4 and WNV MTases by 45% and 38% respectively (207, 239). 

Likewise, I147A and E149A significantly lowered their 2’-O MTase activity down to 15% and 

5%, and 49% and 69%, as compared to WT correspondingly. Furthermore, E149A mutant did 

not produce viable WNV and recovered DENV with engineered mutation reverted back to WT 

sequence.  

The second nucleotide G2 of the RNA forms stacking interaction with A1 and hydrogen bonds 

with the carboxylic group of E111 and with a water molecule coordinating Mg2+ ion (Figure 

4.1E). Mg2+ ion was proposed to structurally and electrostatically stabilize the RNA-MTase 

complex (337, 338) and stimulate 2’-O activity of DENV NS5 (240). The functional 

significance of the polar interaction between G2 base of RNA and NS5 residue E111 for viral 
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replication as well as the identity of guanosine for virus growth was highlighted by our 

enzymatic assays and virus work in this study. Mutations of E111 and G2 to other amino acids 

or bases have varied effects on 2’-O activity of DENV-4 MTase (Table 4.1 and Figure 4.3A), 

albeit they either attenuated or completely inhibited virus replication (Figure 4.3B-F). The 

decrease of 2’-O methylation activity to 24% as measured for G2C mutation could be due to 

poorer RNA binding to MTase when G0pppAC-RNA was used rather than the consensus 

sequence G0pppAG-RNA of flaviviruses (120), substantiating the modelling analyses explained 

earlier. Consistently, functional studies of terminal nucleotides showed that WNV replicons 

carrying A1G and G2C substitutions replicated <1% as compared to WT, and its corresponding 

mutant infectious clones recovered infectious viruses with engineered mutations reversed to 

WT sequence on day 5 post-transfection (339). Collectively, these findings confirmed that 

flavivirus NS5 methylates cap-0 RNA substrate in a sequence-dependent manner and strictly 

conserves pppA1G2 dinucleotide at the 5’ end of the genome (249). Similarly, residues 

projecting from the MTase surface along the RNA binding groove and form polar contacts with 

the first two nucleotides of RNA are also relatively conserved across flaviviruses.  

In summary, our targeted mutagenesis work on both NS5 protein and viral RNA supports the 

functional relevance of the ternary structure to DENV replication and infection, and proposes 

novel strategies for the design of inhibitors targeting the catalytic site of NS5 MTase. As SAM-

binding site is conserved among various MTases, toxicity issues may arise from inhibitors of 

both viral and host SAM-utilizing enzymes. In order to minimize off-target inhibition, one 

possibility would be to design more specific and potent inhibitors through extending SAM or 

GTP analog towards the RNA binding pocket. Inhibitors that disrupt viral RNA-MTase 

interactions without influencing host methylation reaction could also be developed for antiviral 

therapeutic intervention.  
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3.3 Genetic Validation of Inhibitor Binding Pockets of DENV NS5 RdRp 

The NS5 RdRp enzyme is highly conserved amongst all four serotypes of DENV and 

Flavivirus (83) and is responsible for the catalyzing viral RNA synthesis without having any 

equivalent in the human host cell , thus constituting an ideal target for the design of anti-viral 

inhibitors to treat diseases caused by flaviviruses (205, 341). Compounds targeting RdRp may 

either directly inhibit its enzymatic activity or perturb its interaction with RNA and other 

proteins. Previous high-throughput screening efforts had identified non-nucleoside inhibitors 

(NNIs) that bound to allosteric sites of DENV RdRp, but they do not exhibit potency and lead-

like properties good enough for development (306, 342, 343). Here, we reported novel NNIs 

that bound to two distinct allosteric pockets by X-ray crystallography. One class of the 

inhibitors bound at the thumb/palm interface near the enzyme active site whilst another 

interacted with the finger-thumb interconnecting loops, resulting in an ordered F1 motif. The 

relevance of these inhibitor binding pockets in the RdRp for viral replication and the 

mechanism of action of these compounds were assessed and described below. 

3.3.1 Compound that binds to F1 motif of NS5 RdRp 

Following a diverse screening campaign of two million compounds from the Novartis 

compound library using the FAPA assay, one compound was identified to bind to the finger 

domain of DENV RdRp by X-ray crystallography and impede in vitro polymerase de novo 

initiation activity at low micro-molar inhibitory concentration. The compound structure and 

co-crystal structure are not shown here as the information is proprietary. Several amino acid 

residues lining this pocket and are involved in specific interactions with this compound are 

N452, K456, R457, E458, F464, W474 and K578 of DENV-3 NS5 RdRp (Table 5.1). Residues 

W474 and K578 are located at the α10 region and β2 region of the finger subdomain 

respectively. Within the finger subdomain, amino acids 455-468 form the motif F and are 

missing from both the crystal structures of DENV-3 RdRp (aa273- 900) and FL NS5 (aa6-895) 



 

                                  Section 3.3 Genetic Validation of Inhibitor Binding Pockets of DENV NS5 RdRp 

132 

 

(86, 318). Residue N452 is found upstream of this motif whilst K456, R457, E458 and F464 

belong to part of the motif F. In order to understand the biological importance of this pocket 

for viral replication, these amino acids were selected for site-directed mutagenesis study. These 

residues are conserved in all four DENV serotypes and other flaviviruses such as YFV and 

WNV with an exception of K578 that is replaced by arginine in DENV-1 and DENV-2 

serotypes (Figure 5.1), suggesting that they may play an important role in viral RNA replication. 

Moreover, there was an earlier study proposing that this motif is crucial for binding to the viral 

promoter, Stem Loop A (SLA), and for SLA-dependent RNA synthesis (103).  

DENV-3 RdRp 

residue 
Amino acid interactions with compound 

N452  

K456  

R457 
Side chain interacts with carboxylic acid 

and tetrazole in compound 

E458 
Side chain interacts with carboxylic acid in 

compound 

F464  

W474 Hydrophobic interaction with tetrazole 

K578 
Side chain interacts with tetrazole in 

compound 

Table 5.1 Interaction of DENV-3 NS5 RdRp amino acid residues with compound in F1 motif.  

 

Figure 5.1 Multiple sequence alignment of F1 motif residues across various flaviviruses. F1 motif residues 

which interact with the compound are highlighted in gray.  
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3.3.1.1 Residues in the F1 motif regulate de novo initiation process during viral RNA 

replication 

The functional importance of residues in the F1 motif was examined by generating DENV-4 

FL NS5 proteins with the seven amino acid residues singly mutated to alanine and assayed for 

their polymerase de novo initiation and elongation activities in vitro as described in Materials 

and Methods. All the purified mutant NS5 recombinant proteins demonstrated similar melting 

temperatures as WT, indicating that the stabilities of the protein structures were not 

compromised by alanine mutations (Table 5.2).  

In general, the effects of alanine mutations were more evident in de novo initiation assay than 

in elongation assay (Table 5.2). The substitution of E459 (E458 in DENV-3) and W475 (W474 

in DENV-3) to alanine impacted only the de novo initiation activity and still exhibited about 

70-80% of the elongation activity, implying that these two residues may be more important in 

regulating the de novo process. However, alanine mutation of F465 (F464 in DENV-3), a 

residue within motif F, did not affect both the de novo initiation and elongation steps during 

RNA synthesis since the respective RdRp activities were about 6-22% and 24-39% more than 

WT. This suggested that F465 may not play an enzymatic role in viral RNA replication. 

Interestingly, an upstream F1 motif residue N453A (N452 in DENV-3) demonstrated a 

dramatic decrease in both polymerase activities to approximately 4-7% and 21-30%, indicating 

that this residue plays a crucial role in both de novo and elongation processes. On the contrary, 

K579A (K578 in DENV-3) mutant displayed 53-63% and 83-100% of de novo initiation and 

elongation activities respectively and may be moderately important for polymerase reaction. 

This residue in sequence is positioned far from the F1 motif but due to conformational folding 

of NS5, it comes into close proximity to the amino acids in the motif and plays a role in RNA 

synthesis. Another two amino acids within the F1 motif, K457A (K456 in DENV-3) and 

R458A (R457 in DENV-3), displayed about 40-60% reduction in polymerase de novo activity 
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whilst maintaining elongation activity comparable to WT. For the double mutant, no significant 

change was observed as relative to single mutations, thus there was no additive effect. Taken 

together, these findings advocated that residues in the F1 motif play a more important part in 

regulating de novo initiation process during viral RNA replication.  

% NS5 

activity 
De novo Initiation/Elongation Elongation 

Thermo-

fluorescence 

(°C) Time (hr) 1 2 3 1 2 3 

WT 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 37 

N453A 6.4 ± 3.9 4.4 ± 1.1 7.4 ± 1.4 
21.0 ± 

2.7 

23.8 ± 

2.7 

29.6 ± 

4.3 
37 

K457A 
45.3 ± 

16.3 

44.0 ± 

15.4 

59.4 ± 

10.5 

88.7 ± 

0.3 

85.3 ± 

4.2 

97.1 ± 

1.9 
37 

R458A 
62.9 ± 

0.5 

51.1 ± 

2.3 

55.9 ± 

8.8 

115.9 ± 

0.5 

110.8 ± 

1.0 

123.7 ± 

11.5 
37 

K457A 

/R458A 

36.4 ± 

11.0 

33.9 ± 

10.7 

42.8 ± 

12.7 

64.2 ± 

8.3 

62.1 ± 

10.9 

72.6 ± 

15.5 
38 

E459A 
22.7 ± 

3.4 

18.3 ± 

4.7 

23.7 ± 

8.2 

77.1 ± 

0.5 

72.3 ± 

5.7 

79.7 ± 

8.4 
37 

F465A 
119.5 ± 

27.8 

106.2 ± 

27.6 

121.7 ± 

40.6 

126.5 ± 

12.4 

124.3 ± 

4.6 

138.8 ± 

1.5 
37 

W475A 
37.5 ± 

9.0 

42.7 ± 

7.7 

52.8 ± 

7.7 

73.9 ± 

2.4 

76.9 ± 

1.9 

85.8 ± 

7.0 
37 

K579A 
59.2 ± 

12.1 

53.0 ± 

12.7 

63.2 ± 

18.2 

83.4 ± 

6.1 

86.8 ± 

8.6 

100.1 ± 

14.0 
37 

Table 5.2 Polymerase de novo initiation/elongation and elongation activities and thermo-stabilities of 

DENV-4 FL WT NS5 and F1 motif mutant proteins. De novo initiation/elongation and elongation FAPA assays 

were employed to measure polymerase activities of DENV-4 FL WT and mutant proteins. Results shown are the 

average percentage activity compared against WT protein derived from average relative fluorescence units (RFU) 

obtained for each protein. Activities less than 30% were colored red and activities less than 60% were colored 

blue. Four independent experiments were carried out, each with triplicate measurements. Protein thermo-stability 

was determined from one experiment with duplicate measurements.   

3.3.1.2 Compound binding and inhibition are modulated by multiple interacting residues of 

the F1 motif 

The non-nucleoside compound that binds to the F1 motif of NS5 interacts with specific amino 

acids residues to inhibit polymerase de novo initiation activity at a good half maximal 

inhibitory concentration (IC50) of about 2 µM. To examine whether individual or double 

mutations of the F1 motif residues could have an effect on compound inhibition, IC50 of the hit 

compound (F1-cpd-1) and its analogs (F1-cpd-2, 3 and 4) were measured using de novo FAPA 

assay (Table 5.3). Mutants N453A and E459A were excluded from this study as they exhibited 
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dramatic decrease in de novo activity of less than 30% as compared to WT. F1-cpd-1 to -4 

demonstrated varied potencies and had IC50 values ranging from 2 µM to 17 µM when tested 

with WT protein. Single or double mutants of the F1 motif (K457A, R458A, K457A/R458A 

F465A, W475A and K579A) did not render significant change in IC50 relatively to WT, 

indicating that one or two mutations alone had no substantial effect on compound inhibition 

and that multiple mutations may be required to influence compound binding and inhibition.  

