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the chimeric virus. Chimeric viruses were passaged seven times before an increase in titer was 

observed. The RT PCR followed by sequencing of the cDNA confirmed the amino acid change. 

Experiments were performed in duplicate. The orange and blue arrow show the respective viral 

protease and host signalase cleavage site. B) Chromatogram showing the nucleotide change 

corresponding to I21L reversion. ................................................................................................ 105 

Fig. 3.10 Characterization of I21L chimeric revertant. A) Renilla luciferase assay depicting the 

amount of RNA synthesis in the wild type replicon, chimeric replicon and I21L chimeric replicon. 

ΔDD was used as a translational control of the luciferase activity. B) Viral titer calculated by 

plaque assay. The supernatant collected at 48 HPE were used to infect fresh BHK cells and 

subjected to plaque assay as described in previous sections. Right bottom panel shows the tiny 

plaque morphology of the revertant chimeric virus. ................................................................... 106 
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Fig. 3.10 Characterization of I21L chimeric revertant. A) Renilla luciferase assay depicting the 

amount of RNA synthesis in the wild type replicon, chimeric replicon and I21L chimeric replicon. 

ΔDD was used as a translational control of the luciferase activity. B) Viral titer calculated by 

plaque assay. The supernatant collected at 48 HPE were used to infect fresh BHK cells and 

subjected to plaque assay as described in previous sections. Right bottom panel shows the tiny 

plaque morphology of the revertant chimeric virus. ................................................................... 106 

Fig. 3.11 Characterization of T21L mutant and I21L chimeric revertant. A) Viral titer of T21L 

mutant as determined by plaque assay. The right panel shows the plaque morphology of the mutant. 

B) Western blot analysis of samples lysates collected 48 HPE from the BHK cells transfected with 

the respective mutants. The samples were run on a 13% SDS-PAGE gel and transferred to 

nitrocellulose membrane and probed with anti NS4B Ab C) A comparison of viral titer (Right Y-

axis) vs RNA molecules (left Y-axis) among the wild type, Den 2K (2→3) chimera, I21L revertant 

and T21L mutant. Supernatants from the BHK cells transfected with respective construct were 

collected at 48 HPE. The supernatant was used to calculate the viral titer by plaque assay. The 

same supernatant was used to quantitate the number of RNA molecules using qRT PCR. ....... 107 

Fig. 1.1 Proposed role of 2K-NS4B cleavage in viral life cycle. A) The NS4A-2K-NS4B junction 

is cleaved by viral NS2B/3 protease and host cell signalase in a sequential manner, however, the 

cleavage at 2K-NS4B is not complete resulting in two populations of NS4B; 2K-NS4B and NS4B. 

In a normal viral infection, this will result in normal replication and packaging of the genome B) 

However, if the population of NS4B is skewed to 2K-NS4B, this will not have a significant effect 

in replication but results in packaging delay, and none to very less particle being produced. Our 

data suggest that in the absence of NS4B (-2K), packaging is severely affected and can be rescued 

by supplying NS4B in trans. Further, the ER loop of NS4B was required to rescue the packaging 

defect seen in the 2K-NS4B producing virus. We speculate the ER loop of NS4B interacts with 

some NS1 or other proteins and help bring the capsid and RNA together to initiate the packaging. 

C) The outcomes of the viral lifecycle where 2K-NS4B is exclusively present also depends on the 

amino acids at the signalase cleavage site. In the presence of permissive amino acids, though, 

uncleavable by host signalase, RNA synthesis increases, however, we predict in the absence of ER 

loop interacting with the putative partner results in deficient packaging. .................................. 114 

Fig. 4.1 Construction of interserotypic NS4A chimera A) Topology of NS4A. The established 

topology of NS4A based on Miller et al showing the pTMDs. B) Sequence alignment of DENV-2 

and DENV-3 NS4A with pTMD1, pTMD2 and pTMD3 labeled. C) Schematic of the interserotypic 

NS4A TMDs chimeric construct. ............................................................................................... 122 

Fig. 4.2 Characterization of interserotypic NS4A TMD chimera. A) Renilla luciferase assay for an 

indirect measurement of RNA synthesis. The chimeric constructs were transfected in BHK cells 

and cell lysates were collected at 24, 48 and 72 HPE and subjected to Renilla luciferase assay. B) 

Viral titer determination using plaque assay. Supernatants from BHK cells transfected with full-

length chimeric constructs were collected at 48 HPE and processed for plaque assay, plaque being 

counted on 6th day. ...................................................................................................................... 123 

Fig. 4.3 Western blot analysis of interserotypic NS4A TMD chimera. BHK cell lysates transfected 

with chimeric constructs were collected at 48 HPE and ran on a 4-16% SDS gel. Proteins were 

transferred to nitrocellulose membrane and blotted with anti NS4A and NS4B abs (A) and with 

anti NS3 and NS5 Abs (B). ......................................................................................................... 124 



 

 

17 

Fig. 1.4 Helical wheel analysis of amino acid residues of TMDs of NS4A of DENV-2 and DENV-

3. The top panel shows the hydrophobic faces formed by the TMDs of DENV-2 NS4A. Upon 

substitution of TMDs from DENV-2 to DENV-3 which accounted for nine, twelve and eight amino 

acid residues, respectively, the changes in the hydrophobic faces of the TMDs of the chimeric 

viruses are depicted in the bottom panel. ……………………………………………………… 124 

Fig. 4.5 Schematic of reciprocal mutation in NS4A TMDs. Reciprocal mutations introduced in A) 

TMD1 B) TMD2 and C) TMD3 chimeric viruses highlighted in blue....................................... 125 

Fig. 4.6 Effect of reciprocal mutation in TMD1 chimera of NS4A. A) Renilla luciferase assay for 

the reciprocal mutant of NS4A TMD1 chimera. Renilla luciferase assay depicting the amount of 

RNA synthesis in the wild type replicon, chimeric replicon and reciprocal mutant replicons. ΔDD 

was used as a translational control of the luciferase activity. B) viral titer calculated by plaque 

assay. The supernatant collected at 48 HPE were used to infect fresh BHK cells and plaqued as 

described in previous sections. ................................................................................................... 126 

Fig. 4.7 Effect of reciprocal mutation in TMD2 chimera of NS4A. A) Renilla luciferase assay for 

the reciprocal mutant of NS4A TMD1 chimera. Renilla luciferase assay depicting the amount of 

RNA synthesis in the wild type replicon, chimeric replicon and reciprocal mutant replicons. ΔDD 

was used as a translational control of the luciferase activity. B) viral titer calculated by plaque 

assay. The supernatant collected at 48 HPE were used to infect fresh BHK cells and plaqued as 

described in previous sections. ................................................................................................... 127 

Fig. 4.8 Effect of reciprocal mutation in TMD3 chimera of NS4A. A) Renilla luciferase assay for 

the reciprocal mutant of NS4A TMD1 chimera. Renilla luciferase assay depicting the amount of 

RNA synthesis in the wild type replicon, chimeric replicon and reciprocal mutant replicons. ΔDD 

was used as a translational control of the luciferase activity. B) viral titer calculated by plaque 

assay. The supernatant collected at 48 HPE were used to infect fresh BHK cells and plaqued as 

described in previous sections. ................................................................................................... 128 

Fig. 4.9 Construction of interserotypic NS4B TMD chimera. A) Topology of NS4B based on 

Miller et al. NS4B consists of five predicted TMDs and loops connecting these TMDs. The TMD5 

in many cases slips to ER lumen after NS2B/3 cleavage. B) Sequence alignment of DENV-2 and 

DENV-3 NS4B with the corresponding TMDs indicated. C) Schematic of interserotypic NS4B 

TMD chimeric constructs. .......................................................................................................... 130 

Fig. 4.10 Characterization of interserotypic NS4B TMD chimera. A) Renilla luciferase assay for 

an indirect measurement of RNA synthesis. The chimeric constructs were transfected in BHK cells 

and cell lysates were collected at 24, 48 and 72 HPE and subjected to Renilla luciferase assay. B) 

Viral titer determination using plaque assay. Supernatants from BHK cells transfected with full-

length chimeric constructs were collected at 48 HPE and processed for plaque assay, plaque being 

counted on 6th day. C) Western blot analysis of interserotypic NS4B TMD chimera. BHK cell 

lysates transfected with chimeric constructs were collected at 48 HPE and ran on a 12% SDS gel. 

Proteins were transferred to nitrocellulose membrane and blotted with anti NS4B ab. β-actin was 

used as loading control................................................................................................................ 131 

Fig. 1.11 Helical wheel analysis of amino acid residues of TMDs of NS4B of DENV-2 and DENV-

3. The top panel shows the hydrophobic faces formed by the TMDs of DENV-2 NS4B. Upon 

substitution of TMDs from DENV-2 to DENV-3 which accounted for four, five, four, and six 
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amino acid residues, respectively, the changes in the hydrophobic faces of the TMDs of the 

chimeric viruses are depicted in the bottom panel. 

Fig. 4.12 Schematic of reciprocal mutation of select NS4B TMD chimeric construct. TMD2 

chimera (top panel) and TMD5 chimera (bottom panel). ........................................................... 133 

Fig. 4.13 Effect of reciprocal mutation in TMD5 chimera. A) Renilla luciferase assay of reciprocal 

mutants. The reciprocal chimeric constructs were transfected in BHK cells and cell lysates were 

collected at 24, 48 and 72 HPE and subjected to Renilla luciferase assay. B) Viral titer 

determination using plaque assay. Supernatants from BHK cells transfected with full-length 

chimeric constructs were collected at 48 HPE and processed for plaque assay. ........................ 134 

Fig. 4.14 Western blot analysis of the TMD5 chimeric viruses. BHK cells at 48 HPE were lysed 

and ran on a 12% SDS-PAGE gel. They were transferred to nitrocellulose membrane and blotted 

with anti NS5 Ab. WT and TMD5 chimera were respectively used as a control for the chimeric 

and reciprocal chimeric virus. ..................................................................................................... 135 

Fig. 4.15 Reversion in the TMD5 chimeric virus. A) M240T reversion in the TMD5 of the chimeric 

virus. Chimeric viruses were passaged seven times before an increase in plaque size was observed. 