Compound 

WT K457A R458A K457A/R458A 

IC50 (µM) HS IC50 (µM) HS IC50 (µM) HS IC50 (µM) HS 

F1-cpd-1 2.18 0.85 6.38 1.48 2.29 0.81 3.33 1.15 

F1-cpd-2 2.69 1.00 4.17 1.23 2.94 0.94 4.57 1.47 

F1-cpd-3 15.53 1.09 42.60 1.86 19.90 1.14 20.37 1.02 

F1-cpd-4 4.97 1.58 7.57 1.87 5.43 1.46 6.93 1.63 

 

Compound 

WT F465A W475A K579A 

IC50 (µM) HS IC50 (µM) HS IC50 (µM) HS IC50 (µM) HS 

F1-cpd-1 2.87 0.99 1.88 0.77 2.36 1.19 3.39 0.84 

F1-cpd-2 3.20 1.26 2.25 1.00 2.11 0.91 3.47 0.98 

F1-cpd-3 17.38 1.12 23.46 0.98 20.10 1.05 28.81 1.08 

F1-cpd-4 3.57 1.49 5.31 1.08 5.83 1.10 5.47 1.00 

Table 5.3 De novo FAPA IC50 testing of DENV-4 FL WT NS5 and F1 motif mutant proteins. De novo 

initiation/elongation FAPA assay was employed to measure IC50 values of DENV-4 FL WT and mutant proteins 

when exposed to F1 motif inhibitors and are illustrated in Materials and Methods. Average IC50 values and hill 

slopes were shown in this table.  

3.3.1.3 Critical residues of the F1 motif are vital for viral replication 

To investigate whether the F1 motif residues interacting with the compound are important for 

replication fitness, the same alanine mutations were engineered into a DENV-4 luciferase-

reporter subgenomic RNA replicon. WT and mutant replicon cDNAs were in vitro transcribed 

before electroporated into BHK-21 cells. After 1, 4, 24, 48, 72 and 96 hour post-electroporation, 

renilla luciferase activities were measured. Immunofluorescence assay (IFA) was also 

performed to detect viral dsRNA and NS3 protein expression at day 1, 2, 3 and 4 post-

electroporation.  
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The luciferase activity in cells bearing DENV-4 WT replicon reached its peak level at 48 hour 

post-electroporation (Figure 5.2A). No luciferase activity was detected for DENV-4 mutant 

replicons N453A, K457A, R458A, K457A/R458A, E459A, F465A and W475A. K579A was 

the only mutant that demonstrated significant luciferase activity comparable to WT at 72 and 

96 hours, albeit there was some delay at the first 48 hours. In accordance with the renilla 

luciferase assay results, the mutants that exhibited impaired viral replication did not yield IFA-

positive cells whereas K579A produced IFA-positive cells (Figure 5.2B-C). Since K579A 

mutant still maintained moderate de novo initiation and elongation activities (Table 5.2), thus 

may explain its ability to replicate in cells. The lethal phenotype observed for N453A was not 

surprising as both of its RdRp activities were dramatically reduced. On the other hand, F465A 

did not influence both the de novo initiation and elongation activities but was lethal in viral 

replication. It was postulated that residue F465 may play a non-enzymatic part in viral 

replication, possibly involved in sustaining or regulating essential NS5 conformation for 

interaction with host and viral proteins during viral replication. Additionally, the loss of 

replicative abilities for K457A, R458A, K457A/R458A, E459A and W475A could be 

attributed to their severe decrease in RdRp de novo initiation activity of more than 50%. In all, 

most of the amino acid residues in the compound binding pocket regulates polymerase reaction 

especially during the de novo step and impacts growth fitness in cells.  

 



 

                                  Section 3.3 Genetic Validation of Inhibitor Binding Pockets of DENV NS5 RdRp 

137 

 

 

 

Figure 5.2 Replication profiles of DENV-4 luciferase-reporter subgenomic F1 motif mutant replicons. (A) 

Renilla luciferase activities of DENV-4 WT and mutant replicons. BHK-21 cells were electroporated with equal 

amount of replicon RNA and lysed at various time points for luciferase activity measurements. The y-axis denotes 

the log10 value of Renilla luciferase signal (RLU). Each data point is the average of duplicates, and error bars 

represent the standard deviations. (B) and (C) IFA images showing dsRNA and NS3 protein co-staining at day 1, 

2, 3 and 4 post electroporation. In (B), NS3 protein was stained red in colour by Alexa Fluor 568 goat anti-rabbit 

IgG (Invitrogen, USA), dsRNA was stained green in colour by FITC-labeled goat anti-mouse IgG (Sigma, USA) 

and DAPI stained the nucleus blue in colour. In (C), NS3 protein was stained green in colour by Alexa Fluor 488 

goat anti-rabbit IgG (Invitrogen, USA), dsRNA was stained red in colour by Alexa Fluor 568 donkey anti-mouse 

IgG (Invitrogen, USA) and DAPI stained the nucleus blue in colour.  

3.3.1.4 Discussion 
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In this study, the compound binding pocket in the finger domain of RdRp was validated and 

the importance of F1 motif in viral replication by regulating de novo initiation process during 

RNA synthesis was highlighted. Selected DENV-4 residues N453, K457, R458, E459 and 

W475 when substituted to alanine, displayed severe reduction in RdRp de novo initiation 

activity and abolished viral replication. The only residue that did not affect RdRp polymerase 

activity but failed to replicate in cells, F465A, could be essential for other viral activities such 

as regulating NS5 conformation for interaction with host and viral proteins. The results 

observed for K457A and R458A were supported by previous enzymatic work whereby the 

group similarly tested the single and double mutants K456A/R457A (DENV-3 numbering) in 

polymerase assays using 5’ DV RNA and poly(rC) as templates for de novo initiation and 

elongation respectively (103). Their results are in agreement with our data in which de novo 

RNA synthesis was greatly reduced to less than 20% and elongation activity was retained. In 

addition, DENV-2 infectious clones with these mutations impaired viral replication. 

Furthermore, they demonstrated that the F1 region is involved in SLA promoter-dependent 

initiation. Since amino acids 455-468 which form the motif F are disordered in both DENV-3 

RdRp (aa273- 900) and FL NS5 (aa6-895) crystal structures (86, 318), suggesting that this 

region is highly flexible in solution when the protein is in its free state. It could be possible that 

during RNA synthesis, the dynamic F1 motif assumes a specific orientation in order for NS5 

RdRp to bind the SLA promoter present at the 5’ untranslated region of the RNA and be 

catalytically competent to perform de novo initiation activity. Thus, the compound likely 

inhibits polymerase activity by preventing the F1 motif to orientate correctly, leading to an 

impact in the de novo initiation process. In all, this work provides evidence for targeting F1 

motif of the finger domain of DENV RdRp as a site for potent inhibitor design.  

Additional studies should be done to examine the biological relevance of the F1 motif mutants 

on replication fitness in the context of the full-length infectious virus. Further revertant analysis 
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could be conducted to check for possible mutations that may restore replication defect of these 

alanine mutants. Kinetic studies could also be performed to dissect the mechanism of action 

for this series of compounds.  

3.3.2 Compounds that bind to N-pocket of NS5 RdRp 

Following fragment-based screening of ~1400 fragments from Novartis proprietary compound 

archive using X-ray crystallography, a single hit was identified to bind to a novel allosteric 

pocket at the interface of the thumb and palm subdomains of DENV-3 RdRp near its active site 

(termed the “N pocket”) (344). This pocket is located close to the priming loop (aa782-809) of 

the polymerase and conserved across all four serotypes of DENV and other flaviviruses. The 

biphenyl acetic acid fragment 3 demonstrated an IC50 of 734 µM in DENV-4 RdRp de novo 

initiation assay (345). Subsequent growing and optimization of the fragment hit via structure-

guided design yielded pan-serotype compounds with >1000-fold improvement in potency in 

vitro and antiviral activity at low micro-molar EC50 in cell-based assays. The lead candidate, 

3-methoxyphenyl sulfonamide 27, is the most potent in inhibiting viral replication for all four 

serotypes at EC50 of 1.8-2.3 µM. On the other hand, the most active compound in this series, 

8-quinolyl sulfonamide 29, displayed the highest biochemical potency with an IC50 of 0.013-

0.038 µM and SPR binding affinity with a Kd of 0.007 µM (345, 346). Here, both compounds 

27 and 29 were co-crystallized with DENV-3 FL NS5 and they showed similar binding mode 

as seen for the polymerase domain, revealing multiple interactions with amino acid residues 

lining the pocket (Figure 5.4). Several residues were selected for reverse genetic studies to 

explore their biological importance in viral replication. The inhibition mode of the compounds 

was also investigated by performing order-of-reagent addition and kinetic competition 

experiments using DENV dnI FAPA assay. Moreover, resistant mutants generated using the 

two compounds were mapped to the N-pocket and examined for replication fitness in the 

context of DENV-2 replicon and infectious full-length virus genome. The findings from this 
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study confirmed that the antiviral activity of the compounds was attributed to its binding to the 

N-pocket for specific inhibition of the polymerase and proven the successful use of structure-

guided approach for designing potent DENV RdRp inhibitors.  

3.3.2.1 Crystal structure of DENV-3 FL NS5 bound to compounds 27 and 29 

DENV-3 FL NS5 co-crystal structures with compounds 27 and 29 were solved at a resolution 

of 1.65 Å and 1.99 Å respectively (Figure 5.3; Figure 3 and Table 1 in S1 Text of (346)). Both 

compounds were overlaid in the polymerase domain and they displayed closely superimposable 

conformations in which their thiophene ring and propargyl alcohol are completely overlapped, 

whilst the acyl-sulfonamide and solvent-exposed ring (methoxy-substituted phenol ring in 27 

and 8-quinolinol ring in 29) assume distinct orientations (Figure 5.3A). Superimposition of the 

compound-bound FL NS5 and RdRp co-crystal structures revealed that the compounds bound 

in the same way in both polymerase domains without any conformational changes (Figure 

5.3D-F). Both compounds made numerous polar interactions with neighbouring amino acid 

residues within the N-pocket of RdRp (Figure 5.4). The terminal propargyl alcohol projected 

deeply into a narrow cavity lined by residues W803, M761 and M765, and displaced a water 

molecule to form two hydrogen bonds with the backbone amide of H800/K800 and the side 

chain of Q802/E802 (DENV-3 and DENV-2 numberings respectively) (Figure 5.4D & 5.4E). 

The sulfur of the thiophene ring interacted non-covalently with the side-chain hydroxyl group 

of S796. At the mouth of the N-pocket, the acyl-sulfonamide moiety are surrounded by residues 

S710, R729 and R737 and formed H-bond interactions with the side chain of T794 and R729, 

as well as with the backbone amide of W795 in compound 27. The side chain of R729 

established additional hydrogen bond with the 8-quinolinol ring of compound 29 that is absent 

in the compound 27 in which the methoxy-substituted phenol ring pointed towards the solvent 

away from R729. This favourable contact may render compound 29 to bind and stabilize 
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DENV RdRp better than compound 27, and was supported by higher binding affinity and 

melting temperature observed in SPR and thermo-denaturation analyses (346).   

 

Figure 5.3 Crystal structures of DENV-3 FL NS5 with bound compounds 27 and 29. (A) Overall view of the 

DENV-3 FL NS5 structure in ribbon representation. MTase domain, linker region, palm, thumb and finger 

subdomains of RdRp are colored in red, orange, olive, green and blue respectively. Both compounds 27 and 29 
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are overlapped in the polymerase domain and shown as sticks in the diagram. Close-up views of compounds 29 

(B) and 27 (C). (D) Superimposition of the polymerase domain from the co-crystal structures of FL NS5 (green 

ribbon) and RdRp (pink ribbon). Superimposition of compounds 29 (E) and 27 (F) bound to FL NS5 and RdRp. 

PDB codes for the crystal structures of DENV-3 FL NS5 with bound compounds 27 and 29 are 5JJS and 5JJR 

respectively. Adapted from (346).  
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Figure 5.4 Crystal structures of RdRp with bound compounds 27 and 29. (A) Ribbon representation of the 

DENV-3 RdRp bound to compound 29 in the N-pocket (magnified view in (B)). Palm, finger and thumb 

subdomains of RdRp are colored in red, cyan and olive respectively. (C) Residues (labelled) lining the N-pocket 

with compound 29 are depicted as cyan and yellow sticks correspondingly. Dashed lines show the hydrogen 

bonding. (D) Binding of compound 29 to DENV-3 RdRp domain and (E) compound 27 to DENV-2 RdRp domain 

as shown in the two-dimensional ligand-interaction maps. Residues are colored light purple and green to represent 

polar and lipophilic respectively, and charged residues have an extra blue ring. The blue halos indicate the degree 

of solvent exposure. Hydrogen bonding with amino acid side chain or main chain is shown as green or blue arrows 

respectively, whilst water-mediated interactions are denoted as gold lines. (F) Multiple alignment of N-pocket 

residues across different members of the Flavivirus family. Adapted from (346).  

3.3.2.2 Role of N-pocket residues for virus fitness 

In order to understand the biological relevance of N-pocket binding site for virus replication, 

DENV-4 subgenomic replicon alanine mutants of selected residues were generated and their 

replicative profiles were explored in cell-based renilla luciferase assay (Table 5.4). All the 

chosen residues are conserved across all four DENV serotypes except for H801 and Q803 

which are replaced by lysine and glutamic acid in DENV-2 NGC strain respectively (Figure 

5.4F). The luciferase signals for all mutants at 72 hour post transfection were compared to WT 

replicon, which is set at 100%.  

Almost all the mutant replicons were lethal for viral replication, as shown by the absence of 

luciferase activity. Only mutants T795A (T794 in DENV-3), S797A (S796 in DENV-3), 

H801A (H800 in DENV-3) and Q803A (Q802 in DENV-3) still demonstrated weak replication 
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of ≤30% comparative to WT. This result was in agreement with their poor in vitro RdRp 

enzymatic activities whereby most mutants have differential reduction in their NS5 polymerase 

activities with a bigger impact on de novo initiation than elongation (data published in (346)). 

Thus, amino acids residing in the N-pocket are important for virus replication, possibly through 

regulating the NS5 polymerase de novo initiation process.  

DENV-4 alanine 

replicons 

DENV-3 

numbering 

Fitness after 72 hr 

compared to WT (%) 

WT WT 100 

C710A C709 0 

S711A S710 0 

R730A* R729 0 

R738A* R737 0 

Y767A* Y766 0 

T795A* T794 30 

S797A* S796 30 

H801A H800 10 

Q803A Q802 13 

W804A* W803 0 

Table 5.4 DENV-4 alanine substitution of N-pocket amino acid residues that interact with compounds 27 

and 29. Equal amount of WT and mutant DENV-4 replicon RNAs were electroporated into BHK-21 cells and 

assayed for renilla luciferase activities at indicated time points post transfection. Results shown are the percentage 

replicon activities of mutants compared against WT at 72 hour post-transfection, derived from average relative 

light units (RLU) obtained from one experiment with duplicate measurements. Note that mutant replicons R730A, 

R738A, Y767A, T795A, S797A and W804A (indicated by asterisk) were generated by my colleague in NITD 

and their replicon results are included here for comparison. The data in this table was published in (346).  

3.3.2.3 Kinetic studies of DENV RdRp inhibition by compounds 27 and 29 

To better understand the inhibitory properties of compounds 27 and 29, order-of-reagent 

addition experiments were carried out using DENV de novo initiation FAPA assay (Table 5.5). 

This assay involved exposing the compounds to enzyme alone, enzyme-ssRNA complex, 

enzyme-dsRNA complex, followed by reaction initiation with corresponding missing ssRNA 

template and/or nucleotide components (317). When both compounds were exposed to pre-

formed enzyme-ssRNA complexes before addition of nucleotides, compound 27 did not show 

much difference in IC50 value as compared to the IC50 generated by standard assay format, 

suggesting that this compound could bind to polymerase with the same affinity in the presence 

or absence of ssRNA. In contrast, compound 29 exhibited about 3-fold decrease in inhibitory 

potency, implying that it could discriminate between the apo-enzyme and ssRNA-bound 
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polymerase. Next, compounds were tested with elongated enzyme-dsRNA complexes 

(comprising of ssRNA substrate and newly synthesized short RNA products – AGAA or 

AGAACC) and they demonstrated a marked 8-15 fold reduction in inhibitory potencies. This 

result proposes that the compound binding pocket may undergo conformational changes and 

become inaccessible during the transition from initiation to elongation state as polymerase 

accommodates the growing dsRNA product. Elongation FAPA IC50 measurement of these 

compounds corroborated our findings in which a significant 19-23 fold decline in compound 

potencies were observed (Table 5.5) (346). Thus, this series of compounds was postulated to 

act and inhibit the enzyme at the de novo initiation step of polymerization reaction.  

 Order of addition Compound 27 Compound 29 

de novo IC50 (µM) [fold 

change] 

Enzyme + compound 0.172 ± 0.097* 0.023 ± 0.001* 

 [Enzyme + RNA] + 

compound 

0.20 ± 0.07 [0.84X] 0.073 ± 0.02 [3.2X] 

 [Enzyme + RNA + ATP + 

GTP] + compound 

2.2 ± 1.91 [9.3X] 0.338 ± 0.12 [14.7X] 

 [Enzyme + RNA + ATP + 

GTP + ATTO-CTP] + 

compound 

1.89 ± 1.56 [8X] 0.239 [10.4X] 

Elongation IC50 (µM) Enzyme + compound 5.46 ± 2.14 [23X]# 0.427 ± 0.013 [18.6X]# 

Table 5.5 Inhibitory properties of DENV polymerase N-pocket compounds. Order-of-reagent addition 

experiments were carried out using DENV de novo initiation FAPA assay as illustrated in Materials and Methods. 

De novo IC50 values of compounds 27 and 29 measured via standard assay format (asterisk *) were used as a 

comparison to calculate fold change in compound inhibitory potencies in the order-of-addition experiments. 

Elongation IC50 values of compounds 27 and 29 (hash #) were obtained from (346). The data in this table was 

published in (346).  

To determine the mechanism of inhibition for the most potent compound 29 against DENV 

polymerase, kinetic characterization using de novo initiation FAPA assay was performed. As 

expected, control 3’dGTP shows competitive inhibition with respect to GTP whereby both 

substrate and inhibitor compete for binding to the active site of the enzyme (Figure 5.5B and 

5.5F), and non-competitive inhibition with respect to RNA substrate in which it does not 

interfere in the binding of RNA to the enzyme (Km is unaffected) but influence the progression 

to reaction products (Vmax is decreased with increasing concentration of 3’dGTP) (Figure 

5.5A and 5.5E).  
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From Figure 5.5C and 5.5G, compound 29 was shown to be an uncompetitive inhibitor of RNA 

template, decreasing both Km and Vmax. On the other hand, compound 29 seems to display 

mixed inhibition profile with respect to GTP substrate (Figure 5.5D and 5.5H). Lineweaver-

Burk plot revealed that this compound demonstrated an uncompetitive mode of inhibition for 

GTP, however at high GTP substrate concentrations this compound was a non-competitive 

inhibitor. Since the Km for GTP was higher during the rate-limiting initiating step as compared 

to the highly processive elongation phase of RNA synthesis (317), the mixed inhibition profile 

for compound 29 likely reflects the differential effects on these two processes of the 

polymerase activities. In consistence, compound 29 has substantially poorer inhibitory potency 

in elongation phase than in initiation phase (Table 5.5) (346).  
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Figure 5.5 Enzyme inhibition kinetics of compound 29 against DENV polymerase. DENV de novo initiation 

FAPA assay was employed to understand the mechanism of inhibition by increasing concentration of 3’dGTP 

control (A, B, E, F) and compound 29 (C, D, G, H) with 0-500 nM RNA (A, C, E, G) or 0-50 µM GTP (B, D, F, 

H) substrates. Representative Lineweaver-Burk plots (A-D) and Michaelis-Menten plots (E-H) were derived from 

non-linear regression curve fitting using Graphpad Prism software. These results were published in (346).  

3.3.2.4 Impact of resistant mutations on virus replication 

To confirm that the antiviral activity exhibited by this series of compounds was attributed to 

specific binding to the N-pocket for inhibition of NS5 polymerase activity, resistant DENV-2 

replicons were grown in the presence of compounds 27 and 29 (346). Genome-sequencing of 

compound-exposed replicons detected two resistant mutations, E802D and L511V, raised 

using compound 29, and only E802D mutation produced by compound 27. Interestingly, these 

two amino acid changes were mapped to the compound binding N-pocket. Notably, amino acid 

residue 802 is glutamic acid (E) in DENV-2 NGC and glutamine (Q) in DENV-3 (Figure 5.4F). 

From the crystal structures of DENV-3 RdRp bound to compound 29 and DENV-2 RdRp 

bound to compound 27 (Figure 5.4D and 5.4E), the hydroxyl group of the propargyl alcohol 

arm of both compounds forms hydrogen bonding with the side chain of residue Q802 and E802 

in DENV-3 and DENV-2 respectively. Mutation of E802 to aspartic acid (D) shortens the 

negatively-charged side chain by one methyl group and possibly breaks this H-bond interaction. 

Additionally, van der Waals interactions were established between the hydrophobic residue 



 

                                  Section 3.3 Genetic Validation of Inhibitor Binding Pockets of DENV NS5 RdRp 

148 

 

L511 and the thiophene ring of compound 29. Mutation of L511 to valine (V) removes one 

methyl group from the hydrophobic side chain and may weaken the interaction. Consequently, 

these structurally validated resistant mutants may result in a lower binding affinity of 

compounds 27 and 29 in the N-pocket, providing convincing evidence that both compounds 

specifically target the RdRp for replication impairment.  

To investigate the effects of L511V and E802D amino acid changes on virus replication, 

individual and double mutations were engineered into DENV-2 subgenomic replicon and 

infectious full-length virus genome. Replication fitness of replicons and virus were determined 

using renilla luciferase activity and plaque assay respectively, over the course of four days 

(Figure 5.6). Electroporated BHK-21 cells containing WT and mutant replicons maintained 

similar proliferation rates and viability throughout the four days post transfection as detected 

by cell viability assay (Figure 5.6A). Overall, all three mutant replicons were more replicative 

and produced higher levels of luciferase signals, intracellular viral RNA and NS5 protein as 

compared to WT replicon (Figure 5.6B-C and 5.7A). The luciferase activity for L511V and 

L511V/E802D mutants reached the highest level at 24 hour, whilst it peaked at 48 hour for WT 

and E802D (Figure 5.6B).  

For WT and mutant infectious clones, viral titers increased steadily over the four days post 

transfection (Figure 5.6D). Compared to WT virus, both E802D and L511V/E802D mutants 

produced more infectious virus particles and extracellular viral RNA whereas L511V yielded 

the least viable virus and extracellular viral RNA (Figure 5.6D-E). However, intracellular 

dsRNA and RdRp levels for mutant L511V were highest at day 4 post electroporation (Figure 

5.7B). The discrepancy in viral replication profile for L511V is unclear and may be due to 

different impact of this mutation on replicon and virus. In all, these resistant mutations 

generated using the N-pocket compounds enhanced the ability of virus to replicate in cells.  
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Figure 5.6 Growth kinetic profiles of DENV-2 replicons and full length genomic RNAs with resistant 

phenotype mutations. Equal amount of WT and mutant replicon RNAs were electroporated into BHK-21 cells, 

after which cell viability (A), renilla luciferase signals (B) and intracellular viral RNA levels (C) were measured 

at indicated time points. Equal amount of WT and mutant full length genomic RNAs were electroporated into 

BHK-21 cells, after which secreted infectious virus particles (D) and extracellular viral RNA levels (E) were 

detected using harvested culture supernatants from day 1 to 4. These results were published in (346).  
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Figure 5.7 Analysis of viral RNA and NS5 protein expressions from DENV-2 WT and mutant replicons and 

viruses. Immunofluorescence assay (IFA) was performed on BHK-21 cells harboring WT and mutant (A) replicon 

and (B) full length genomic IVT RNAs. At indicated time point, the cells were fixed and stained with primary 

antibodies (anti-dsRNA mouse monoclonal antibody (J2), anti-DENV2 NS5 rabbit polyclonal antibody 

(GTX103350) for replicon and anti-DENV4 RdRp rabbit polyclonal antibody for virus) and secondary antibodies 

(Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 568-conjugated donkey anti-mouse IgG). These 

results were published in (346).  



 

                                  Section 3.3 Genetic Validation of Inhibitor Binding Pockets of DENV NS5 RdRp 

151 

 

3.3.2.5 Discussion 

Through a fragment-based screening approach via X-ray crystallography targeting the DENV-

3 RdRp, a novel allosteric pocket (termed the “N pocket”) was identified at the thumb/palm 

interface near the active site and priming loop of the enzyme, and is formed by amino acid 

residues conserved across all four DENV serotypes and other flaviviruses (Figure 5.4). This 

pocket was characterized and validated for their functional importance in NS5 polymerase de 

novo initiation activity and virus replication using alanine mutagenesis and reverse genetic 

studies (346). The fragment hit and related compounds generated by rational design were found 

to bind to this discrete site with high affinity and stabilize the RdRp melting temperature by 4-

14 °C (344-346). The two most potent compounds in the series, 27 and 29, were efficacious in 

inhibiting viral replication in cells at single-digit micro-molar EC50 and de novo initiation 

activity in vitro at nano-molar IC50, respectively. When these compounds were assayed with 

alanine mutants of N-pocket residues, their inhibitory properties were greatly impacted as they 

exhibited 13.5-107 fold shift in de novo IC50. Exposure of DENV-2 replicon to compound 29 

produced two resistant amino acid changes, E802D and L511V, mapped to the compound-

binding N-pocket. These two residues were shown to form critical interactions with compounds 

27 and 29 in the co-crystal structures (Figure 5.4D and 5.4E). Consistently, both E802D and 

L511V mutants were more replicative than WT in cells (Figure 5.6 and 5.7) and reduced 

compound potencies significantly in DENV RdRp enzymatic and cell-based assays (346). 