The RT PCR followed by sequencing of the cDNA confirmed the amino acid change. Experiments 

were performed in duplicate. B) Chromatogram showing the nucleotide change corresponding to 

M240T reversion. ........................................................................................................................ 136 

Fig. 4.16 Characterization of M240T chimeric revertant. A) Renilla luciferase assay depicting the 

amount of RNA synthesis in the wild type replicon, chimeric replicon and M240T chimeric 

replicon. ΔDD was used as a translational control of the luciferase activity. B) Viral titer calculated 

by plaque assay. The supernatant collected at 48 HPE were used to infect fresh BHK cells and 

perform plaque assay as described in previous sections. C) Western blot analysis of M240T 

revertant. The lysates from BHK cells transfected with the chimeric revertant constructs were 

collected at 48 HPE, ran on a 12% gel, transferred to nitrocellulose membrane and probed with 

anti NS5 Ab................................................................................................................................. 137 

Fig. 4.17 Helical wheel analysis of amino acid residues of TMD5, TMD5 NS4B (2→3) chimera, 

and TMD5 NS4B (2→3) chimeric revertant. A) In the wild type TMD5, there is absence of 

hydrophobic face, however, upon introduction of SVG in place of NTT, a ten amino acid residue 

hydrophobic face is formed (B). In the M240T revertant, there is a smaller hydrophobic face 

compared to the chimeric virus. .................................................................................................. 138 

Fig. 4.18 Sequence alignment and topology of the cytosolic and ER loop of NS4B A) The amino 

acid residues of NS4B encompassing 129-165 were subjected to sequence alignment using Clustal 

omega software.  Bottom panel highlights the cytosolic loop (green) that was switched.  (B) The 

amino acid residues of NS4B encompassing 190-217 were subjected to sequence alignment using 

Clustal omega software.  Bottom panel highlights the ER loop (Violet) that was switched. ..... 139 

Fig. 4.19 Characterization of interserotypic cytosolic and ER luminal loop chimera A) Renilla 

luciferase assay of interserotypic loop chimera. The interserotypic chimeric constructs were 

transfected in BHK cells and cell lysates were collected at 24, 48 and 72 HPE and subjected to 

Renilla luciferase assay. B) Viral titer determination using plaque assay. Supernatants from BHK 

cells transfected with full-length interserotypic chimeric constructs were collected at 48 HPE and 

processed for plaque assay. ......................................................................................................... 141 
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Fig. 4.20 Western blot analysis of interserotypic cytosolic and luminal loop chimera. BHK cell 

lysates from cells transfected with the interserotypic chimeric constructs were run on a 13% SDS 

gel, blotted onto nitrocellulose membrane and probed with anti NS4B antibody. β-actin was used 

as loading control. ....................................................................................................................... 142 

Fig. 4.21 Summary of effects of interserotypic NS4A and NS4B TMD chimeras on DENV-2 

replication and virion release. A) Effect of interserotypic NS4A TMD switch between DENV-2 

and DENV-3. The TMD1(2→3) and TMD3(2→3) chimera tolerated the bulk amino acid changes, 

although they were severely affected in replication and infectious virion release (green dotted line). 

Reciprocal mutation in these chimeras could not rescue the defects except for S107A mutant of 

NS4A TMD3(2→3) chimera (green solid line). The TMD2 switch, however, was lethal, the defect 

of which could not be rescued upon reciprocal mutation of select residues of TMD2 in TMD2(2→3) 

background (red solid line). B) Effect of interserotypic NS4B TMD switch between DENV-2 and 

DENV-3. The interserotypic switch of TMD1 and TMD3 did not have any significant effect on 

the release of infectious particle. However, the NS4B TMD3(2→3) chimera, even though affected 

in replication, was not significantly affected in infectious particle release (blue dotted and solid 

line). The TMD2 switch in NS4B resulted in lethal phenotypes. Even the reciprocal mutations of 

the select residues could not rescue the defect (Red lines). On the other hand, the TMD4(2→3) 

and TMD5(2→3) chimeras were severely affected in replication and infectious virion release 
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was lethal (red solid line) for the chimera, whereas V243T rescued the defects of this chimera 

(green solid line). Also, M240T revertant of the TMD5(2→3) chimera rescued replication and 

virion production in the chimera. ……………………………………………………………….150  

 

Fig. 5.1 Construction of ZIKV replicon. Genome organization of ZIKV and ZIKV replicon. The 

structural genes are depicted in open boxes and nonstructural genes in light blue boxes. The 

zoomed in portion shows the presence of cyclization sequence in capsid (⌘) and signal sequence 

( ) for NS1 in E protein. A Dengue replicon was used to amplify the Renilla luciferase-FMDV2A 

gene. The resulting RLuc-FMDV2A was cloned in frame between C21 and E482 in place of the 

deleted C22-E481 region by overlap extension PCR. The bottom panel shows a replication defective 

ZIKV-Rluc ΔGDD construct in which the amino acids at position 664-666 in active site of RDRP 

have been deleted. ....................................................................................................................... 157 

Fig. 5.2 Characterization of Zika replicon. A) Transient luciferase assay over a 60 hours’ time 

period.  Equal amounts of wild type ZIKVRLuc and ZIKVRLuc ΔGDD were electroporated in 

BHK-15 cells. Lysates from the transfected cells were collected, clarified by centrifuge and Renilla 

luciferase activity measured at indicated time points. The means and standard error of means (SEM) 

are shown. B) Comparison of replication kinetics of different flaviviral replicons. Renilla 

luciferase activity of DENV, WNV, YFV and ZIKV replicons were measured every 6 hours post 

electroporation up to 60 hours. Luciferase activity is expressed in relative light units (RLU) and 

each time point represents triplicate samples with mean and SEM shown. ............................... 158 

Fig. 5.3 Structure of SAM and the compounds used in this study.............................................. 159 

Fig. 5.4 Crystal structure of ZIKV MTase (PDB ID: 5M5B). A) Ribbon diagram of ZIKV MTase 
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view of the SAM-binding pocket with amino acid side chains (red) that stabilize the SAM molecule 

colored in green. ……………………………………………………………………………….. 160 

Fig. 5.5 Sequence alignment and structural comparison of MTase domains of ZIKV (PDB ID: 

5M5B), DENV-2 (PDB ID: 3EVG) and YFV 17D (PDB ID: 3EVA). A) Amino acid sequence 

alignment of NS5 MTase domains using Chimera software. The amino acid residues different in 

YFV compared to ZIKV and DENV-2 involved in SAM-binding are highlighted in red. B) 

Superposition of chain A of ZIKV MTase (blue), DENV-2 MTase (pink) and YFV MTase (golden) 

bound to SAM (green). Amino acid residues, Leu111, Ile137 and His138 unique to YFV MTase 

SAM-binding pocket are highlighted in red. …………………………………………………...161 

Fig 5.6 Proposed docking of the small molecule inhibitors against MTases of ZIKV (PDB code 

5M5B), DENV-2 (PDB code 3EVG) and YFV 17D (PDB code 3EVA). A) Docking of small 

molecule inhibitors against MTase of ZIKV within the SAM-binding pocket. An adjacent pocket 
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DENV-2 and YFV, respectively. ………………………………………………………..……...163 
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compounds GRL-002-, GRL-004- and GRL-016-16-MT using ZIKV plaque reduction assay. Vero 
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and the transfected cells were immediately treated with different dilutions of compounds or 0.5% 
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Fig. 5.8 Antiviral activity of N-7-MTase inhibitors against DENV. Antiviral activity of all the 

eight compounds were tested against DENV using a DENV replicon system. BHK cells were 
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Fig. 5.9 Antiviral activity of N-7-MTase inhibitors against YFV. Antiviral activity of all the eight 
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ABSTRACT 

A successful flaviviral life cycle involves several coordinated events between viral proteins 

and host factors. The polyprotein processing at the surface of the ER membrane results in the 

formation of several replication proteins that bring about changes in the ER membrane making it 

permissive for viral genome amplification. Non-structural proteins 4A (NS4A) and non-structural 

protein 4B (NS4B) are two of the most important integral membrane proteins of DENV that are 

essential part of the viral replicase complex.  The cleavage at NS4A-2K-NS4B is temporally and 

spatially regulated. The cleavage at the N-terminal of 2K is carried out by viral NS2B/3 protease 

while host signalase cleaves on the C-terminal side at the ER lumen to give rise to a mature NS4B 

protein. This thesis primarily focuses on demonstrating the function of 2K as an independent 

peptide rather than simply a signal sequence, and the role 2K plays, when present as 2K-NS4B vs 

NS4B. Moreover, this thesis has attempted to explore the function of transmembrane domains 

(TMDs) in replication separating them from their membrane anchor function. This thesis will also 

describe the development of a ZIKV replicon and its use in screening small molecule inhibitors in 

the last chapter.         

In Chapter 2 of the thesis, we established 2K as an independent, information carrying peptide 

rather than just a signal peptide. A strategy involving chimeric virus generation and mutational 

analysis supported the notion that 2K is rather unique and important for viral replication and 

infectious particle production. Using an interserotypic 2K chimeric virus, it was established that 

the 2Ks of DENV are serotype specific, however, they are interchangeable with a huge fitness cost 

in infectious particle production. We further showed that individual amino acid residues towards 

then end of h-region and C-terminus of the 2K peptide affect viral replication and infectious 

particle production. Moreover, it was shown that the 2K peptide consists of a highly conserved 

‘DNQL’ region at its N-terminal that plays an important role in viral replication. 

Chapter 3 details the mechanistic aspect of the effects observed in interserotypic 2K chimeric 

viruses. The interserotypic chimeric viruses were comparable to wild type in replication, however, 

they were deficient in infectious particle production early in the life cycle.  The major change to 

be noted in the chimeric viruses was the absence of signalase cleavage at the 2K-NS4B junction. 
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We demonstrated that in a virus infected system, 2K-NS4B and NS4B populations are always 

present which led us to look for any specific functions of the cleaved vs uncleaved 2K-NS4B 

protein. Using a transcomplementation system where NS4B was presented in the absence of 2K, 

we showed that particle production can be rescued in the interserotypic 2K chimeric viruses. It 

was further concluded using NS4B truncations that the property of NS4B to rescue particle 

production was concentrated in the ER luminal loop. Further, alanine scanning mutagenesis of the 

conserved residues of ER loop resulted in pinpointing T198 and its involvement in the early stages 

of viral packaging.  

Chapter 4 examined the role of TMDs of NS4A and NS4B and attempted to define their roles 

separately from their membrane anchoring functions. Several interserotypic TMD chimeric viruses 

were generated to address the function of these domains. We concluded that TMD1 and TMD3 of 

NS4A could be replaced with partial success across the DENV serotypes, whereas, TMD2 was 

serotype specific. The specificity of TMD2 of NS4A is not contributed by a single amino acid and 

should be a function of the secondary structure formed by TMD2 as it sits on the inner leaflet of 

the ER membrane. We demonstrated the variable roles different TMDs of NS4B play in viral 

replication using a similar strategy of reverse genetics of chimeric viruses. TMD1 of NS4B was 

replaceable with no to minimal effect, whereas, the remaining four showed variable effect upon 

substitution. More importantly, we demonstrated how the reorientation of TMD5 of NS4B post 

NS2B/3 cleavage might vary in different serotypes of DENV using revertant virus obtained from 

the TMD5 interserotypic chimera. Analysis of interserotypic cytosolic and ER luminal loop 

chimeras of NS4B pointed to functional conservation of the cytosolic loop between DENV-2 and 

DENV-3, whereas, the remaining cytosolic loops and the ER loops showed variable level of 

defects upon substitution, suggesting their functions in serotype-dependent manner. 