These findings confirmed that this class of compounds specifically target the N-pocket of RdRp 

for inhibition of viral replication.  

Kinetic characterization revealed that compound 29 is an uncompetitive inhibitor of RNA 

template and demonstrated mixed inhibitory modes with respect to GTP substrate in de novo 

initiation FAPA assay (Figure 5.5C-D and 5.5G-H). As the de novo assay also measures 

elongation activity after de novo initiation step, this mixed inhibition profile plausibly denotes 
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the differential inhibitory effects on these two processes of the polymerase activities. In 

agreement, compound 29 has considerably weaker inhibitory potency in the elongation assay 

than in de novo initiation assay (Table 5.5), suggesting that this compound blocks the first step 

of RNA synthesis better than the second step. This finding was further supported by the order-

of-reagent addition experiments whereby the inhibitory properties of compound were 

diminished when the polymerase was occupied with dsRNA and not by ssRNA. Since 

retraction of the priming loop from the active site occurs during elongation event to provide 

space for the newly synthesized duplex RNA and given that the N-pocket inhibitors interact 

with residues from the priming loop, it could be possible that compound binding may be 

affected by conformational modifications of the pocket. Thus, the proposed mechanism of 

action for this series of compounds could be to prevent RdRp conformational changes during 

the transition from initiation to elongation phase of RNA synthesis.  

Taken together, the discovery of N-pocket and rational design of inhibitors targeting this 

allosteric site constitute a novel structure-based anti-viral pharmaceutical strategy. These 

inhibitors were proven to be potent for antiviral activity and are promising to be developed as 

drug candidate. Further optimization of the structure of these compounds could be carried out 

to improve their pharmokinetic properties and stabilities in vivo.  
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3.4 Crystallization Attempts of the DENV NS5 RdRp-RNA Complex 

DENV NS5 initiates RNA synthesis by a de novo mechanism to form a starting dinucleotide 

primer followed by transition to a rapid, processive elongation state. The NS5 RdRp contains 

a highly conserved active site that is often targeted for antiviral drug development as nucleotide 

analogs could exhibit cross-serotype/viral inhibitory activity and confer a high barrier for 

resistance emergence. The clinically approved nucleotide prodrug, sofosbuvir (2’-modified 

uridine analog), is a successful example of a potent inhibitor of the Hepatitis C virus (HCV) 

NS5B polymerase and demonstrated good efficacy and safety for combination treatment 

against chronic HCV (347). Interestingly, sofosbuvir has antiviral activity against ZIKV as it 

inhibited virus replication and infection in different cell lines and prevented ZIKV-induced 

death in mice (303, 348, 349). However, a recent study has revealed that despite being 

structurally and functionally closely related to HCV NS5B, DENV and ZIKV NS5 exhibited 

differences in selectivity towards 2’-modified nucleotide analogs which could correspond to 

varied potency in infected cell cultures (350, 351). Moreover, a repurposing strategy to develop 

potent anti-DENV drugs from HCV inhibitors failed due to toxicity and efficacy issues (352). 

So far, high throughput screening or fragment based screening have primarily yielded 

compounds that block the de novo initiation activity of DENV NS5 RdRp (Section 3.3). 

Therefore, in order to design specific and effective nucleotide-based drugs for DENV, it is 

crucial to obtain structural information about the complete RdRp catalytic cycle (de novo 

initiation and elongation steps).  

Over the past decade, crystal structures of polymerase-RNA complexes from FMDV (96, 106, 

353), Norwalk virus (354) and HCV (311, 355) have been determined, and they mostly 

represented initiation phase complexes and revealed critical amino acids involved in viral RNA 

replication. However more recently, a series of distinct structures obtained from stalled 

elongation complex (EC) of several positive-strand RNA viruses such as poliovirus, 
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coxsackievirus and rhinovirus (93, 95), provided snapshots of the polymerase catalytic cycle 

and valuable insights into the molecular basis and structural changes in the polymerase for 

nucleotide selection, active site closure for catalysis and RNA duplex accommodation, as well 

as key interactions between polymerase and RNA strands in the active site. Following their 

strategy to obtain ternary crystal structure of DENV, we took a systematic approach from 

assembling an active elongation complex which allows the measurement of nucleotide 

incorporation using PAGE and fluorescence polarization (FP), to profiling numerous RNA 

templates and selecting those with good binding affinity and elongation activity, and finally 

generating and purifying stable polymerase-RNA elongation complexes for crystallization.  

3.4.1 Formation of a functional DENV NS5 elongation complex 

A functional elongation complex of DENV-4 FL NS5 or RdRp (aa266-900) was assembled 

using RNA template/primer (T18/P8; Figure 6.1A) whereby the 5’-end of the primer was 

labelled with 6-carboxyfluorescein (6-FAM), preincubated with the enzyme in buffer (50 mM 

Tris-Cl at pH 7.5, 0.5 mM MnCl2, 0.001% Triton X-100, 10 mM KCl, and 10 µM cysteine; 

buffer composition same as in FAPA elongation assay). The concentrations of enzyme and 

RNA were kept at 250 nM and 50 nM respectively, and these two components were incubated 

at RT for 1 min before addition of UTP at varying concentrations to allow single nucleotide 

incorporation at +1 position for 15 min (Figure 6.1B). PAGE gel showed that RdRp and FL 

NS5 exhibited highest elongation activity of 9.3% and 42.3% using 111 µM and 333 µM UTP 

respectively. In addition, incubation with additional amounts of UTP substrate inhibited these 

two proteins, as seen from the non-linear fitting curve. Thus, NTP concentration used for 

subsequent complex formation was set at 100 µM.  

Next, the effects of divalent cations on elongation complex formation were evaluated. 

Previously, it was reported that Mg2+ ion is required to form productive DENV elongation 

complex (356), albeit Mn2+ ion is commonly used in RdRp enzymatic assays for both initiation 
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and elongation. In this study, varying concentrations of the two divalent cations were tested for 

nucleotide incorporation (Figure 6.2A and 6.2B). The observed optimal concentration of 

MnCl2 was 0.5-1 mM with no mismatch incorporation at position +2, even though it was shown 

to be highly possible when Mn2+ was used (357-359). On the other hand, MgCl2 only weakly 

produced extended RNA. Moreover, a combination of both ions did not enhance elongation 

activity as compared to Mn2+ alone, and the absence of any ion also generated lesser product. 

These findings indicated that Mn2+ itself could stimulate assembly and reaction of active 

complex better than MgCl2. Similar to the set up for testing divalent cations, the effects of KCl 

and NaCl salts on elongation complex formation were also examined (Figure 6.2A and 6.2C). 

Equivalent incorporation profile was observed for both KCl and NaCl whereby increasing the 

concentration of salt reduces the percentage of NTP incorporation, possibly due to instability 

of the elongation complex and dissociation of RNA from the polymerase. Thus, it would be 

desirable to maintain the concentration of salt as low as possible for active complex formation. 

Further investigation on pH dependence for elongation complex assembly and reaction was 

performed (Figure 6.2A and 6.2D). Our result revealed that the amount of incorporation was 

higher when the polymerase-RNA was incubated in Bis-Tris buffer, especially at pH 7.0 and 

7.5 which gave 15.5% and 16.8% incorporation respectively. Taken together, the optimized 

final buffer condition for efficient elongation is 50 mM Bis-Tris at pH 7.25, 0.5 mM MnCl2, 

0.001% Triton X-100, 10 mM KCl and 10 µM cysteine.  
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Figure 6.1 Single nucleotide incorporation of DENV-4 FL NS5 and RdRp. (A) Template/primer T18/P8 (8 

nucleotides from primer complementary to the 18-mer template) was labelled with 6-carboxyfluorescein (6-FAM; 

orange ball) at the 5’ end of the primer. Addition of UTP to preincubated DENV-4 FL NS5 or RdRp (aa266-900) 

and RNA mixture enabled formation of +1 RNA product which can be visualized using PAGE (B). The elongation 

reaction was quenched after 15 min and ran on 23% Urea-PAGE gel to monitor nucleotide incorporation. The 

percentage of incorporation was determined using ImageQuant TL software and was plotted against varying 

concentrations of UTP.  

 



 

                                        Section 3.4 Crystallization Attempts of the DENV NS5 RdRp-RNA Complex 

157 

 

 

Figure 6.2 The effects of divalent cations, salts and pH on single nucleotide incorporation of DENV-4 RdRp. 

(A) DENV-4 RdRp (aa266-900) and T18/P8 was preincubated at RT for 1 min in buffer with different 

concentrations of divalent cations (B) and salts (C) as well as varied pH values (D). Reaction was initiated upon 

addition of UTP and quenched after 8 min prior to running on PAGE gel. The percentage of incorporation was 

determined using ImageQuant TL software.  

3.4.2 Determination of DENV NS5-RNA binding and elongation activities by 

fluorescence polarization 

A fluorescence polarization (FP) assay was developed to detect both DENV NS5-RNA binding 

and elongation activities. The principle of this assay is that when a fluorescent ligand is bound 

by a larger macromolecule, in this case binding of the fluorescent-labelled primer-template 

substrate to the polymerase, the probe is no longer free in solution and tumbles less rapidly, FP 

signal will increase (Figure 6.3). Addition of NTPs for elongation increases the molecular size 

of the complex and further reduces the mobility of the ligand, thus increasing the FP signal 
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even more. Hence, the degree of polarization is directly proportional to the amount of bound 

fluorophore and inversely related to molecular rotation.  

 

Figure 6.3 Principle of the fluorescence polarization (FP) assay. When a fluorescent-labeled primer-template 

substrate is free in solution, it tumbles rapidly leading to a low FP value. Binding of nucleic acid to the polymerase 

reduces tumbling and increases polarization. Addition of NTPs to the enzyme-nucleic acid complex for elongation 

further increases the overall molecular weight, resulting in a higher FP signal.  

Using this FP-based assay, the binding of DENV-4 FL NS5 enzyme to FAM-conjugated RNA 

T18/P8 was examined (Figure 6.4A). The binding assay was performed by incubating a fixed 

concentration of RNA in increasing concentrations of NS5 protein for 10 min before measuring 

the FP signal. Low concentration of annealed T18/P8 at 5 nM was used in order to achieve 

good signal-to-noise for a quantitative measurement. RNA dissociation constant (Kd) obtained 

was 38 nM, indicating that the enzyme has high affinity for T18/P8 RNA.  

The use of this RNA duplex T18/P8 as a substrate for polymerase elongation activity measured 

by FP was also carried out (Figure 6.4B). DENV-4 FL NS5 at Kd concentration of 38 nM was 

incubated with 5 nM RNA at RT for 1 min, followed by addition of all four nucleotides (100 

µM each) to completely elongate the RNA by +10 bases. There was a clear gradual increase in 
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polarization from the start of the reaction to after incubation for 1 hour (∆mP ~70) and the FP 

signal maintained for another hour, suggesting that the elongation complex was stable.  

 
Figure 6.4 Binding and elongation activities of DENV-4 FL NS5 using T18/P8 RNA. (A) Binding assay was 

performed by varying the concentration of DENV-4 FL NS5 protein and fixing the concentration of T18/P8 

substrate at 5 nM. RNA dissociation constant (Kd) was determined by curve fitting the data to a single-site binding 

isotherm using GraphPad Prism software. (B) Time-course measurement of FP signals after addition of all four 

nucleotides at 100 µM each to the polymerase-RNA complex for elongation.  

The influence of divalent cations on RNA binding to DENV-4 FL NS5 RdRp and enzyme 

activity was explored using FP-based assays (Table 6.1). The divalent ions tested were Mn2+, 

Mg2+, Co2+, Ca2+, Zn2+, Ni2+ and Cu2+ at fixed concentration of 0.5 mM in the buffer. All the 

reactions yielded similar Kd values of approximately 30 nM, but they displayed difference in 

polymerase elongation activity. The reaction containing MnCl2 produced the best change in FP 

signal of 70 mP after 2 hours of incubation, followed by CoCl2>ZnCl2>MgCl2. On the contrary, 

CaCl2, NiCl2 and CuCl2 failed to promote elongation of RNA chain.  

The four divalent ions MnCl2, CoCl2, ZnCl2 and MgCl2 were selected and further tested at a 

range of concentrations from 0.5 mM to 200 mM at three temperatures, RT, 30°C and 37°C, to 

assess whether there is any improvement in NS5 elongation complex formation (Figure 6.5A). 