Chapter 5 describes the construction and characterization of a ZIKV replicon system and use 

of it to screen several small molecule inhibitors of the flaviviruses MTase. Several small molecule 

inhibitors of flavivirus N-7-MTase were designed/synthesized in Dr. Arun K Ghosh’s lab which 

would target the extra pocket unique to the flavivirus SAM-binding site. We analyzed the docking 

of a set of these compounds into MTase domain of NS5 of ZIKV, DENV and YFV and screened 

them for their ability to inhibit replication of ZIKV, DENV and YFV. A huge variation in the 

activity profile of these compounds were observed against different flaviviruses even though these 
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compounds were targeted against the highly conserved MTase domain of flavivirus NS5.  GRL-

002- and GRL-004-16-MT specifically inhibited ZIKV replication with low micromolar IC50 value, 

while these compounds showed little to no effect on DENV and YFV. On the other hand, 

compounds GRL-007-, GRL-0012- and GRL-0015-16-MT demonstrated a dual inhibitory effect 

against DENV and YFV albeit the CC50 values of the GRL-012 and GRL-015 were concerning. 

Compounds GRL-007-16-MT showed broad spectrum activity against ZIKV, DENV and YFV 

even though it was slightly cytotoxic to Vero cells. Moreover, GRL-002-16 was inhibitory to YFV 

while ineffective against DENV, whereas, GRL-016-16 had the opposite effect. Our results reveal 

the differential efficacies of the small molecule inhibitors targeting N-7-MTase. The experimental 

data suggests these compounds have different cytotoxicities in different cell lines and the 

compounds act in a virus-specific way. Nonetheless, we were able to shortlist some potent 

compounds for future modifications.  
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 FLAVIVIRIDAE FAMILY AND THE FLAVIVIRUSES 

1.1 Chapter summary 

Flaviviridae comprises a family of several medically important viruses that has been 

consistently reported since 17th century. The story of recent outbreak of yellow fever virus (YFV) 

tells how significant these groups of pathogens are even when there are effective vaccines available 

for some of these viruses. The diseases caused by members of this family ranges from mild flu-

like symptoms to more severe encephalitis, hemorrhagic fever, microcephaly in newborns, 

Gullian-Barre syndrome and death in many cases. Of the most common flaviviruses circulating 

around the world, dengue (DENV) and Zika (ZIKV) viruses are more prominent. DENV has been 

estimated to infect about 390 million people with 96 million apparent infections each year and is 

endemically circulating in the Americas and Southeast Asia. The 2015-2016 ZIKV outbreak added 

more enigmas to the already existing vast array of diseases a flavivirus could cause in addition to 

the added routes of vertical and sexual transmission. With no approved therapeutics and a limited 

scope of vaccines, these viruses are here to stay, underlining the need for detailed study of the viral 

life cycle. The integral membrane proteins non-structural proteins 4A (NS4A) and 4B (NS4B) of 

the flaviviruses are the least studied proteins. A two kilo Dalton signal peptide called 2K connects 

these proteins whose nonconventional functions have been frequently underestimated during the 

viral life cycle. In the wake of emerging and reemerging flaviviral infections, a comprehensive 

understanding of all the viral components and their functions will equip us with novel therapeutic 

agents and ways to tackle the unprecedented threat the flaviviruses possess. 

1.2 Introduction 

The members of the flavivirus genus are simply intriguing. The members of chiefly 

arthropod-borne viruses can cause myriads of human diseases ranging from asymptomatic flu-like 

infection, acute febrile illness to serum sickness, hemorrhagic fever, encephalitis or microcephaly. 

The flavivirus genome has a single open reading frame that encodes ten proteins that orchestrate 

the hijacking of the host machinery and interference of the immune system resulting in successful 

replication and assembly of progeny virions. An infection is established after a bite from infected 

mosquitoes or ticks. Resident dendritic cells (DCs), keratinocytes, fibroblasts and monocytes are 
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infected by the virus, which are then carried to draining lymph nodes where they multiply and get 

disseminated (1). The ensuing host immune response, organs targeted by virus, virus virulence, 

and genetic factors of the host determine the outcome of an infection (2). Some flaviviral infections 

provide lifelong homotypic immunity. For example, infection with any serotype of DENV will 

make the host immune to that particular serotype, however, secondary infection with any other 

serotypes can result into more debilitating form of disease like dengue hemorrhagic fever (DHF) 

or dengue shock syndrome (DSS) (3).  

The Flaviviridae family consists of four genera, Flavivirus, Pestivirus, Hepacivirus, and 

Pegivirus. These viruses mainly infect birds and animals with some being host specific and 

pathogenic (4). Even though most of the flaviviruses are transmitted by arthropods (mosquito or 

ticks), there are flaviviruses without known vectors and those infecting insects only. The current 

phylogenetics classifies flaviviruses into four different groups tick-borne, mosquito-borne, no 

known-vector flaviviruses and insect-specific flaviviruses (5, 6). Several medically important 

flaviviruses are members of either the tick-borne group i.e. Tick-borne encephalitis virus (TBEV), 

Powassan virus (POWV), louping ill virus (LIV) or the mosquito-borne group i.e DENV, WNV, 

ZIKV, YFV and Japanese encephalitis virus (JEV) (5). Among these, infections caused by DENV 

are the most widespread and can be caused by any of the four antigenically unique serotypes of 

DENV. It has been estimated that DENV alone are responsible for 390 million infections per year 

with half of the world population living in the area where dengue is prevalent. DENV infection 

often leads to no apparent signs and symptoms and resolves on itself, however, it can lead to 

diseases ranging from mild flu-like syndrome to DHF and DSS (7). ZIKV came into prominence 

as a major reemerging flavivirus after the recent outbreak in the Americas and the Pacific islands. 

The disease outcomes like congenital microcephaly, Guillain-Barre syndrome as well as the mode 

of transmission i.e. sexual and vertical in addition to mosquito transmission added more challenges 

and questions than answers (8).  

As members of the flaviviruses can reemerge as a potentially threatening public health 

pathogen, a thorough understanding of viral biology is warranted. Despite great strides taken in 

that direction, there are some gaping holes in understanding their life cycle and pathogenesis. The 

availability of limited scope vaccines for DENV or lack of any therapeutics or vaccines to combat 

ZIKV can have a severe socioeconomic burden in the tropics and subtropics where these diseases 
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circulate in endemic and epidemic transmission cycles. This underscores a need for a multifaceted 

approach in combatting the challenges posed by these viruses. 

1.3 Genome organization and life cycle of flaviviruses 

Flaviviruses are enveloped viruses encasing a single strand of positive sense RNA genome. 

The RNA genome is ~10.7kb in size and is capped at 5′ end with no 3′ poly A tail (9). The 5′ UTR 

precedes the single open reading frame that codes for ten viral proteins followed by the 3′ UTR 

(Fig 1.1 A). The structural elements of the 5′ and 3′ UTR are essential for viral RNA replication, 

immune evasion and translation (10). Once the single strand RNA genome of positive polarity is 

released in the cytoplasm, the fate of particle formation relies on the pathway it follows. The 

intricate events of translation, replication and packaging must be coordinated spatially and 

temporally for a productive infection, not to forget the continuous onslaught from host immune 

response. The information encoded in the viral genome is necessary and sufficient to carry out all 

these events (11). 

The first round of RNA genome translation resulting in production of all the necessary 

proteins required for replication and other downstream steps is the rate limiting step in the viral 

life cycle. Eukaryotic initiation factor (eIF4F) and the poly A binding protein (PABP), respectively, 

bind to the 5′ cap and A-rich region adjacent to the dumbbell (DB) structure of 3′ UTR in the viral 

RNA thus establishing the translational initiation step on the surface of the ER membrane (12, 13). 

This results in the formation of an ER membrane associated polyprotein, which is cleaved co- and 

post translationally to give rise to individual viral proteins. The polyprotein on the ER membrane 

is processed by coordinated actions of the viral protease and host cell signalase. This will be 

discussed in more detail in following sections. The insertion of different membranotropic proteins 

brings about the changes in the ER membrane morphology resulting in membrane rearrangement 

and formation of replication factories (RF) where the genome replication takes place (9).
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Fig. 1.1 Genome organization of flavivirus and polyprotein processing. A. 

Schematic of 5′ capped flavivirus positive sense RNA genome. B. 

Orientation and arrangement of polyprotein in the ER membrane. The 

positive sense RNA genome is translated to give rise to 3 structural proteins 

and 7 nonstructural proteins which are processed by host (blue and red 

arrow) and viral (black arrow) proteases to form mature proteins. Capsid (C) 

among structural and NS3 and NS5 among nonstructural proteins are 

cytoplasmic, while PrM, E and NS1 are found in ER lumen. The rest of the 

proteins NS2A, 2B, 4A and 4B are integral membrane protein of ER. C. 

Schematic of individual protein size (drawn to scale) and their general 

functions. RF-Replication factory, MTase-Methyltransferase, RDRP- RNA 

dependent RNA polymerase. True signal peptides encoded by the flaviviral 

genomes are colored; Blue- Capsid anchor, Green- 2K.
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When enough replication proteins are synthesized, viral RNA replication is initiated. The 

RNA dependent RNA polymerase (RDRP) domain of NS5 and NS3 helicase domain play a major 

role in RNA synthesis. Flaviviral RDRP is capable of de novo RNA synthesis beginning at the 3′ 

end of UTR. Since the 5′ and 3′ end of the flavivirus genomes are strictly conserved, RDRP 

initiates the RNA synthesis with 5′ AG (14, 15). Viral RNA assumes a circular-panhandle like 

shape involving long range interactions between 5′ and 3′ UTRs. The RDRP bound to “stem loop 

A” (SLA) of 5′ UTR is then transferred to the 3′ Stem loop (SL) thus initiating negative strand 

RNA synthesis. The negative strand RNA copies are then used to synthesize many copies of 

positive strand viral RNA (16). Only the newly formed + strand RNA genomes are capped by the 

coordinated action of NS3 and the methyltransferase (MTase) domain of NS5. These + sense 

capped RNA genomes are then packaged in the budding particle lying opposite of the RFs (14, 

17). 

The packaging of a newly synthesized viral genome into a budding particle is an intricate 

process. This step of the virus life cycle must be finely tuned in such a way that – strand RNA 

genome and the cellular mRNA should be excluded and only the newly synthesized + strand RNA 

genome should be encapsidated. This process is further complicated by the fact that no 

recognizable packaging signals in the flaviviral genome have been reported. The negatively 

charged RNA genome is nonspecifically bound by numerous positively charged capsid molecules 

thus initiating the process of packaging (18). The flaviviral particles bud into the ER lumen and 

then transported via the ER-Golgi secretory pathway. In the trans-Golgi, host protease furin 

cleaves the prM on the viral surface to give rise to mature infectious particles (19). The basic life 

cycle of flaviviruses is depicted in Fig 1.2. 

1.4 Flaviviral polyprotein processing and role of ER membrane proteins 

Translation of the flaviviral + sense RNA genome results in the formation of a polyprotein 

consisting of three structural gene and seven nonstructural gene. Not only does the polyprotein 

helps condense the genetic material but also provides spatio-temporal control of protein in relation 

to polyprotein processing (20). Depending on its topology, polyprotein is either processed by 

 



 

 

31 

 

Fig. 1.2 Life cycle of flaviviruses: Viruses enter the cells via receptor 

mediated endocytosis aided by clathrin. Once inside the endosome, the low 

pH triggers the membrane fusion which leads to virus disassembly and 

release of single strand + sense RNA genome. The RNA genome is thus 

translated in the ER membrane to give rise to a single polyprotein which is 

processed by viral and host protease. These proteins aid in the genome 

replication which happens in the ER derived organelles called replication 

factories (RF). On the opposite side of the RF, the newly formed structural 

proteins initiate budding and bind to newly synthesized genome. The 

immature particles thus formed pass through the ER-Golgi network, where 

the furin in Golgi cleaves prM to give rise to mature virus which is released 

in a process known as exocytosis. Newly formed virion can infect new cells.   
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viral or host proteases to give rise to individual proteins (21). As the capsid (C) protein comes out 

of the ribosome, the signal anchor of C protein is bound by the signal recognition particle (SRP) 

thus targeting the protein translational complex to the ER membrane (12). An uninterrupted 

synthesis and simultaneous processing of the polyprotein happens in the ER membrane aided by 

the ER protein translocation complex, along with other enzymatic components to produce mature 

and fully functional individual proteins. This is summarized in Fig 1.1 B-C.  

DNAJ homolog subfamily C member 14 (DNAJC14), a dopamine receptor transport protein 

of ER, interacts with nonstructural proteins of YFV helping form protein scaffolds that anchors 

the replication complex (20). Both overexpression and silencing of endogenous expression of 

DNAJC14 were deleterious for replication of YFV and BVDV suggesting a requirement for 

endogenous level of DNAJC14. (22). Hrd1 protein complex has also been indicated as one of the 

major host proteins that regulates the flaviviral replication. Derlin 2, a member of Hrd 1 complex, 

has been reported to interact with NS4B and NS5 of ZIKV (23). The oligosaccharyltransferase 

(OST) complex, consisting of STT3A and STT3B subunits, which catalyzes the N-glycosylation 

of the proteins is suggested to have a structural role rather than direct functional role in flaviviral 

replication (24). Similarly, Reticulon 3.1A, responsible for changing membrane curvature, is 

recruited to establish replication complex in flaviviruses. It interacts with NS4A of WNV, but not 

DENV and ZIKV (25). ER membrane protein complex (EMC) is recruited to the site of replication 

by NS4B of DENV and ZIKV where it also aids in the biogenesis of membrane proteins NS4A 

and NS4B (26). One of the major components of the ER membrane that has a direct role in the 

biogenesis of the flaviviral proteins is the protein translocation complex and the signal peptidase 

complex.  

The continuous interaction at the membrane microenvironment involves a multitude of host 

proteins and several viral proteins. In the following sections, we will mainly focus on viral NS4A, 

2K and NS4B proteins and host cell signalase for this part of the study. As host cell signalase has 

direct role in the morphogenesis of several viral proteins that are of unparalleled importance, the 

cleavage between NS4A-2K-NS4B and the role of signal peptide 2K hold a special place in the 

flaviviral lifecycle.        
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1.4.1 NS membrane proteins of flaviviruses 

The NS membrane proteins of flaviviruses constitutes a major portion of nonstructural 

polyprotein that is synthesized in the ER membrane. NS2A, NS2B, NS4A and NS4B are integral 

membrane proteins of varied topologies and functions which are involved in different stages of 

replication and assembly of the viruses. NS2A, ~22 kDa integral membrane protein, plays an 

indispensable role in viral replication, assembly and immune evasion (27). NS2A orchestrates 

virion morphogenesis by modulating prM and E processing by interacting with them and recruiting 

viral RNA to site of assembly by interacting with the 3′UTR of RNA (28). NS2B, another integral 

membrane protein, acts as a cofactor of viral protease NS3. It interacts with the N-terminal serine 

protease domain of NS3 and anchors NS3 to the membrane for carrying out the proteolytic 

cleavage (29). NS4A and NS4B play an equally important role in flaviviral life cycle and would 

be detailed in the following sections. 

The assembly of integral membrane proteins at the ER membrane is a multistep procedure 

involving cytosolic and ER membrane resident proteins. The targeting and insertion of membrane 

proteins to ER membranes is highly conserved and consists of either i) Classical co-translational 

pathway mediated by signal recognition particle (SRP) and Sec61 translocon or ii) The 

posttranslational pathway mediated by cytosolic ATpase (30). The polyprotein insertion of 

flaviviruses follow the co-translational insertion, and I will focus more on this topic henceforth.  

The insertion of TMDs into the lipid bilayer is highly unfavorable, the machinery involved 

must overcome the biophysical barrier to achieve a functional membrane protein. The membrane 

insertion comprises 3 major steps, recognition of protein/TMDs as it emerges from the ribosome 

to prevent aggregation, targeting to the receptor in ER, and finally, migration of the TMDs from 

the polar surface of ER to the hydrophobic core of the membrane (31). As the signal sequence or 

the first TMD emerges from the ribosome, it is recognized by the SRP. The TMD of the nascent 

protein binds to the M-domain of the SRP which guides the ribosome bound complex to SRP 

receptor on the ER membrane involving GTPase domain in both the SRP and SRP receptor. In the 

next couple of steps, the energy obtained from the hydrolysis of GTP helps transfer the nascent 

chain from SRP to the Sec61 translocation channel and dissociation of SRP and SRP receptor (32). 

The Sec 61α subunit of the Sec61 serves as a major translocation channel for the lateral insertion 

of the signal peptide or the TMDs into the hydrophobic lipid core thus forming an interface 
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between two chemically different environments. The two subdomains consisting of helices TMD 

1-5 and TMD 6-10 of the α-subunit form an hourglass-shaped pore opening laterally on the middle 

of bilayer and serves as a gate through which the signal peptides/ TMDs exit (30, 31). Thus, the 

Sec 61 translocon along with other accessory factors and cytosolic proteins, play an important role 

in the insertion of the integral membrane protein in the ER membrane in a series of closely 

coordinated events. 

1.4.2 Signal peptide, Signal peptidases and role in flavivirus life cycle 

During flaviviral genome translation, the signal peptide/signal anchor motif play an 

important role in homing the polyprotein to the ER membrane. The first signal peptide to appear 

is the capsid anchor (Ca) motif that must be recognized by the SRP-dependent protein translocation 

machinery (12). Also, there are several internal TMDs that would serve as an internal signal 

sequence for the insertion of the downstream protein into the ER membrane. The examples of 

which include the second TMD of M which serves as a signal for translocation of E protein and 

TMD2 of E for ER translocation of NS1. These kinds of phenomenon are common among +strand 

RNA viruses helping them condense the proteins to a specific location so as to manipulate the host 

immune response as well as efficiently carry out the replication (20). Another pronounced presence 

as a signal peptide is the 2K peptide that acts as a leader sequence for the translocation of the NS4B 

protein to the ER. These signal sequences are cleaved by ER resident host cell signalase/signal 

peptidase to give rise to a mature protein. However, in a flaviviral infected system, a series of 

uncleaved polyproteins has been detected (33–35), and only recently has a functional study on the 

relevance of these uncleaved polyprotein products has been conducted (36). The presence of 

uncleaved polyprotein suggests involvement of several factors in bringing out a complete cleavage 

as well as the role of the spatio-temporal coordination between host enzymes and the viral protease. 

For example, the cleavage between Ca and Pr is not carried out by the host cell signal peptidase 

unless the cytoplasmic portion of C is cleaved by the viral protease, which functions in cytoplasm 

vs. the signalase in the ER lumen. Any manipulation of these events results in severe inhibition in 

particle production (37). 

Signal peptidase complex (SPC) comprising of five different subunits are involved in the 

removal of the signal peptide from the N-terminal of precursor protein. The five subunits; SPCS1, 
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SPCS2, SPCS3, Sec11A and Sec11C are integral membrane proteins of the ER and have very high 

specificity for cleaving a signal sequence. The bulk of the domains carrying out the peptidase 

function of SPC, Sec11A and Sec11C lie in the ER lumen anchored by a single TMDs of respective 

subunit (38, 39). Signal peptidases are one of the major host enzymatic components that is 

exploited by viruses. Even though, they specifically cleave at the signal peptide-protein junction, 

some of them are known to cleave in the internal sites without a proper TMD leading to the protein 

degradation (40) or formation of a protein with different topology (41). Signal peptidase cleavage 

happens predominantly co-translationally as the protein comes out of the translocon, and a short 

loop with conserved amino acids at P1 and P3 positions of signal peptides are encountered (42).  

Components of SPCs have been shown to be essential for the flaviviral life cycle. A genome 

wide CRISPR screen study of the host gene indicated SPCS1 and SPCS3 as major contributors of 

flaviviral infectivity. SPCS1 knockout cells did not support the growth of many flaviviruses and 

showed a pronounced inhibition of NS4A-2K-NS4B cleavage (43). SPCS1 has also been found as 

an important component of HCV assembly as it interacts with NS2 and E2 and helps in particle 

formation (43).  

Once the signal peptide is cleaved by the SPC, the peptide is further acted on by signal 

peptide peptidase (SPP). The SPPs are polytopic transmembrane proteins that consist of two 

conserved aspartate residues required for proteolytic activity lying in the adjacent TMDs (44). 

Because of their requirement for TMD aspartate for proteolytic activity, they are also known as 

aspartyl intramembrane cleaving proteases (I-CLiPs). SPPs preferably access the site in signal 

peptide/TMD fragment enriched with helix breaking amino acids and are subsequently cleaved 

within the lipid bilayer by the endoproteinase activity of SPP (45). Thus, cleaved products of the 

signal peptide are either degraded by proteases in the cytosol or are involved in signal transduction 

or presented in complex with MHC protein. The fragment derived from the N-terminal signal 

peptide of HIV gp160 interacts with calmodulin, however, the functional aspect of it needs to be 

established (46). Additionally, the fragments derived from the signal peptides are processed by the 

proteasome and can be complexed to MHC I in a transporter of antigen (TAP) dependent or 

independent way and presented to cytotoxic T cells. A small peptide fragment of GP1 of 

lymphocytic choriomeningitis virus is presented complexed with MHC I (47). 
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Not all signal peptide cleavages are straightforward and not all the cleaved products are acted 

on by the SPPs. The long signal peptide (SP) of Foamy virus envelope glycoprotein gp18 gets 

incorporated in viral particles (48) . Some of the SPs act as a regulator of viral gene expression. 

The envelope SP of Jaagsiekte–Sheep virus acts as a posttranscriptional regulator of viral gene 

expression. Similarly, SP of mouse mammary tumor virus is targeted to nucleoli post cleavage and 

modulates tumor formation (49, 50). In HCV, the conditional cleavage of P7 targets the protein 

either to mitochondria or ER (51). The signal anchor of the capsid protein Ca has been reported to 

play an important role in the assembly of the virus by maintaining the stability of E protein (52). 

Similarly, any changes in the order of SP cleavage from the polyprotein has been shown to be 

deleterious for particle production in flaviviruses (53). 