Magnesium acetate and magnesium formate, which are one of the buffer components for 

crystallization of DENV-3 NS5 structure, were also included in this experiment. FP signals 
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were measured at three indicated time points, 1, 2 and 4 hours, after reaction initiation. Overall, 

there was no substantial difference in polarization with different temperatures. It was observed 

that RdRp was inactive in the presence of ZnCl2, inconsistent with the previous result that 0.5 

mM ZnCl2 stimulated elongation activity by 30 mP. The biggest FP signal change of 60-80 mP 

was obtained with 50 mM MnCl2, 5 and 10 mM MgCl2, 5 mM CoCl2, 10 mM magnesium 

acetate and 10 mM magnesium formate. Notably, magnesium chloride, acetate and formate at 

≥50 mM inactivated polymerase elongation activity; however DENV-3 NS5 crystal grew in 

buffer containing 200 mM magnesium acetate or formate. Hence, it was postulated that the 

crystal of DENV elongation complex should form in crystallization buffer different from apo-

DENV-3 NS5, probably in conditions with lower concentration of divalent cations. Next, FP 

binding assay was conducted in buffer harboring 50 mM MnCl2, 10 mM MgCl2 and 5 mM 

CoCl2 to examine whether higher concentration of divalent ions could have an impact on 

polymerase binding to RNA substrate (Figure 6.5B). Higher concentration of Mn2+ and Mg2+ 

ions resulted in poorer Kd of 191 nM and 254 nM respectively, whilst Co2+ still retained low 

Kd of 27 nM. The difference in elongation activity of 0.5 mM MnCl2 and 5 mM CoCl2 was not 

significant, thus subsequent polymerase complex was still assembled using MnCl2 and not 

CoCl2.  

Divalent ions Kd ∆mP at 120min Comments 

MnCl2 37nM 70mP Enzyme binds RNA and is most active 

MgCl2 32nM 10mP Enzyme binds RNA and inactive 

CoCl2 34nM 50mP Enzyme binds RNA and is active 

CaCl2 31nM - Enzyme binds RNA and is inactive 

ZnCl2 28nM 30mP Enzyme binds RNA most tightly and is weakly active 

NiCl2 36nM - Enzyme binds RNA and is inactive 

CuCl2 35nM - Enzyme binds RNA and is inactive 

Table 6.1 The effects of different divalent cations on binding and elongation activities of DENV-4 FL NS5 

RdRp. The binding and elongation activities of DENV-4 FL NS5 protein to T18/P8 RNA substrate in buffer 

containing differing divalent ions was determined using FP assays. RNA dissociation constants (Kd) were 

determined by curve fitting the data to a single-site binding isotherm using GraphPad Prism software. Change in 

polarization (∆mP) was calculated by deducting average FP signals obtained at 0 hour from average FP signals 

detected at 2 hour after addition of all four nucleotides to initiate elongation.  
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Figure 6.5 The effects of divalent cations and temperature on binding and elongation activities of DENV-4 

FL NS5 RdRp. (A) DENV-4 FL NS5-T18/P8 RNA complex was assembled at three temperatures (RT, 30°C and 

37°C) in buffer containing different divalent cations at varying concentrations from 0.5 mM to 200 mM. 

Elongation reaction was started by adding all four nucleotides at 100 µM each and terminated at indicated time 

points (1, 2 and 4 hour). FP signal gained at 2 hour was plotted against various concentrations of divalent ions. 

(B) Binding assay was performed in buffers containing higher concentration of MnCl2, MgCl2 and CoCl2. RNA 

dissociation constant (Kd) was determined by curve fitting the data to a single-site binding isotherm using 

GraphPad Prism software.  
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3.4.3 Selection of RNA suitable for co-crystallization 

The development of a novel FP-based assay to evaluate binding and elongation activities of 

DENV NS5-RNA enables rapid profiling of numerous RNA substrates for their suitability for 

co-crystallization. The binding of DENV FL NS5 enzyme to a series of different RNA 

substrates (Figure 6.6A) was examined (Table 6.2 and Figure 6.6B). These RNA-primed 

substrates were labelled with 6-FAM at the 5’ end of either the primer or template strand. RNA 

dissociation constants (Kd) obtained for all RNA substrates bound to NS5 protein were low 

(≤50 nM), indicating that the enzyme has high affinity for all the RNAs.  

Next, elongation complex was formed by addition of NTP(s) to a mixture containing DENV-3 

or -4 FL NS5 and RNA-primed substrate. The incorporation of nucleotide(s) was detected 

using FP and on denaturing Urea-PAGE gel (Table 6.2 and Figure 6.6C-D). In general, all the 

RNAs have differential effects on polymerase elongation activity. The best polarization signal 

was achieved using RNA duplex T18/P8 (studied earlier) whereby an increase in FP values of 

67 and 75.5 mP were obtained with DENV-4 and DENV-3 NS5 respectively, at 2 hours after 

addition of all four nucleotides. Denaturing PAGE analysis of the elongation reaction showed 

gradual accumulation of extended products from +1 to +10, with about 50% of the fluorophore-

conjugated primer left unincorporated. Interestingly, addition of only UTP did not produce any 

difference in FP signal as compared to the control (no NTP added) even though RNA primer 

with UTP incorporated at +1 position was visible on PAGE gel, implying that our FP assay 

was not sensitive enough to measure one nucleotide incorporation. Also, as seen from the 

PAGE gel, there was no misincorporation of UTP as the second base even though a high 

concentration of UTP (100 µM) was added to comparatively lower concentration of RNA 

substrate (5 nM) and enzyme (38 nM). Steady-state kinetic measurements showed that each 

NTP has high turnover rate for incorporation and exhibited good Km value of 3-7 µM (Table 

6.3). In addition, it was observed that beyond 100 µM NTP concentration, substrate inhibition 
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occurred (Figure 6.1B). Hence, the DENV polymerase was able to elongate the correct base 

and did not misincorporate non-cognate nucleotide even at high concentration of NTP substrate.  

Self-complementary RNAs 12-7 and 12-12, which contains 12 paired sequences and either 7 

or 12 nucleotides in the single-stranded template, produced an increase in polarization of 24 

and 36.5 mP correspondingly at 2 hours after adding all four nucleotides. The change in FP 

signal for these two substrates were weaker than T18/P8. Nevertheless, completely elongated 

RNA products were observed on PAGE gel, alongside with higher amount of partially extended 

products. This finding suggests that the elongation reaction was stalled halfway, thus may 

account for the lower FP signal detected. Additional elongation experiment performed in the 

presence of higher MnCl2 concentration at 2.5 mM increased polarization of 12-12 RNA from 

36.5 mP to 47 mP (results not shown). Hence, the use of buffer containing 2.5 mM MnCl2 

could be considered to assemble more elongation complex using less active RNA substrate.  

Another two shorter RNA duplexes T12/P8 and T10/P6 exhibited a low change in FP value of 

10.5 to 13.5 mP which could be explained by no or +2 nucleotides incorporation despite 

addition of the four NTPs. The reasons for the absence of elongation activity on T12/P8 as well 

as stalled elongation reaction for T10/P6 were unclear, although both RNAs could bind to NS5 

RdRp with high affinity.  

The idea of designing the dumbbell-type RNA used in this study was adopted from previous 

work which successfully crystallized the structures of poliovirus, coxsackievirus and 

rhinovirus ECs (93, 95). This RNA could establish coaxial stacking of upstream RNA duplexes 

with a flexible RNA-RNA junction. In our assays, this RNA gave the best Kd value of 19 nM 

and produced an FP gain of 10 mP after addition of CTP, UTP and GTP to elongate the strand 

by 5 bases. However, negative control (no NTP addition) also yielded an increase of FP by 10 

mP, thus it was postulated that there was no nucleotide incorporation. As the fluorophore was 
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labelled on the template strand in this case, we could not monitor incorporation event by PAGE 

analysis.  

Finally, a single-stranded 34-mer RNA that forms an intramolecular hairpin with a stem length 

of 6 bp was also employed in this study. This RNA was postulated to form a stable EC with 

DENV RdRp following the incorporation of +9 bases. However, PAGE gel revealed that the 

RNA was only extended by 2 nucleotides albeit elongation activity was rapid (about 25% of 

the RNA was elongated in 10 seconds). Additionally, FP signal was only mildly increased as 

opposed to a bigger change in FP value for the negative control.  

Based on these results from both assays, we selected RNA constructs, T18/P8, 12-7, T12/P8 

and T10/P6, which provided reasonable binding and elongation profiles for co-crystallization. 

RNA 12-7 was chosen instead of 12-12 because the length of the template was more alike to 

the best RNA substrate, T18/P8. The dumbbell-type RNA and 6-18 hairpin were eliminated 

from crystallization work since the FP signal of their negative control was unstable.  

RNA NS5 

Binding 

affinity 
Elongation activity 

Kd (nM) 
∆mP at 1hr# 

or 2hr* 

Nucleotides 

added 

Expected nt 

incorporated 

Actual nt 

incorporated 

T18/P8 DENV-4 38 67* 4XNTPs +10 +10 

0* UTP +1 +1 

DENV-3 41 75.5* 4XNTPs +10 +10 

DENV-2 50 N.D. - - - 

12-7 DENV-3 35 24* 4XNTPs +7 +7 

12-12 DENV-3 38 36.5* 4XNTPs +12 +12 

T12/P8 DENV-3 48 10.5# 4XNTPs +4 0 

T10/P6 DENV-3 38 13.5# 4XNTPs +4 +2 

Dumbbell-

type RNA 

DENV-4 19 10* CTP, UTP, 

GTP 

+5 N.D. 

6-18 hairpin DENV-4 28 15* CTP, UTP +9 +2 

Table 6.2 Binding and elongation activities of DENV FL NS5 using different RNA substrates. DENV-2, -3, 

or -4 FL NS5 proteins were tested with various RNA constructs in binding and elongation experiments using 

fluorescence polarization (FP). RNA dissociation constants (Kd) were determined by curve fitting the data to a 

single-site binding isotherm using GraphPad Prism software. Change in polarization (∆mP) was calculated by 

deducting average FP signals obtained at 0 hour from average FP signals detected at 1 or 2 hour after addition of 

nucleotides to initiate elongation. Elongation reaction was also run on Urea-PAGE gel to visualize nucleotide 

incorporation. N.D. denotes not determined.  

Steady-state kinetic parameters 

Constant Divalent ion DENV-4 NS5 DENV-4 NS5-Pol 

Km UTP (µM) Mn2+ 6.63±2.29 4.64±2.68 
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Km ATP (µM) Mn2+ N.D. 3.61±0.99 

Km CTP (µM) Mn2+ N.D. 3.68±1.29 

Km GTP (µM) Mn2+ N.D. 4.46±1.06 

kcat UTP (min-1) Mn2+ 0.0032±0.0006 0.0022±0.0004 

kcat ATP (min-1) Mn2+ N.D. 0.0017±0.0002 

kcat CTP (min-1) Mn2+ N.D. 0.0020±0.0005 

kcat GTP (min-1) Mn2+ N.D. 0.0017±0.0000 

Table 6.3 Kinetic constants of DENV-4 NS5 FL and RdRp (aa266-900) elongation complexes. Single 

nucleotide incorporation assay was performed and the product RNA was monitored on Urea-PAGE gel. Amount 

of incorporation was calculated based on band intensity and plotted against varying concentrations of NTP 

substrate. Michaelis-menten constant Km and kcat values were obtained using Graphpad Prism software. Results 

shown in the table are the average values obtained for each protein from two independent experiments. N.D. 

denotes not determined. 
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Figure 6.6 Binding and elongation activities of DENV FL NS5 using different RNA substrates. (A) RNA-

primed substrates are labelled with 6-FAM (orange ball) at the 5’ end of either primer or template strand to 

determine binding and elongation activities using fluorescence polarization (FP). (B) Binding assay was 

performed by varying the concentration of DENV FL NS5 protein and fixing the concentration of RNA substrate. 

RNA dissociation constants (Kd) were determined by curve fitting the data to a single-site binding isotherm using 

GraphPad Prism software. (C) Time-course measurement of FP signals after addition of nucleotide(s) to the 

polymerase-RNA complex for elongation. (D) Elongation reaction was run on 23% Urea-PAGE gel to monitor 

nucleotide incorporation.  

3.4.4 Crystallization attempts of DENV polymerase-RNA and elongation complexes 

Before assembling an elongation complex for crystallization, we started off with screening 

DENV polymerase-RNA complex (without NTP addition) for crystal formation. Briefly, 

DENV-3 FL NS5 and pre-annealed RNA (T18/P8, T12/P8, T10/P6 and 12-7) were incubated 

at 1:1.5 molar ratio on ice for 15 min. The assembled NS5-RNA complexes (each with different 

RNA substrate) formed mild precipitation despite the low incubation temperature and were 

clarified by centrifugation before purification by size exclusion chromatography to remove 

excess RNA (Figure 6.7). The purified complexes were subsequently screened using 

commercial crystallization kits.  