1.5 Nonstructural protein 4A (NS4A) 

NS4A is an integral membrane protein consisting of 127 amino acid residues and ~16 kDa 

in size. Together with other NS proteins (NS2A, NS2B and NS4B) it forms the structural 

framework of the replication complex of DENV. Both the N-terminal and C-terminal end of a 

mature NS4A is generated by the viral protease NS2B/3. Topological analysis along with 

biochemical characterizations have predicted NS4A to consist of an N-terminal cytoplasmic end 

and four transmembrane domains (TMDs) wherein the second TMD sits close to the inner leaflet 

of the ER membrane (Fig 1.3 A) and the fourth TMD, also known as 2K, acts as a signal peptide 

and will be discussed separately (54). A nuclear magnetic resonance (NMR) spectroscopy structure 

of full length NS4A of DENV serotype 4 showed the presence of six helices; three of the N-

terminal helices interacted with the membrane on the cytoplasmic side and the remaining three 

inserted in the membrane, thus confirming the earlier notion of NS4A topology (55). The NS4A 

protein of DENV exists in different oligomeric forms. Oligomerization of NS4A is primarily the 

function of TMD1 with N-terminal cytoplasmic end playing a small role (56). 

1.5.1 Role in formation of replication complex: 

The seminal study by Miller et al. on determining the topology of NS4A also studied the role 

of NS4A in inducing ER membrane curvatures in virus-infected cells. They found that NS4A co-

localizes with dsRNA in the ER derived membrane structures thus confirming its role in replication 
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complex formation. More importantly, NS4A induces membrane rearrangements that is dependent 

on cleavage of 2K peptide (54). The negative curvature of the resulting membrane structures has 

been contributed to the presence of the TMD2 helix which sits on the plane of the membrane. 

NS4A oligomerization and its interaction with NS4B also contributes to the membrane remodeling 

(57). The N-terminal cytoplasmic region of NS4A has been suggested to bind to the curved 

membrane thus further helping in membrane rearrangements (58).  

1.5.2 Interaction with host and other viral proteins: 

WNV NS4A recruits reticulon 3.1 to the site of replication and aiding further in membrane 

remodeling and stabilizing the replication complex (59). Also, NS4A with its N-terminal 

cytoplasmic end interacts with vimentin resulting in vimentin reorganization which helps anchor 

the replication complex (60). Dengue NS4A localized with a lipid droplet associated membrane 

protein (AUP1) during infection and triggered the re-localization of AUP1 to the autophagosome 

membrane. Interaction of NS4A with AUP1 induce lipophagy mediated by the acetyltransferase 

activity of AUP1 thus helping the virus thrive (61). It has been suggested that NS4A induces 

multiple mechanisms of autophagic control during the flaviviral life cycle of which PI3K is the 

most common one (62). NS4A being an ER membrane protein interacts with other viral protein to 

stabilize the replication complex. NS1, an ER lumen protein, interacts with NS4A thus helping 

NS1 communicate with the replicase complex (63). The C-terminal EELPD/E motif of NS4A in 

WNV acts as a cofactor of NS3 helicase domain and regulates its ATPase activity thus maintaining 

the balance between RNA unwinding and the availability of ATPs (64) 

1.6 2K peptide 

The fourth TMD of NS4A, also known as a signal peptide or 2K, is the least understood 

protein of DENV. For the better part of DENV research, the 2K peptide has simply been dismissed 

as a signal peptide that helps translocate NS4B into the ER lumen. However, recent studies 

elucidating its role in enhancing RNA synthesis (65), aiding in overcoming superinfection 

exclusion (66), and counteracting the activity of interferon-inducible 2′,5′-oligoadenylate 

synthetase 1b (Oas1b) in WNV and enhancing viral RNA synthesis (67) has shed slight into its 

functions. 
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When taken in the context of co- and post translational polyprotein cleavage, 2K can be 

considered either the last TMD of NS4A or the first TMD of NS4B or as an individual protein that 

mediates the function of both the proteins preceding and following it. NS2B/3, a viral protease is 

responsible for cleavage between C-terminal of NS4A and 2K, however, the 2K-NS4B junction, 

which is in the ER lumen, is cleaved by host cell signalase. The processing of 2K-NS4B is a prime 

example of how viral proteins exploit the host system. The 2K-NS4B cleavage site is held in 

cryptic confirmation (signalase inaccessible) unless the junction between NS4A and 2K is cleaved 

by NS2B/3 (35, 68). Cleavage by viral protease follows 2K-NS4B cleavage by signalase resulting 

in the formation of mature proteins. A comparable phenomenon exists during proteolytic 

processing between capsid and prM proteins in flaviviruses. By using series of mutants to uncouple 

the dependency of host signalase on viral protease, it has been shown that the sequential/inefficient 

cleavage between capsid anchor protein and prM helps in efficient nucleocapsid incorporation and 

enhancement of the cleavage leads to lethal phenotypes (37, 69). 

1.6.1 2K as a signal peptide 

A signal peptide consists of three distinct domains; a central core hydrophobic (H) domain, 

N-terminal domain and a C-terminal domain. The N-terminal domain which determines the length 

of signal peptide can range up to 15-50 amino acid residues in length and are characterized by the 

presence of positively charged residues. The core hydrophobic domain ranging from 10-15 

residues in length is the major contributor of signal anchor properties and membrane insertion. The 

C-terminal domain is rich in amino acids with helix breaking properties and controls the signalase 

cleavage activity (47, 70). The 2K peptide of DENV and most other flaviviruses is 23 amino acid 

in length and mostly conforms to the established rules of a signal peptide. However, one notable 

exception includes the presence of a conserved ‘DNQL’ motif in the N-terminus of the 2K peptide 

that confers a negative charge to the N-terminus. The 2K peptide can be used as a signal peptide 

for the proper translocation of NS1 of dengue without affecting its functioning (unpublished data). 

Similarly, 2K can be functionally replaced by signal peptide from unrelated proteins in the context 

of an expression system resulting in proper translocation of the protein (71). 
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1.6.2 2K peptide: Role beyond signal sequence 

NS4A plays a major role in the rearrangement of ER membrane to form the replication 

factories of flaviviruses. The cleavage of 2K from NS4A has been described as a major event for 

induction of membrane rearrangement in DENV (54). On the contrary, in Kunjin virus (KUNV), 

the retention of 2K i.e. uncleaved NS4A-2K is responsible for the membrane rearrangements. 

Further, in KUNV, cleavage resulted in localization of NS4A to Golgi apparatus (72).  Thus, a 

complex interplay between viral protease, host signalase, cleaved and uncleaved products play an 

important role for productive viral replication. Furthermore, mutant selection in the presence of 

lycorine, a flaviviral inhibitor, selected a 2K V9M mutant. The V9M mutant had a direct effect on 

viral RNA synthesis possibly through differential binding of 2K with host protein thus overcoming 

the effect of lycorine (65). The same WNV mutant showed a propensity in overcoming 

superinfection exclusion, a result of a higher than normal viral dissemination rate without any 

replication enhancement (66). Interestingly, the 2K V9M mutant also interfered with the host 

interferon inducible Oas1b and promoted viral RNA replication (67). 

Recently, Plaszczyca et al described the role of interaction between the connector region of 

Wing domain of NS1 and intermediate cleavage product NS4A-2K-NS4B in enhancing the RNA 

amplification in a more direct way rather than aiding in the formation of vesicle packets (36). 

Partially cleaved NS4A-2K-NS4B intermediates have been previously described in DENV and 

YFV infections (33, 34). 2K-NS4B and NS4A-2K-NS4B have been reported in DENV infected 

BHK cells, and not in mosquito cells, which were later processed post translationally (34). Even 

though, the cleavage intermediate products of NS4A-NS4B have been reported on several 

occasions, their functional roles haven’t been yet investigated. A thorough understanding of how 

the cleavage between NS4A-2K-NS4B is regulated by viral protease and host cell signalase, and 

what role do these intermediate products and 2K play would further shed light into the viral life 

cycle. 

1.7 Nonstructural protein 4B (NS4B) 

An indispensable component of replication complex, NS4B of DENV is an integral 

membrane protein of ~27 kDa in size and largest of the NS membrane proteins. The N-terminus 

of NS4B is in the ER lumen as the protein is translocated to the ER lumen by 2K peptide and later 
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processed by host cell signalase to give rise to mature NS4B protein. To date, no crystal structure 

of NS4B is available and most of the functional studies are based on predicted and experimentally 

established topological models. A recent study using solution NMR spectroscopy of N-terminal 

125 amino acid truncated NS4B protein suggested the presence of 5 α-helices with four of them 

(α2-α5) embedded in the micelles (73).  More recently, solution NMR spectroscopy of full length 

DENV-3 NS4B showed a presence of eleven α-helices with five of them forming transmembrane 

domains (TMDs) (74). Seminal biochemical studies have shown that NS4B consists of three true 

TMDs and two membrane associated TMDs (75). These results were corroborated by another 

group who also reported cytosolic loop and C-terminal domain mediated dimerization of NS4B 

(76). Glycosylation of NS4B at amino acid residues N-58 and N-62 increases the efficiency viral 

RNA synthesis and possibly help in NS4B folding (77).  The predicted topology is presented in 

Fig 1.3 B. 

1.7.1 Interaction with other viral proteins 

NS4B, in association with other viral proteins, is involved in different stages of viral 

replication. The ER luminal region of NS4B comprising the amino acid residue F86 interacts with 

NS1 and serves as a link between NS1 and the replication complex (78). NS4B complements the 

activity of NS3 helicase. This interaction which is dependent on NS4B conformation enhances the 

processivity of the helicase enzyme by increasing the RNA unwinding activity of the helicase (79). 

Using surface plasmon resonance, Zou et al showed that the cytosolic loop of NS4B interacts with 

subdomain 2 and 3 of NS3 helicase in bringing about its increase in processivity (80). Resistant 

mapping showed that NS4B with its cytosolic loop amino acid residue Q134 interacts with NS3 

and increases the viral replication (81). Genetic and physical interactions of NS4B with NS4A 

have been reported. A lethal K79R mutation in JEV NS4A was rescued by Y3N mutation in the 

N-terminal luminal region of NS4B. Even though mechanistic studies were not performed, the 

revertant helped rescue the RNA replication (82). Further, NS4A-NS4B interaction mediated by 

the regions spanning the first TMDs of NS4A and NS4B helped enhance the viral replication (83). 



 

 

41 

1.7.2 Interaction with host proteins 

Interactions of NS4B with several host proteins have been indicated, albeit lacking in 

functional studies. Even though phosphoglycerate kinase 1 (PGK1), type II cytoskeletal 8 keratin 

(KRT8) and Ube2i, a small ubiquitin-like modifier enzyme was identified as the major interacting 

partner of NS4B in a yeast two hybrid assay, their role alongside NS4B has not been established 

directly (84). NS4B of YFV, and not DENV, has been shown to bind to stimulator of IFN gene 

(STING) and block the RIG I mediated IFN activity (85). Recently, NS4B in coordination with 

NS4A have been found to suppress the AKT-mTOR pathway and perturb autophagy leading to 

cellular dysregulation in ZIKV infected neural stem cell lines. Interestingly, this phenomenon was 

not seen in DENV (86). Even though NS4B shares similar topology and significant homology 

within flaviviruses, the interference of cellular functioning might be completely different and virus 

specific. Flaviviruses replicate in the membrane organelles derived from the ER. The 

membranotropic proteins NS4A and NS4B interact with ER membrane protein complex (EMC) 

thus helping it localize to site of replication complex formation. The two N-terminal TMDs of 

NS4B located in the ER lumen are responsible for the interaction (26). Interaction of NS4B with 

EMC helps in its folding and post translational stability (87). 

 NS4B acts a hub to counteract the host immune system. In an intriguing phenomenon, the 

luminal region of NS4B of DENV encompassing amino acid residues 77-125 is involved in 

antagonizing the IFN α/β by inhibiting the nuclear localization of STAT 1 (88), even though, how 

the luminal NS4B inhibits cytoplasmic STAT 1 remains unexplained. Moreover, these events must 

be a complex process involving different viral and host proteins as these phenomena were not 

observed in different strains of multiple serotypes of DENV (89). TMD3 and TMD5 of NS4B bind 

with dicer and inhibit the generation of siRNA thus acting as a potent suppressor of viral RNAi 

silencing (90).   

As an important component of the replication complex, NS4B interacts with different viral 

and host proteins driving the viral replication and particle production. Acting as a hub of host 

immune response antagonist, this protein aids in the successful establishment of viral infection. 

More importantly, the multi-pass membrane protein, NS4B, samples both the luminal and the 

cytosolic environments because of the loops connecting the TMDs.  Its unique topology might 



 

 

42 

help bridge luminal and cytosolic proteins (both viral and host) to work in concert for a productive 

viral life cycle. A detailed study into the structural and functional aspects of NS4B is warranted. 

1.8 Nonstructural protein 5 (NS5) 

NS5, a protein of ~103 kDa in size and ~900 amino acids, is the largest and the most 

conserved protein of flaviviruses. It consists of two distinct N- and C-termini domains with 

enzymatic activities that are essential for the flaviviral genome replication and translation (91). 

The N-terminus domain of NS5 has been shown to add a 5’-cap to RNA genomes in a multistep 

reaction and is known as the methyltransferase (MTase) domain, whereas, the C-terminus domain 

has the RNA dependent RNA polymerase (RDRP) activity. The two domains are connected by a 

5-6 amino acid linker (92). In addition to its role in genome amplification, NS5 plays a major role 

in viral pathogenesis. NS5 has been shown to perturb host immune system by downregulating 

interferon (IFN) and cytokine activities (93, 94). Further, NS5 has been reported to shuttle between 

cytoplasm and nucleus thus interacting with several host factors, and more recently, has been 

shown to modulate RNA splicing (95, 96). 

1.8.1 The methyltransferase (MTase) domain: 

MTase domains among flaviviruses share a 50-70% sequence identitiy, which explains the 

presence of the characteristic α/β fold present in the crystal structures of the MTase domains of 

most of the medically important flaviviruses (97). The MTase domain consists of three subdomains. 

The N-terminus subdomain that coordinates the GTP during 2’O adenosine methylation consists 

of helix turn helix motif, a β strand and a α-helix. The core subdomain between the N- and C-

termini subdomains consists of seven β strands surrounded by four α helices forming a typical 

MTase fold and is responsible for binding of S-adenosyl methionine (SAM) and carrying out the 

major reaction. The C-terminal subdomain consists of seven β strands surrounded by four α helices 

thus forming a characteristic MTase fold (92). The MTase domain of NS5 is responsible for adding 

a type I cap (m7GppAmG) to the 5’end of nascent RNA of flaviviruses as the first two nucleotides 

of the flaviviral genome are strictly conserved (98). The multistep reaction is carried out with the 

involvement of triphosphatase activity of the NS3. The RNA capping reaction is initiated after the 

removal of terminal phosphate from the positive sense RNA by triphosphatase activity of NS3 



 

 

43 

helicase. A GMP moiety is then transferred to the RNA by the guanylyltransferase activity of 

MTase domain. In the next sets of reaction, the methyltransferase activity of MTase domain adds 

a methyl group to the N-7 position of guanine followed by 2’-O position of the first nucleotide 

adenine (92, 99). S-adenosyl methionine (SAM) acts as methyl donor during the last two steps of 

the reaction and gets converted to S-adenosyl-L-homocysteine (AdoHcy). 

Capping of viral RNA is one of the immune evasion mechanisms. As eukaryotic mRNAs are 

capped, capping helps mimic the host, disguising the viral RNA from the immune surveillance and 

degradation by 5’-3’ exoribonucleases. Viral RNAs lacking a 2’-O adenine methylation were 

highly sensitive to IFN-induced proteins with tetratricopeptide repeats (IFIT). In addition to their 

immune evasion role, capping enhances stability and translational efficiency of the viral genome 

(100). 
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Fig. 1.3 Topological model of DENV-2 NS4A and NS4B. A) NS4A 

consists of 3 TMDs with TMD1 and TMD3 traversing the ER in opposite 

directions and TMD2 lying flush with the membrane. The 50-residue long 

N- terminal cytoplasmic tail is suggested to have 3 α-helices. Viral protease 

NS2B/3 (orange arrow) cleaves on both the N- and C-termini of the protein. 

B) NS4B consists of 5 TMDs with two of them (pTMD1-2) lying in the ER 

lumen. The remaining three traverse the ER membrane forming cytosolic 

loop between TMD3 and TMD4 and an ER loop between TMD4 and TMD5. 

The N-terminal of NS4B is generated after 2K is cleaved by host cell 

signalase (blue arrow) in the ER lumen whereas, the C-terminus is 

generated after NS2B/3 cleavage of NS5. In ~15% of the cases the TMD5 

flips to the ER post NS5 cleavage from NS4B. (Model designed on topology 

predicted by Miller et al.) 
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1.8.2 The RNA dependent RNA polymerase (RDRP) domain 

The RDRP domain of NS5 is ~74 kDa and accounts for two third of NS5 protein and has 

a nuclear localization signal. RNA synthesis in flaviviruses occurs in the specialized membrane 

structures formed by rearrangement/invaginations of ER membrane. The positive sense RNA 

genome acts as a template for the synthesis of negative strand RNA thus resulting in formation of 

the double stranded replication intermediates. Viral RDRP utilizes the negative strand in the 

replicative form to synthesize more positive sense RNA (101, 102). During late in infection, RNA 

synthesis is asymmetrical leading to almost ten time more positive sense RNA than negative strand 

(91). The flaviviral RDRP structure conforms to other established RDRP structures. The core 

region of RDRP assumes a cupped right-hand shape with fingers, palm and thumb subdomains. 

The palm domain consists of the active site of the enzyme and binds to RNA, nucleotides and 

metal ions to modulate the genome replication. The fingers subdomain which form a tunnel guides 

the single strand RNA to the active site. The thumb subdomain, which is the least conserved region 

of RDRP, is involved in de novo synthesis of RNA in addition to its role in guiding the RNA in 

and out of the active site (14, 103).  

1.9 Flaviviral inhibitors 

An effective small molecule inhibitor targeting a crucial step in the viral life cycle is a result 

of thorough understanding of structural, biochemical and mechanistic roles of target proteins 

involved in that step of life cycle. Even though the process seems straightforward, the design and 

development are not always a smooth road. Due to the lack of proofreading activity of the flaviviral 

RDRP, mutations accumulate in the viral genome over time which might affect the region targeted 

by the inhibitors, or the virus can quickly develop resistance against the lead compounds (104). 

The scenario is not helped by the presence of different serotypes of dengue, emergence and 

reemergence of other flaviviruses, as well as discoveries of newer modes of transmission (105). 

Inhibitors of flaviviruses most commonly target the two nonstructural enzymatic proteins, 

NS3 and NS5 that are respectively involved in polyprotein processing and genome replication. 

Several inhibitors of viral entry targeting structural proteins and molecules targeting non- 

enzymatic nonstructural proteins involved in replication have been reported. The development of 

flaviviral inhibitors warrants a continued interest because of the lack of effective vaccine and 
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therapeutics. A combination of target based, and cell-based assays form the basis for development 

of potent antiflaviviral therapeutics. As viruses use plethora of host proteins to result in productive 

infection, inhibitors that target/perturb specific viral proteins function without affecting host 

proteins would be ideal candidates to proceed with in the drug development pipeline.  

1.9.1 Flaviviral inhibitors against structural proteins 

The major events of entry, assembly and exit during a viral life cycle involves structural 

proteins and involves many biochemical, structural and conformational changes. These critical 

events of the viral life cycle make them an attractive target for inhibitors. ST-148, a small molecule 

inhibitor, targeting capsid enhances its self-interaction affecting assembly and disassembly by 

introducing structural rigidity (106). Similarly, NITD-448 targets the hydrophobic pocket for β-

N-octyl-glucoside in E protein and inhibits the membrane fusion. Similarly, compound 6, and 

highly basic compound like PO2 were developed targeting the same hydrophobic pocket but have 

not been successfully advanced for further trials (107).  

1.9.2 Inhibitors against nonstructural proteins 

 Nonstructural proteins of flaviviruses are involved in the formation of replication complex 

machinery to amplify the viral genome. In addition to their constitutive role in replication, some 

NS proteins play an important role in virion assembly (NS1, NS2A, and NS3) and immune evasion 

(NS4A, NS4B and NS5). NS3 and NS5 of flaviviruses are multifunctional enzymatic proteins that 

are involved in different steps of viral replication. Owing to their indispensable roles, several 

flaviviral inhibitors are designed to inhibit their function and hence viral replication (104, 108).  

Inhibitors of NS3 

NS3 harbors protease and helicase activities, respectively, required for polyprotein processing and 

RNA genome replication. The protease activity of NS3 is very stringent with requirements for 

specific amino acids at polyprotein cleavage sites. Inhibitors targeting NS3 protease activity can 

inhibit polyprotein processing which has a debilitating effect in viral life cycle. Several compounds 

targeting the protease function of NS3 have been reported. Bowman-Birk inhibitor binds to the 

substrate binding S1 pocket of NS3 thus inhibiting its interaction with NS2B (109). Similarly, 
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compound 1, 166347 and ARDP0006 that block the protease activity of NS3 by competitive 

inhibition have been documented. Moreover, several compounds that inhibit the protease activity 

by mixed inhibitions are known. Though a wide variety of compounds have been reported to be 

active against the protease activity of NS3, not many have gone through lead to optimization 

pathway because of their poor solubility, off-target activity, and lack of virus inhibition in vivo. 

The NS3 helicase on the other hand does not have any specific pockets that can be exploited for 

potential inhibitor development. Despite the aforementioned reason, compounds like suramin, 

ivermectin, and several other compounds have been shown to effectively inhibit NS3 helicase 

activity. 

Inhibitors of NS5 

NS5 of flaviviruses is the key protein in amplifying the RNA genome and capping and 

readying it for translation. The N-terminal one third of the NS5 protein contributes to the 

methyltransferase and guanylyltransferase reactions, important steps of RNA capping. Whereas, 

the C-terminal two thirds of the protein has RDRP activity and can synthesize RNA de novo. 

Because of their vital role in the viral life cycle, these domains of NS5 are targets of many 

antiflaviviral inhibitors.  