A few positive hits were identified in three different crystallization buffer conditions. Crystals 

were detected in drops containing DENV3 NS5 apo protein, NS5-T18/P8, NS5-T12/P8, NS5-

T10/P6 and NS5-12-7 complexes (Figure 6.8A-C). In order to reproduce the crystals, 
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polymerase-RNA complexes were assembled in the same way as before. In addition, 

elongation complexes were also formed by adding NTPs (3’dCTP or C/GTP) to elongate the 

RNA by +1 or +2 bases for 1 hour at RT. Precipitation occurred during the assembly of these 

complexes and were removed by centrifugation. The supernatants were used directly for 

crystallization set up without column purification. Similarly, condition A2 enabled crystal 

formation in drops containing DENV3 NS5-T12/P8 and NS5-T10/P6 as well as their 

corresponding elongation complexes (Figure 6.9A). Vast amount of small crystals was formed 

in the presence of RNA and NTPs, but no apo crystal was observed. Interestingly, condition 

D8 did not reproduce crystal in the drop consisting of DENV3-T18/P8 and instead generated 

crystals in drops containing DENV3-T12/P8 and its elongated counterpart (Figure 6.9B). These 

crystals were thin and clustered together, and no crystal for apo protein was detected. Overall, 

all the crystals grew quite rapidly within 2 to 3 days after crystallization set up. The crystals 

generated from initial screening as well as those reproduced were sent for data collection, but 

either they did not diffract or no RNA was found in the structure. The failure to obtain a crystal 

structure with RNA bound to the enzyme could be attributed to instability of the complex 

whereby RNA gets dissociated from the polymerase during incubation, or the precipitation of 

the complex that was removed prior to purification or crystallization set up.  
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Figure 6.7 Chromatogram and OD profile of DENV-3 NS5-T12/P8 complex. Polymerase-RNA complex was 

formed using DENV-3 FL NS5 and T12/P8 RNA incubated on ice for 15 min. This complex was purified using 

Superdex 200 10/300 gel filtration column and the chromatogram was shown in (A). Two peaks were generated 

and measured for their absorbance at 260 and 280 nm. Peak A likely represented protein only since 260/280 ratio 

is 0.55. Peak B has a 260/280 ratio of 1.70 and likely consisted of both protein and RNA. (B) Fractions E9 to F3 

were further measured spectrophotometrically and fractions E11 to F1 with 260/280 nm ratio between 1.20 and 

1.70 were pooled and concentrated before being used for crystallization screening. The final OD for concentrated 

fractions was measured and shown in (C). Complexes formed using other RNA duplexes (T18/P8, T10/P6 and 

12-7) had the same chromatogram and OD profile as presented here.  
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Figure 6.8 Crystals obtained from screening of DENV-3 NS5-RNA complexes. (A) Condition D8 produced 

crystals in the drop consisting of DENV3 NS5-T18/P8 complex (red arrow). (B) Condition A2 yielded crystals in 

drops containing DENV3 NS5-T12/P8, NS5-T10/P6 (red arrows) and NS5-12-7 (red arrows). (C) Condition A5 

generated crystals in drops consisting of DENV3 NS5-T12/P8 and apo NS5.  



 

                                        Section 3.4 Crystallization Attempts of the DENV NS5 RdRp-RNA Complex 

172 

 

 

 
Figure 6.9 Crystals obtained in drops consisting of DENV-3 NS5-RNA and elongation complexes. (A) 

Condition A2 allowed crystals growth in drops containing DENV3 NS5-T12/P8, NS5-T10/P6 as well as their 

corresponding elongation complexes. (B) Condition D8 produced crystals (red arrows) in drops containing 

DENV3-T12/P8 and its elongated counterpart. No apo-crystal formation was observed.  

Further optimization of DENV NS5-RNA complex assembly and elongation was performed to 

attain a stable complex. Both DENV-3 and DENV-4 NS5 were incubated with T18/P8 and 

T10/P6. After assembly, the protein-RNA complexes were either not elongated and used for 

screening directly after removal of the precipitants, or added with nucleotides (U/G/A/3’dCTP 

or G/CTP) to extend the RNA chain by +4 or +2 bases for T18/P8 and T10/P6 respectively. 

The elongation reactions were allowed to proceed overnight at RT and clarified, followed by 

screening with commercial crystallization kits.  
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Spherulite formation was detected in fourteen buffer conditions and they appeared early after 

one day of incubation (Figure 6.10A; Table 6.4). Only the drop containing NS5-T18/P8 

complex did not produce spherulites, drops consisting of NS5-T10/P6 with or without 

elongation as well as elongated NS5-T18/P8 yielded spherulites. Another condition, F3, was 

also observed to generate clusters of protein crystals in the drop containing nonelongated NS5-

T10/P6 (Figure 6.10B; Table 6.4). All these positive hits were confirmed to be protein and not 

salt as they glowed brightly when the drops were illuminated with ultraviolet (UV) light. Two 

of these crystallization conditions, C11 and F3, were selected for optimization by either varying 

the pH or precipitant concentrations in the buffer, conducting additive screening, or seeding 

for the spherulites. However, there was no improvement from spherulite to crystal formation. 

Further attempt to purify the elongation complex using ion exchange chromatography prior to 

crystallization set up using positive conditions as shown in Table 6.4 was unsuccessful in 

producing any crystal.  
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Figure 6.10 Spherulite/crystal obtained from screening of DENV NS5-RNA and elongation complexes. (A) 

Condition C12 produced spherulites in the drop consisting of DENV4 NS5-T10/P6 after one day of incubation. 

Images were taken at day 0, 1, 5 and 6, and the image at day 5 was enlarged (red box). The drop at day 6 was 

illuminated with UV light and the spherulites glowed, indicating that they were proteins. Another thirteen buffer 

conditions also allowed spherulite growth in drops containing elongated NS5-T10/P6 and NS5-T18/P8 that were 

similar as shown in this diagram. (B) Condition F3 produced clusters of crystals in the drop consisting of DENV3-

T10/P6 which was evident at day 5 of incubation. Images were taken at day 0, 1, 5 and 14, and the drop at day 14 

was illuminated with UV light revealing protein crystals that shone brightly.  

Buffer condition Spherulite/crystal Polymerase-RNA complex Elongated complex 

C3 Spherulite  DENV4 NS5-T18/P8-

U/G/A/3’dCTP 

C5 Spherulite DENV4 NS5-T10/P6  

C6 Spherulite DENV3/4 NS5-T10/P6  

C7 Spherulite DENV3/4 NS5-T10/P6  

C8 Spherulite DENV4 NS5-T10/P6  

C9 Spherulite DENV3/4 NS5-T10/P6 DENV3/4 NS5-T18/P8-

U/G/A/3’dCTP 

C10 Spherulite DENV3/4 NS5-T10/P6 DENV4 NS5-T18/P8-

U/G/A/3’dCTP 

C11 Spherulite DENV3/4 NS5-T10/P6 DENV4 NS5-T10/P6-C/GTP 

 DENV3/4 NS5-T18/P8-

U/G/A/3’dCTP 

C12 Spherulite DENV4 NS5-T10/P6 DENV4 NS5-T10/P6-C/GTP 

 DENV3/4 NS5-T18/P8-

U/G/A/3’dCTP 

F3 Crystal cluster DENV3 NS5-T10/P6  

F4 Spherulite  DENV4 NS5-T10/P6-C/GTP  

 DENV4 NS5-T18/P8-

U/G/A/3’dCTP 

D1 Spherulite  DENV4 NS5-T10/P6-C/GTP 

F9 Spherulite DENV4 NS5-T10/P6  

F11 Spherulite DENV4 NS5-T10/P6  
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Table 6.4 Crystallization buffer conditions that resulted in spherulite/crystal formation. Fourteen 

crystallization conditions produced spherulites while one condition generated clusters of protein crystals.  

3.4.5 Discussion 

Dissection of the interactions between NS5 RdRp and viral RNA would be informative to 

elucidate how the RNA is recognized and replicated, and possibly facilitate drug discovery and 

design targeting the RdRp. Our approach to obtain a crystal structure of DENV polymerase-

RNA complex was inspired by the recent crystal structures of stalled elongation complex (EC) 

of several positive-strand RNA viruses (93, 95). In their experiment, polymerase-RNA 

complex was first assembled and then subjected to multiple rounds of nucleotide incorporation 

to form a stable elongation complex. The complex was subsequently purified for crystallization 

to capture catalytically relevant elongation states with associated structural changes that occur 

during polymerase catalytic cycle.  

In our study, we successfully assembled functional elongation complexes of DENV NS5 using 

several short template/primers. These elongation complexes were formed by addition of natural 

nucleotides to extend the RNA chain and could be monitored using polyacrylamide gel and 

fluorescence polarization (FP). The novel FP-based assay was developed to examine both RNA 

binding and elongation activities of DENV polymerase and was reliant on increase in FP signal 

when the FAM-conjugated RNA was immobilized upon binding to the enzyme as well as 

further molecular weight increase resulting from nucleotide incorporation. Using this FP-based 

assay, distinct RNA substrates were profiled for their suitability for co-crystallization. The 

RNA constructs exhibited different features such as they can self-annealed to generate hairpin 

structure, contain complementary sequences at one end for forming RNA duplex, or their 

primer and template strands could base pair to form duplex or unique dumbbell orientation 

(Figure 6.6A). Amongst the seven substrates tested, four of them (T18/P8, 12-7, T12/P8 and 

T10/P6) displayed reasonably good binding (Kd ≤50nM; Figure 6.6B, Table 6.2) and elongation 

F5 Spherulite  DENV4 NS5-T18/P8-

U/G/A/3’dCTP 
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profiles (Figure 6.6C-D, Table 6.2) and were chosen for crystallization work. Assembly and 

elongation of the polymerase-RNA complex was carried out in an optimized binding buffer 

derived from the FP assay. The NS5-RNA and elongation complexes were either purified by 

size-exclusion chromatography or ion exchange chromatography first, or used directly for 

screening. Numerous crystallization buffer conditions allowed the growth of reproducible 

protein crystals and spherulites. However, optimization using seeding and additives did not 

yield any improvements from spherulite to crystal formation. Additionally, crystals sent for 

data collection failed to diffract or capture RNA in the structure. During the assembly and 

elongation of the polymerase-RNA complexes, it was noticed that precipitation occurred even 

after the binding reaction was incubated on ice. Precipitant was formed either immediately 

upon binding of RNA to NS5 protein, or after incubation of the complex at RT for a period of 

time. It could be possible that the precipitant consists of active elongation complex which was 

always removed prior to crystallization set up, whilst the supernatant comprises of lesser 

amount of complex or only apo-protein which may answer for the lack of RNA in our crystal 

structure (not shown). Previous studies have reported that the precipitated complex could be 

solubilized using higher concentration of salt (350), as well as provided evidence that 

elongation complexes were more stable in 300 mM NaCl than in 75 mM NaCl and that higher 

salt concentration stabilizes RNA secondary structures (360). The stability of the complex may 

be caused by proper structural rearrangements of NS5 for catalysis, which would be favored at 

higher salt concentration. Thus, future attempts to obtain soluble and stable elongation complex 

could be carried out by first maintaining the concentration of NaCl at below 75 mM for efficient 

elongation reaction (Figure 6.2C), followed by re-solubilizing the precipitated complex in 

higher salt concentration. The soluble protein content could be checked using EMSA, and also 

be tested for their stability and activity before crystallization by adding nucleotides to the 
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solubilized complex and monitoring for the production of longer elongated RNA by PAGE 

analysis.  

The RNA construct in our study that gave the biggest change in polarization signal and best 

incorporation efficiency was T18/P8 duplex (Figure 6.6 and Table 6.2). On the other hand, the 

dumbbell-type RNA demonstrated better binding affinity to NS5 protein as compared to 

T18/P8 at a Kd value of 19 nM, but was unsuitable for nucleotide incorporation. Nevertheless, 

the use of this RNA construct as a substrate for polymerase elongation was validated based on 

earlier successful EC structures (93, 95). In their structures, two polymerase molecules could 

dock onto each end of the RNA helix facing away from each other and form a “dumbbell” 

orientation important for establishing crystal contacts. Moreover, the RNA-RNA junctions 

confer plasticity enabling proteins to form long-range crystal lattice through additional protein-

protein interactions. The failure in establishing functional elongation complex for our 

dumbbell-type RNA could be attributed to an unfavourable primer/template length 

combination. Future studies could include optimizing the length of the construct for stable 

elongation complex and crystal formation, as well as labelling the probe on the 5’ end of the 

primer strand for PAGE analysis.  