Inhibitors of NS5 MTase activity 

The MTase domain of NS5 in conjunction with NS3 carries out the capping of newly 

synthesized positive sense RNA genomes. In a series of reactions, MTase catalyzes the transfer of 

a methyl group to N-7 of guanine cap as well as the 2′-OH group of the first nucleotide, adenine 

(110). The methyl donor in both the cases, SAM, gets converted to SAH as a byproduct. Inhibition 

of capping by mutagenesis studies has proven to be lethal for viruses. Similarly, inhibition of 

methylation of the internal adenosine increases its IFN susceptibility. 

The crystal structure of most of the flaviviruses MTase show a characteristic core 

subdomain with MTase fold cradled between the N- and C-terminal subdomains. The core 

subdomain is highly conserved within MTase making it harder to design inhibitors that specifically 

target the viral MTase and not the host. Structure based inhibitors design targets several ligand 

binding pockets within the MTase domain. Specifically, the SAM-binding and GTP cap-binding 
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pockets have been attractive targets as they have been shown to bind to small molecule inhibitors 

(111, 112).  Almost all of the viral MTase crystal structures have been solved with SAM tightly 

bound to the MTase. The higher affinity of binding of SAM within the binding pocket adds further 

complication in designing compounds that would compete with it (113). However, due to capping 

being a multistep reaction, SAM has to be displaced at some point. In addition, a highly conserved 

pocket that is present only on flaviviral MTase lying adjacent to SAM binding pocket has been 

reported in the crystal structure of MTase (114, 115). Since the extra pocket is absent in human 

MTase, competitive inhibitors of SAM like compound 10 with branching that would fit in the extra 

pocket have been designed (115). Similarly, sinefungin, a SAM analogue, has been shown to bind 

to the SAM binding site with higher affinity thus inhibiting the downstream reactions (113). The 

GTP-binding pocket of MTase is predominantly involved in the methylation of 2′-OH ribose of 

the adenosine. Inhibitors targeting the GTP-binding pocket thus inhibit the methylation at 2′-OH 

making the RNA more susceptible to identification by IFIT molecules. Inhibitors like BG-323 and 

Aurintricarboxylic acid are designed to bind to the GTP-cap binding pocket, however, have not 

been followed up further due to lack of cell permeability or other reasons (116, 117). 

Inhibitors of NS5 RDRP activity 

The flaviviral RNA polymerase has been the subject of many antiflaviviral inhibitors 

development as the protein is indispensable for the viral life cycle. The RNA polymerase is capable 

of initiating a de novo synthesis of RNA and is shaped like a semi-opened fist wherein the finger 

and thumb subdomains are connected by the loops encircling the palm subdomain (118). Inhibitors 

of NS5 RDRP have been broadly divided into nucleoside (NI) and nonnucleoside inhibitors (NNI). 

The nucleoside analogs compete with the nucleoside and get incorporated in the growing RNA 

chain thus terminating the elongation or introducing mutations. On the other hand, NNI act broadly 

by binding to different pockets of polymerase preventing its interaction with other proteins, 

locking the polymerase in inactive conformation or directly blocking the enzyme activity (119). 

Several NIs like NITD-008 and Balapiravir because of their potency to inhibit RDRP have been 

tested in preclinical and phase II trials, however, had to be pulled out because of toxicity or their 

inefficacy (108). Similarly, several NNIs like HPA 23, retinamide and Ivermectin have been 

identified as potential lead compound for inhibiting the polymerase activity (105).  
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1.9.3 Conclusions and perspectives 

Flaviviruses have gained notoriety for causing a host of diseases ranging from congenital 

microcephaly, encephalitis, hemorrhagic fever to Guillain-Barre Syndrome. Vaccines are only 

available for few of the flaviviruses.  The severity of the situation demands a continuous search 

for antiflaviviral compounds. NS proteins which are part of the replication complex and possess 

enzymatic functions make them logical and attractive targets. NS3 could be targeted to inhibit 

either its protease or the helicase activity. Inhibitors like compound 1 and ARDP0006 compete 

with the protease activity of NS3. Similarly, NS5 due to its critical role in RNA synthesis and 

capping has been exploited to develop antiflaviviral inhibitors. The availability of high-resolution 

crystal structures of both MTase and RDRP domains further aids in the process. Small molecule 

inhibitors competing with SAM binding site of MTase have been in the developmental pipeline 

for quite some time. NI and NNIs targeting the RDRP have had limited success as some candidate 

compounds made it to the phase II clinical trial. This clearly demands a more high-throughput 

structure-function based inhibitor design and screening approach.    

A prime focus of the past has been to develop an effective antiviral therapy for flaviviruses. 

Due to increased urbanization and globalization, flavivirus infections are found in places where 

they would not be encountered normally. The Americas and the Asia have been home to many 

recent flaviviral outbreaks including the 2015/16 ZIKV outbreak. Despite several efforts from 

different groups, an effective drug against flaviviruses has not been approved. The problem not 

only lies in the emergence of resistant strains to inhibitors because of the error-prone nature of 

RDRP, but also due to the fact that not all the drugs have desired efficacy and pharmacokinetic 

properties. Thus, striking a balance to check the aforementioned problems in developing a desired 

inhibitor warrants a multidisciplinary approach. Structure based in silico studies, enzyme based 

high-throughput assays, and repurposing the FDA approved drugs form the basis of these 

approaches. 

1.10 Thesis Synopsis 

The family Flaviviviridae consists of several medically important viruses of global public 

health concern. Despite the tremendous effort and resources poured to understand the biology of 

flaviviruses, we are still lacking a preventative vaccine that is effective against all four serotypes 
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of DENV. These problems are further complicated by the absence of chemotherapeutic agents and 

broadening mode of transmission for e.g. sexual/vertical transmission of ZIKV. With the difficult 

task faced to develop a broad-spectrum vaccine or chemotherapeutic agents, a thorough 

understanding of the viral life cycle and involvement of viral proteins in each step is justified. 

Nonstructural proteins 4A (NS4A) and 4B (NS4B) of DENV and the regulated cleavage at 

the junction of NS4A-2K-NS4B presents us with an excellent substrate to probe in depth for the 

yet unidentified functions of these proteins. These two nonstructural integral membrane proteins 

are the least studied of the flavivirus proteins without any known crystal structures. Even though, 

several studies have been carried out based on the established topology, there are huge knowledge 

gaps regarding the role of 2K, presence of uncleaved polyprotein 2K-NS4B during viral infections. 

Similarly, less is known about the role of the TMDs of these nonstructural proteins. In this thesis, 

I have examined the role of 2K (a presumed signal peptide), NS4A and NS4B using a combination 

of reverse genetics and chimeric analysis and explained their role in viral replication and particle 

release. Moreover, I constructed and characterized a ZIKV replicon and investigated the efficacy 

of several small molecule inhibitors of flavivirus N-7-Methyltransferase against ZIKV, DENV and 

YFV. 

In Chapter 2, I demonstrate that 2K peptide is not simply a signal peptide, as it carries more 

information than previously thought and plays a significant role in viral replication in a serotype 

specific manner. By generating different sets of 2K chimera, individual mutants and reciprocal 

mutants of 2K, we described how a 2 kDa peptide modulates viral replication. The major 

conclusions from this chapter can be summarized as: 2K peptides of DENV serotypes are 

functionally not replaceable even with signal peptides from other flaviviruses. Using mutagenesis, 

we demonstrated the importance of individual amino acid residues as well as conserved peptide 

“DNQL” within 2K, and the role they play in replication. Using completely new strategy of 

reciprocal mutation, we were able to demonstrate a partial rescue in replication and particle release 

in some mutants. 

Chapter 3 dives into a more detailed study of the 2K peptide and how it might modulate the 

function of NS4B protein. Here we describe why the cleavage at 2K-NS4B junction is inefficient 

and why at any given time point in viral infection, there are two populations of NS4B; 2K-NS4B 
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and NS4B. We further explained why the chimeric Den 2K (2→3) and Den 2K (2→4) viruses 

were unable to cleave at the 2K-NS4B junction using a heterologous NS1 secretion system. Using 

the Den 2K (2→3) system, which is devoid in infectious particle production, we demonstrated the 

deficiency could be transcomplemented by providing NS4B (-2K) in trans. Furthermore, we 

detailed how the ER loop of NS4B is responsible for the rescue. Using alanine scanning 

mutagenesis of the conserved residues of ER loop, we showed that the T198A mutant within the 

ER loop most closely resembled the chimeric virus phenotype suggesting its involvement in the 

early stages of viral packaging. In summary, the data from this chapter point toward a differential 

role of 2K-NS4B and a mature NS4B with 2K-NS4B mostly involved in replication and NS4B in 

early packaging steps, however, the functions of these proteins are not mutually exclusive. 

In chapter 4, I examined the role of different regions of NS4A and NS4B based on the 

established topological models. Precisely, we attempted to separate the role of TMDs in anchoring 

the viral proteins in the ER membrane vs. their role in viral replication and particle production 

using series of interserotypic NS4A and NS4B TMD chimeric viruses. TMD1 and TMD3 of 

DENV-2 NS4A were demonstrated to be conserved functionally across DENV serotypes albeit 

partially, whereas TMD2 functioned in a serotype specific manner. Similarly, different TMDs of 

NS4B were differentially conserved across DENV serotypes and showed varying levels of 

tolerance for interserotypic substitution. We further examined the effect of interserotypic 

substitution at TMD5 to test for its effect in post cleavage reorientation. Revertant analysis of 

TMD5 chimera pointed to the effect of substitution on TMD5 reorientation and suggested different 

mechanisms in different serotypes of DENV.  Moreover, the study of interserotypic cytosolic and 

ER luminal loop chimeras of NS4B suggested that ER loop is functionally conserved across all 

serotypes of DENV, whereas, the cytosolic loop was more serotype dependent. 

Chapter 5 details the construction and characterization of a ZIKV replicon system and 

screening of several small molecule inhibitors of flavivirus MTase designed to target the extra 

pocket present adjacent to the flavivirus SAM-binding site. We tested a total of eight compounds 

synthesized in Dr. Arun K Ghosh’s lab for their ability to inhibit replication of ZKV, DENV and 

YFV. A ZIKV replicon capable of autonomous replication was constructed to facilitate the 

screening of large number of compounds. Even though, these compounds were targeted against 

the capping enzyme of flaviviruses, they showed a huge variation in their activity profile. GRL-
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002- and GRL-004-16-MT specifically inhibited ZIKV replication with low micromolar IC50 value. 

On the other hand, compounds GRL-007-, GRL-0012- and GRL-0015-16-MT demonstrated a dual 

inhibitory effect against DENV and YFV, albeit the CC50 values of the GRL-012 and GRL-015 

were concerning. Compounds GRL-007-16-MT showed a broad-spectrum activity against ZIKV, 

DENV and YFV even though it was slightly cytotoxic to Vero cells. Moreover, GRL-002-16 was 

inhibitory to YFV while ineffective against DENV, whereas, GRL-016-16 had the opposite effect. 

Our results reveal the differential efficacies of the small molecule inhibitors targeting N-7-MTase. 