Covalent trapping strategy was successful in the crystallization of a catalytically relevant 

human immunodeficiency virus-type 1 (HIV-1) reverse transcriptase (RT) in complex with 

template/primer and dNTP (361, 362). Disulfide cross-linking reaction was carried out to 

covalently link RT and the RNA/DNA heteroduplex, and the complex was subsequently 

purified using ion exchange chromatography and added with dNTP. One advantage of this 

approach is the ability to select a single homogenous species for crystallization, unlike our 

elongation reaction which produced a heterogeneous mixture of complexes. Hence, this 

strategy could be employed to obtain a crystal structure of the ternary catalytic polymerase 

complex of DENV.  
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Furthermore, the elongation complex could be used to evaluate the effectiveness of nucleotide 

analog incorporation and chain termination (350, 363, 364), providing an understanding into 

the mechanism of action of NTP analogs against DENV polymerase. Additionally, the complex 

could allow determination of the replication fidelity of mutant polymerases. Previous 

biochemical characterization of Coxsackievirus and Poliovirus polymerases revealed that the 

replication fidelity and elongation rates are closely associated, albeit independently modulated 

by distinct subdomains of the polymerase (365). Similar study could be conducted using DENV 

mutant polymerases (such as those mentioned in earlier sections) to map the protein structure-

function relationships responsible for regulating nucleotide selectivity and elongation rate.  
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3.5 Summary 

The resolution of the first crystal structure of DENV-3 FL NS5 enables an understanding of 

the versatile functions of NS5 in its natural form and the cross-talk between the two domains 

during viral replication (318). In the DENV-3 NS5, the MTase domain resides on top of the 

fingers subdomain and attaches to the back of the RdRp domain without blocking the entry 

sites for NTPs and RNA template (Figure 3.1). Comparison of this structure to the crystal 

structure of JEV FL NS5 (101) shows that even though there is a conservation in the folding 

of the domains, the MTase is rotated at 105° relative to RdRp resulting in the formation of two 

distinct inter-domain interfaces. The interface of DENV-3 NS5 is highly polar with numerous 

electrostatic interactions established by residues from both domains and the linker region. On 

the other hand, JEV NS5 forms a hydrophobic interface involving residues from the MTase 

and RdRp fingers domains. Mutagenesis and reverse genetic experiments performed in our 

study demonstrated the functional significance of inter-domain interactions within the DENV 

NS5 in which disruption of critical contacts such as salt bridge linkage and hydrogen bonding 

led to viral replication impairment. Since both interfaces are highly conserved in flaviviruses, 

it is possible that the two unique sets of NS5 conformations are shared among the various 

viruses in the same genus and that the conformational changes are mediated by the flexible 

linker between the two domains. During virus replication, NS5 protein may adopt a range of 

relative orientations upon recruitment and binding to viral RNA, NS3 and other viral and host 

partners. This was supported by an earlier SAXS analysis which showed that the full length 

NS5 from DENV-3 could assume multiple conformations in solution, from compact to more 

extended forms (254). In the crystal structure of DENV-3 NS5, a well-ordered linker region 

(residues 263-272) between the MTase and RdRp domains was fully resolved for the first time. 

The linker comprises a short 310-helix (residues 263-266) which probably acts as a swivel, 

making structural transition to confer conformational flexibility of NS5 to perform its 
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enzymatic functions and for interaction with viral and host proteins. Given the sequence 

heterogenicity of the linker residues across flaviviruses (Figure 3.6) despite a conservation in 

the length of the linker region, we probed the relevance of their unique amino acid composition 

in our linker swapping experiment using DENV-2 subgenomic replicon system. The order of 

replicative abilities as compared to DENV-2 is as follows: DENV-2≥DENV-4>DENV-

1≈DENV-3>JEV≈ZIKV, which is in line with their linker sequence identity to DENV-2 

(Figure 3.8). Replicons with the linker of JEV or ZIKV exhibited the same replication profile, 

which may possibly be explained by the recent crystal structures of ZIKV FL NS5 protein 

displaying similar orientations of the MTase and RdRp domains to that seen in the structure of 

JEV NS5 but distinctly different from DENV-3 NS5 (366, 367). Moreover, ZIKV NS5 formed 

a hydrophobic inter-domain interface involving almost the same residues as JEV NS5. 

Additionally, the new ZIKV NS5 structures revealed a continuous electron density in the linker 

region that is not visible in the JEV NS5 structure. Similar to DENV-3 NS5, the ZIKV NS5 

linker residues interact with residues in the RdRp fingers subdomain, albeit it does not fold into 

a 310-helix like DENV-3 NS5. CFSSP (Chou & Fasman Secondary Structure Prediction Server) 

online tool predicted that the ZIKV linker sequence has higher preference for α-helix formation 

(Figure 3.6) and was not accurate in this case. Overall, these findings suggested that the diverse 

amino acid composition of the linker controls the formation of discrete stable molecular 

conformations in a serotype/virus-specific manner, and flaviviruses adopt different 

mechanisms and establish different interfaces at distinct steps of viral genome replication. 

Although it remains unclear on which molecular conformation(s) participate in the different 

stage(s) of the virus replication cycle, the flexibility and dynamics of the NS5 protein could be 

influenced by the interactions between NS5 and other viral and cellular components within the 

replication complex. This notion likely accounts for the discrepant results between in vitro 

biochemical assay and virus fitness in cells observed for some of the interface mutants (e.g. 
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R362A) in which enhanced polymerase activity of NS5 in vitro did not result in similar increase 

in viral replication and even abolished virus production in cells (Table 3.1, Figure 3.3 and 3.4). 

In in vitro assay, NS5 exists free in solution without the presence of other viral or host 

components and could be dynamic in binding to RNA and NTP substrates for carrying out its 

enzymatic activities. Assembly of the replication machinery in cells encompasses numerous 

protein-protein interactions resulting in embedment of NS5 within the complex and probably 

an alteration in the dynamic properties of NS5. In this ensemble, discrete stable orientations of 

NS5 may form through intra- and inter-molecular interactions during different steps of viral 

replication. It is possible that introducing mutation at the interface of NS5 could still allow the 

dynamic protein to assume functional conformation(s) for catalysis in in vitro assay. However, 

since the protein may behave differently between in vitro and in cells due to additional 

components involved within the replication complex, the mutation may induce conformational 

changes and alter the flexibility of NS5 that affect the formation of competent viral replication 

complex with viral and host cofactors, thereby leading to the lethal phenotype observed. 

Otherwise, the mutant could impact the ability of NS5 to bind to host proteins for other non-

enzymatic functions such as nuclear-cytoplasmic trafficking. The importance of NS5-related 

molecular interactions for viral pathogenesis during infection was demonstrated previously 

whereby the failure to assemble replication complex through a loss of NS1 protein expression, 

absence of geranylgeranylated host protein or reducing expression of a cellular vesicle 

membrane transport protein, hVAP-33, affected viral replication (368-370). Furthermore, 

disruption of the interaction between NS5 and exportin CRM1 or inhibiting importin α/β-

mediated nuclear import through Ivermectin impacted chemokine interleukin-8 and virus 

productions (371, 372). Another possible reason that could explain the discrepancy is that the 

increased polymerase activities of the interface mutants (e.g. R353A) may promote the 

production of incomplete genomes, truncated viral RNA fragments or catastrophic mutations 
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that abolish reinfection. Taken together, our study highlighted the significance of the flexible 

linker in modulating cross-talk between MTase and RdRp domains to synergize their respective 

functions in RNA capping and synthesis as well as in orientating the relative domains for 

protein-protein interactions at different phases of viral replication. Compounds that target the 

linker or inter-domain interactions of NS5 are promising as potential inhibitors for antiviral 

intervention.  

Over the years, there have been extensive efforts made to identify or design inhibitors targeting 

both the capping and polymerase activities of NS5 through the use of a variety of techniques 

including enzyme inhibition assay, cell-based assay, virtual screening and structure-based 

design (240, 242, 243, 278-280, 295, 306-308, 373, 374). The MTase domain catalyzes 

methylation of the RNA cap for virus replication and represents an important drug target. 

Various compounds binding to either the GTP-binding or SAM-binding pocket of MTase 

exhibited good IC50 values in the micromolar or nanomolar range to inhibit N7 and 2’-O 

activities, but failed to achieve antiviral activity in cell culture (240, 275, 276). Those that 

impacted virus growth demonstrated micromolar EC50 values, however they displayed 

cytotoxicity (375, 376). Thus, to design specific and potent inhibitor targeting the catalytic site 

of NS5, it would be useful to have a crystal structure of NS5 bound to viral RNA to understand 

specific RNA recognition. Following the structure determination of DENV-3 FL NS5, the 

crystal structure of a ternary complex between DENV-3 NS5 protein, an authentic cap-0-viral 

RNA substrate, and SAH was determined (331). This structure represents a catalytically-

competent complex for methylation in which it captures for the first time the viral enzyme in 

the act of transferring a methyl group to the 2’-O ribose of the first nucleotide (adenosine) of 

the viral genome. The RNA ligand binds to an extended basic cleft and establishes numerous 

interactions with residues projecting from the MTase surface that account for the sequence 

specificity observed for NS5 on its substrate (Figure 4.1). The m7G moiety stacks with the 
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phenyl ring of residue F25 and the triphosphate linkage is coordinated by a bound magnesium 

in addition to side chain contacts. Interestingly, m7G docks into the same pocket as GMP prior 

to guanylyl transfer to ppRNA (143, 235) and the adenosine binds adjacent to the SAH product 

in a position that is consistent with its methylation. Specific recognition of the 5’ end of the 

genome is attributed to the tight shape complementarity with adenine only as well as specific 

hydrogen bonding between the second nucleotide (guanosine), MTase residue E111 and Mg2+ 

ion. Most of these contacts were explored by modeling and mutational analysis (Figure 4.3 and 

4.4, Table 4.2 and 4.3) which strongly supported the structural observations. The specific viral 

RNA-NS5 interaction is in line with an earlier study which demonstrated strict conservation of 

pppA1G2 dinucleotide at the 5’ end of the  flaviviral genome (249). Moreover, substrate 

specificity differentiates flaviviral NS5 from related SAM-dependent RNA methyltransferases 

such as the vaccinia virus VP39 and the human mRNA cap-specific 2’-O-ribose MTase CMTr1 

that displays close structural homology with DENV-3 NS5, in which both methylate RNA 

substrate in a sequence-independent manner (331, 377). Based on the functional relevance of 

the ternary structure, novel strategies for antiviral development targeting the unique SAM-

RNA binding pocket could be proposed. It is possible to extend SAM or GTP analog towards 

the RNA binding pocket or to design inhibitor that disrupts viral RNA-MTase interactions in 

order to minimize off-target inhibition of host MTases. One successful example was the 

compound NSC306711 identified through virtual screening which showed high antiviral 

activity for flaviviral MTases with low cell-based cytotoxicity (281). The additional 

interactions of this larger compound with residues outside of the SAM-binding site could be a 

factor conferring for its high potency.  

Besides the N-terminal MTase, the C-terminal of NS5 protein which harbors the RdRp domain 

for RNA polymerization is also a prime target to treat viral infection. This strategy was 

successful against hepatitis C virus (HCV) by targeting the homologous NS5B protein using 
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the effective uridine analog, sofosbuvir, which presented excellent safety, tolerability and 

pharmacokinetic profiles (378). A repurposing approach to develop potent anti-DENV 

therapeutics from HCV inhibitors with improved specificity and pharmacokinetic properties 

was futile due to toxicity and efficacy issues (352). The discovery of effective nucleotide-based 

drugs against DENV was hindered by the lack of molecular details regarding substrate 

recognition during replication. Hence, elucidating crystal structures of catalytically relevant 

initiation and elongation complexes would be useful in understanding the molecular 

mechanism of DENV RNA replication. In our study, we were successful in assembling 

functional elongation complexes using DENV NS5 and distinct RNA templates selected based 

on good binding affinity and elongation activity from FP-based assays (Table 6.2). However, 

crystallization attempts did not yield any binary or ternary complex. The main reason for the 

lack of success could be due to the absence to form and isolate sufficient productive complex 

amenable to crystallization, as evidenced by the occurrence of precipitation during assembly 

and elongation of the polymerase-RNA complexes. Several suggestions such as covalent 

trapping strategy and optimizing primer/template length combination were described in section 

3.4.5 and could be considered in the future to improve the amount of active enzyme for ternary 

complex formation.  

Since a crystal structure of DENV polymerase in complex with viral RNA has not been 

resolved to provide new insights for structure-based design of effective nucleoside inhibitors 

(NI), drug discovery efforts looking at another class of non-nucleoside inhibitors (NNI) 

targeting allosteric pockets instead of the active site of NS5 have been actively pursued in the 

past (306, 342). Based on computational analyses or UV cross-linking experiment, these 

inhibitors were proposed to either block the RNA template tunnel or bind at the junction of the 

finger and thumb subdomains of RdRp, but they were not further developed because of poor 

potency or cytotoxicity. Recently, the use of X-ray crystallography had identified two series of 
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compounds that bound at novel pockets of DENV RdRp. One class of the inhibitors bound at 

the thumb/palm interface near the enzyme active site (termed “N pocket”), whilst another 

interacted with the finger-thumb interconnecting loops, resulting in an ordered F1 motif. 

Mutagenesis studies of both allosteric pockets as well as inhibition characterization showed 

that the compounds potently inhibited polymerase activity by targeting the initiation step of 

RNA synthesis (Table 5.2 and 5.5, and (346)). During initiation, the active site of RdRp is 

encircled by contacts between the thumb and motifs of the RdRp fingers. The two motifs, F 

and G, are not visible in both DENV-3 RdRp and FL NS5 crystal structures (86, 318) and could 

participate in the initiation process through binding to SLA for promoter-dependent RNA 

replication (103) and regulating access of ssRNA substrate to the RNA tunnel (86), respectively. 

Upon elongation, NS5 protein undergoes conformation change through concerted movements 

of the priming loop and outward rotation of the fingers subdomains in order to provide more 

space in the RNA tunnel to accommodate additional phosphoryl transfer and translocation of 

nascent dsRNA, as seen in the crystal structures of stalled HCV NS5B ternary primed initiation 

and elongation complexes (311). Remarkedly, the N-pocket compounds interact with residues 

S710, R729 and R737 that were shown to be important for coordinating the triphosphate moiety 

of chain terminator 3’dGTP in the first crystal structure of DENV-3 RdRp-nucleoside analog 

complex (86), as well as residue H798 that is vital for ATP-specific priming (249). Given that 

the N-pocket inhibitors interact with many critical residues in the RdRp, it could be probable 

that compound binding may influence binding of incoming nucleotide at the active site or lock 

the protein in a closed conformation by preventing the retraction of priming loop from the 

active site for transition from initiation state to dsRNA elongation state. The mechanism of 

action for F1 motif inhibitors could be similar to N-pocket inhibitors in which the compounds 

interfere with conformation change, in this case the proper orientation of F1 motif necessary 

for SLA promoter-dependent de novo RNA synthesis. Although motif F is missing in the 
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DENV structures, crystal structures of JEV FL NS5 and RdRp in complex with GTP/ATP 

revealed an ordered motif F that adopt different conformations (101, 102). Motif F forms a 

beta-stranded substructure equivalent to that seen in the structures of HCV, bovine viral 

diarrhea virus (BVDV) and HIV-1 reverse transcriptase (RT). In the JEV FL NS5, the 

hydrophobic contact between residue F467 at the tip of motif F and residue P113 of MTase at 

the inter-domain interface stabilizes motif F in the observed conformation. Since DENV-3 NS5 

structure showed that the MTase domain could assume various relative orientations with 

respect to the RdRp domain, it could be possible that motif F exhibits conformational flexibility 

and could be transiently stabilized in the observed JEV structure without NTP substrate binding. 

This postulation is corroborated by the absence of an ordered motif F in the DENV-3 NS5 

structure. However, in the RdRpGTP and RdRpATP structures, the beta-hairpin loop of motif F 

orientates in another way in which it points downwards and obstructs the NTP entry channel. 

In this orientation, it interacts with the triphosphate moiety of GTP via residues R460, K463, 

K471 and R474, implying its role in modulating NTP binding. Additional contacts between 

GTP and residues S799, W800 and S801 of the priming loop were also formed, suggesting 

stabilization of the nucleotide for initiation. Binding studies carried out by the group 

demonstrated that in the presence of Mn2+ ions necessary for initiation, RNA was able to bind 

to RdRpGTP complex. Based on their experimental and structural findings, it is possible to 

propose sequential steps to form an initiation complex starting with binding of incoming GTP 

to the polymerase, followed by entry of the template RNA in the presence of Mn2+ ions. Once 

RNA lies in the active site, the GTP nucleotide could undergo repositioning to base pair with 

the second nucleotide and dissociate itself from motif F. Motif F could then move to open the 

NTP entry channel and enable ATP to diffuse into the active site for assembly of a catalytically-

competent initiation complex. The proposed mechanism would prevent unnecessary non-

templated dinucleotide production, but this concept does not agree with the findings from 
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another group whereby they showed that DENV polymerase could synthesize cognate pppAG 

primer on erroneous templates or in the absence of any template when Mn2+ ion was used in 

order to ensure conservation of the correct ends of the genome (249). Thus, this inconsistency 

highlights the need to solve the structures of viral RdRp initiation complex and their catalytic 

cycle intermediates in order to inform structural changes that occur during de novo primer 

formation. In all, the functional significance of both F1 motif and N-pocket of DENV RdRp in 

regulating the de novo initiation process was confirmed and they provided basis to target these 

allosteric sites for structure-based drug design. Furthermore, the conserved N-pocket of DENV 

RdRp that is essentially shared by the ZIKV RdRp (379) suggests that these DENV-specific 

inhibitors could also impact the enzymatic activity of ZIKV NS5 and potentially be exploited 

to treat ZIKV infection.  

Altogether, our functional and structural studies of DENV NS5 validated several conserved 

sites, namely the inter-domain interface, N-pocket and F1 motif, that could be targeted for 

potent drug design. Compounds could bind specifically to these allosteric regions and interfere 

with necessary conformation changes required for its enzymatic activities or for its interaction 

with RNA and other proteins. However, one disadvantage associated with these allosteric 

inhibitors could be the occurrence of resistant viruses, as was observed for N-pocket 

compounds (section 3.3.2.4). Thus, the catalytic sites of MTase and RdRp could be aimed since 

residues at the active site are evolutionarily conserved and could possibly impart a higher 

barrier for resistance emergence. The relevance of SAM-RNA interactions in the first ternary 

catalytic MTase complex of DENV proposes new strategies to target this site for structure-

based antiviral development. However, as host cell also contains similar SAM-binding pocket 

which could result in off-target inhibition, it would be safer to design specific nucleoside 

inhibitors targeting the RdRp which does not have any equivalent in the human host cell. Drug 

discovery of effective nucleoside inhibitors would be accelerated by the presence of a 
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catalytically relevant complex which uncovers structural and functional information about the 

RdRp catalytic cycle.  
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4 CONCLUSION 

The elucidation of the first crystal structure of the full-length NS5 from DENV-3 provides new 

insights into understanding the versatile and multi-functional roles played by NS5 in viral cap 

formation and genome replication, and opens up new possibilities for drug discovery and 

design for antiviral therapeutic intervention. In Section 3.1, the functional significance of the 

intra-molecular interactions and the flexible linker between MTase and RdRp revealed by the 

DENV-3 NS5 FL crystal structure in virus replication, growth and infectivity was demonstrated. 

The presence of MTase-RdRp interface likely promotes the physical closeness between the two 

domains to facilitate inter-regulations and cooperativity of the essential enzymatic activities of 

NS5. The dynamic linker is proposed to play a part in the formation of the conserved interface 

and could undergo structure transition to re-orientate the two domains such that distinct 

conformations of NS5 can be achieved for its catalytic functions and establishment of contacts 

with its interaction partners in a serotype/virus-specific manner.  

The N-terminal MTase domain of NS5 is responsible for capping the viral genome which 

prevents RNA degradation and allows virus to evade the host immune response. A recent 

ternary crystal structure of DENV NS5 with an authentic cap-0-viral RNA and SAH captures 

the complex during the 2’-O methylation step and reveals numerous interactions established 

between the RNA substrate and amino acids from the MTase. In Section 3.2, we highlighted 

the importance of the residues lining the RNA binding groove for specific viral RNA 

recognition and 2’-O methylation by DENV NS5 MTase, and also the requirement for strict 

conservation of nucleotides at the ends of the flaviviral genomes.  

The C-terminal RdRp domain has an important role in replicating viral RNA during infection 

and is often targeted for the development of anti-flaviviral inhibitors. In-house screening 

campaigns together with X-ray crystallography efforts discovered two allosteric binding sites 

in the DENV RdRp which were functionally validated in Section 3.3. Both allosteric pockets 
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in the F1 motif and N-pocket of RdRp were shown to regulate de novo initiation process during 

RNA synthesis. Binding of inhibitor at these sites probably impedes necessary conformational 

changes of RdRp for catalysis of de novo initiation process or for the transition from initiation 

to elongation phase. Our study provided critical evidence for targeting these two pockets of 

DENV RdRp for potent non-nucleoside inhibitor design. Moreover, the active site of RdRp 

could also be aimed for the design of specific and effective nucleoside inhibitors and this work 

would be facilitated by the presence of a catalytically relevant complex which uncovers 

structural details about the RdRp catalytic cycle.  

Section 3.4 described our work to obtain a co-crystal structure of NS5 RdRp bound to RNA. 

We were successful in the formation of active elongation complexes of DENV NS5 using 

various RNA constructs, but still need to improve on the solubility and stability of the 

complexes in order to attain a crystal structure of the ternary catalytic polymerase complex. 

Nevertheless, the development of a novel FP-based assay may serve as an alternative technique 

to the FAPA assay for high-throughput screening of nucleotide analogs and allosteric inhibitors, 

with the use of lower amount of RNA substrate and enzyme, and at shorter incubation time.  

In conclusion, the dengue NS5 FL structure now provides a platform for the design of inhibitors 

that specifically target and disrupt the inter-domain interactions, linker and allosteric/catalytic 

site important for virus replication, growth and infectivity.  
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5 FUTURE WORK 

NS5 has been known to interact with NS3 protease/helicase in the membrane-bound viral 

replication complex (320, 325, 380), as well as the promoter-like element stem loop A (SLA) 

in the 5’-UTR of the viral genome for precise initiation of viral minus-strand RNA synthesis 

(339). The relationship between RNA synthesis and capping along with whether NS3 exerts its 

function as a helicase before or during RNA synthesis, and as RTPase during or after positive-

strand progeny RNA synthesis are currently uncertain. It is likely that NS3 might adopt 

different orientations for its multi-functional activities and inter-protein interfaces of NS5-NS3 

complex must be established in order for the enzymatic events to take place. Following the 

resolution of the JEV and DENV-3 NS5 FL structures, future research could be directed to 

understand how FL NS5 interacts with other viral and possibly host proteins to synthesize and 

cap RNA genome in a synchronized manner.  

Moreover, NS5 interacts with host proteins involved in intracellular trafficking such as 

importin-β and CRM1-mediated exportin via its nuclear localization signals (NLSs) and 

nuclear export signal (NES) respectively (321, 371), and host immune response such as those 

involved in IFN-α/β signalling and JAK-STAT signalling pathways (225, 226, 381). Nuclear-

localized NS5 might be important for virus replication and has the potential to alter host 

processes for its fitness and virulence. In addition, perturbation of the host immune response 

by NS5 suggests that it might play a role in viral pathogenesis. Since NS5 showed great 

importance in viral replication and host immune response modulation, further exploration of 

NS5-host cell molecular interactions could be undertaken to expand our understanding of the 

role played by NS5 in the flaviviral life cycle. The recent elucidation of JEV and DENV-3 NS5 

FL structures would greatly accelerate this process, providing novel possibilities for anti-

flaviviral drug discovery and development.  
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In addition, future work to unravel the molecular interactions within the replication machinery 

using biophysical techniques could be carried out to expand our understanding on the dynamics 

of NS5 enzyme and its association with virus pathogenesis.  
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Equation Y = -3.841*X + 11.65
 

Appendix 1. Standard curve generated using DENV-4 replicon WT IVT RNA to quantify viral 

genome copy number for DENV-4 infectious clone.  

-4 -2 0 2 4

0

5

1 0

1 5

2 0

2 5

D E N V -2  N G C  W T  F L  IV T  R N A

L o g (n g )

T
h

r
e

s
h

o
ld

 c
y

c
le

 (
C

t)

Equation Y = -3.341*X + 14.1
 

Appendix 2. Standard curve generated using DENV-2 NGC WT FL IVT RNA to quantify viral 

genome copy number for DENV-2 infectious clone.  
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Appendix 3. Standard curve generated using FAM-primer to calculate the amount of incorporation 

based on band intensity.  
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