The experimental data suggests these compounds have different cytotoxicities in different cell 

lines and the compounds act in a virus specific way. Nonetheless, we were able to shortlist some 

potent compounds for future modifications. 
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 MUTAGENIC ANALYSES OF 2K PEPTIDE REVEALS 

PREVIOUSLY UNDEFINED ROLE IN VIRAL LIFE CYCLE  

2.1 Chapter summary 

The 2K peptide of dengue virus has long been considered a signal peptide for translocation 

of nonstructural protein 4B (NS4B) into the endoplasmic reticulum. The signal peptide, otherwise, 

a 4th TMD of NS4A protein, is cleaved from NS4A by viral NS2B/3 protease in the cytosol and 

subsequently processed by host cell signalase in the ER lumen. The fate of the 2K peptide and its 

functions have remained largely unknown. This chapter demonstrates how a small, 2 kDa protein 

carries more information than previously thought and how perturbation of this information 

negatively affects viral replication and subsequent steps of viral life cycle. To answer these 

questions, different sets of chimeras, individual mutants and reciprocal mutants of 2K were 

characterized using DENV-2 as a model system. The major findings from the study can be 

summarized as: i) The 2K peptide from DENV-2 can be replaced with 2K from closely related 

serotypes, albeit with compromised fitness, but not with 2K from other viruses or signal peptides 

from other proteins; ii) Mutations involving switching of corresponding amino acid that differed 

from DENV-2 to DENV-3 pointed to valine (V18) and threonine (T21) as being specific to DENV-

2, the mutation of which led to reduced replication and significant decrease in infectious particle 

production; iii) Reciprocal/back mutation of some of the residues in chimeric background rescued 

replication and infectious particle production, however, not to wild type level; iii) The highly 

conserved DNQL region within the 2K peptide is essential for viral replication. Charge reversal 

and conservative mutations of this region suggested the importance of negatively charged aspartate 

(D4) at the N-terminal of 2K peptide. Thus, we concluded that 2K peptide carries information 

beyond signal sequence and necessary for viral life cycle.  

2.2 Introduction 

The signal sequence leading up to localization of NS4B into the ER lumen is about 2 kDa 

in size and referred to as the 2K peptide. The N-terminus of 2K is generated by viral protease 

NS2B/3 by cleaving it from rest of NS4A thus generating 2K-NS4B as an intermediate product. 

The intermediate product is then cleaved by host signalase in the ER lumen to generate a mature 
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NS4B protein.  The sequential cleavage between NS4A-2K-NS4B presents us with a prime 

example of how a viral system hijacks the host machinery to its advantage. There have been a 

couple of examples when a similar succession of viral and host cell signalase cleavage was altered 

with debilitating effect on particle production (69). Flaviviruses undergo replication on the 

membranes of ER origin. The ER membrane originated replication factories are induced mainly 

by NS4A. As 2K is considered a 4th TMD of NS4A, the role of 2K in membrane rearrangement 

have been studied but with varied results. In KUNV, intact NS4A-2K resulted in the formation of 

replication organelles closely related to wild type virus, whereas, in DENV, the mature form of 

NS4A i.e. NS4A without 2K has been implicated in membrane biogenesis (54, 72).  These 

differences in functions also point to the effect of cleavage between NS4A-2K and/or 2K-NS4B 

in forming the replication organelles and the subsequent steps of the viral life cycle. The 

nonstructural proteins 4A and 4B are the uncharted territories of dengue virus research. The 2K 

peptide is the least studied of all and needs to be put in the context of the viral life cycle in addition 

to its role as a signal sequence.  

Signal peptides are 20–30 amino acid long consisting of a distinct three-domain structure. 

The N-terminus generally consists of basic amino acids, with a central hydrophobic region of about 

7-13 residues, and a slightly polar C-terminus (70). The C-terminal signalase cleavage site 

normally conforms to the requirement of small and neutral residues in position -1 and -3 upstream 

of the cleavage site (Ala-X-Ala), however, eukaryotic signal peptidases have less stringent 

requirements (48). The 2K peptide normally conforms to the signal sequence requirement except 

for the lack of basic amino acid residues in its N-terminus and predominantly apolar residues in 

its C-terminus. The Ca and 2K are two genuine signal peptides of DENV that are formed during 

polyprotein processing. The Ca peptide that homes in the polyprotein coming out of the ribosome 

to the ER membrane has been implicated in efficient nucleocapsid packaging in Murray Virus 

Encephalitis Virus (MVEV) by modulating the proteolytic activity of the viral protease and the 

host cell signalase as well as stabilizing the E protein in ZIKV by manipulating the autophagic 

pathway (52, 53). A similar study wherein the sequence upstream of signalase cleavage site was 

mutated to perturb the sequential cleavage in YFV resulted in lethal phenotype (33). 

Signal sequences in viruses have been reported to play major roles besides its conventional 

protein translocation functions. The signal peptide of the core protein of HCV helps in immune 
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modulation of the host by secreting the nonenveloped nucleocapsid (120). In Semliki Forest virus, 

signal peptide for p62, E3, has been shown to be essential for viral assembly by promoting the 

heterodimer formation between the viral surface proteins. The deletion of E3 resulted in the ER 

retention of E1 (121). The 2K peptide of flaviviruses have been shown to affect viral replication 

and aid in immune evasion. A V9M 2K escape mutant was able to overcome the inhibition offered 

by Lycorine by enhancing the viral RNA replication. The same mutant, V9M has been implicated 

in superinfection exclusion and immune evasion (65–67). Despite few studies pointing out the role 

of 2K in the viral life cycle, this remains a largely puzzling protein sequence whose role has not 

been properly identified.  

2.3 Materials and methods 

2.3.1 Cell culture and viruses 

Baby Hamster Kidney BHK-15 (BHK-15) cells were obtained from the American Type 

Culture Collection (ATCC) and were maintained in minimal essential medium (MEM) 

supplemented with 10% fetal bovine serum (FBS). Dengue virus was propagated in the C6/36 cell 

line at 30°C in DMEM supplemented with 2% FBS, 25mM HEPES and 25mM L-Glutamine in 

the presence of 5% CO2. The culture supernatant was clarified by centrifugation and filtered using 

0.25μM filter. All chimeric viruses and mutants were generated in the DENV-2 (16681), 

PD2ICMO backbone. 

2.3.2 Construction of chimeric viruses and replicons 

All the chimeric viruses and replicons were generated in two steps. Unique restriction sites, BssHII 

and AgeI encompassing NS4A-2K-NS4B in the PD2ICMO were chosen. In a two-step overlap 

extension PCR; the 2K peptide was switched to 2K from DENV-3 (05k86), DENV-4 (06k2270), 

and ZKV (FSS13025) using unique sets of primers resulting in –NS4A-2K(3)-NS4B-, –NS4A-

2K(4)-NS4B-, and –NS4A-2K(Zk)-NS4B- fragments. The final products were cloned into the 

PD2ICMO backbone using unique restriction sites BssHII and AgeI generating Den 2K (2→3), 

Den 2K (2→4), and Den 2K/Zika chimeric viruses. Using similar strategy, chimeric dengue 

replicon constructs were generated using in-house constructed DenvRLuc backbone. In a separate 

set of experiments, two more chimeric constructs with 2K switched to that of the signal sequence 
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of Receptor for Advanced Glycation Endproducts (RAGE) and leader peptide of Major 

Histocomapatibility Complex (MHC I) were constructed utilizing similar strategy generating 

PD2ICMO-RAGE and PD2ICMO-MHCLP chimeric viruses and replicons.  

2.3.3 Site directed mutagenesis 

A pair of complementary primers with two nucleotide substitutions corresponding to the 

target residues in the parental plasmid were designed using Primer X SDM software and 

synthesized by Integrated DNA Technology (IDT). An infectious cDNA clone of DENV and 

replicon were used for these experiments unless otherwise stated.  Site directed mutagenesis was 

carried out using a modified PCR protocol using High Fidelity (HF) Phusion (NEB) enzyme. The 

products were transformed in DH5α competent cells, screened for mutants and confirmed by low 

throughput sequencing at the Purdue Genomics facility.  For generation of reciprocal mutants, i.e., 

individual chimeric mutants, Denv 2K (2→3) chimeric virus or replicon were used as a backbone. 

2.3.4 In vitro transcription and transfection 

All the chimeric viruses and replicon constructs were linearized using XbaI and in vitro 

transcribed with T7 polymerase. Briefly, the linearized plasmid was mixed with T7 polymerase 

(NEB) and incubated at 37°C for 11/2 hours. Ten μgs of RNA thus obtained was electroporated 

into BHK-15 cells as described previously (122).  

2.3.5 Immunofluorescence Assay 

The electroporated BHK-15 cells that were plated in 24-well plates were fixed at 48 and 

72 HPE using 3.7% paraformaldehyde and permeabilized using 0.1% TritonX-100. After blocking 

with 1% BSA, they were stained with mouse monoclonal antibody against NS4B (a kind gift of 

Dr. Pei Young Shi) or dsRNA or NS5 (Strauss). They were further stained with either FITC or 

TRITC secondary antibody and visualized using an Olympus 1X81 microscope and Metamorph 

basic software (Molecular Devices). The images were processed using ImageJ software. 
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2.3.6 Luciferase assay and Plaque assay 

BHK-15 cells electroporated with different chimeric and mutant replicon constructs were 

plated in 24-well plates. At various time points post transfection, the cells were washed once with 

PBS and lysed using 100 μl cell lysis buffer (Promega). The lysed cells were stored at -80°C. Once 

samples for all time points had been collected, luciferase signals were measured using a 

Spectramax L Luminometer and Softmax Pro Software (LMAXII 384, Molecular Devices) 

according to the manufacturer’s protocol. Briefly, 20 µl of cell lysates in triplicates were added to 

an opaque 96-well plates, the injector of the Spectramax L was primed with Luciferase assay 

reagent and 100 µl was added to each well with 2-second measurement delay and 5-second 

measurement read for luciferase activity. As a negative control, a replication deficient RNA (ΔDD) 

construct, with a mutated GDD motif within RDRP was used to account for any background signal. 

For plaque assays, supernatants from transfected cells were collected at different time points, 

centrifuged to clarify and processed. BHK-15 cells plated in 6 well plates were infected with 6 ten-

fold dilutions of the supernatant and rocked for an hour. It was overlayed with MEM supplemented 

with 5% FBS and 1X agarose, incubated for 5 days at 37°C, stained with neutral red and plaques 

were counted. 

2.3.7 SDS-PAGE and Western Blot 

Transfected and infected cells were collected at different time points (24, 48 or 72 Hrs) 

post electroporation/infection depending on the samples. They were lysed using Pierce Co-IP 

buffer containing protease inhibitor cocktail (Roche) and frozen at -80°C until all the time points 

were collected. 10%, 12% and 13% acrylamide gels were used according to samples being 

processed. The nitrocellulose membrane was probed with mouse monoclonal anti-NS4B (44-4-7), 

rabbit polyclonal anti-NS1 and mouse anti-NS3 and -NS5 (Strauss). Infrared-labeled GM 680 or 

GR 800 secondary antibodies were added, and the proteins were visualized using an Odyssey 

infrared imager (LI-COR) and the Odyssey version 3 software.  

2.3.8 Intracellular vs. extracellular infectious particle assay 

At 24, 48 and 72 hours post electroporation (HPE) supernatants and cells were collected. 

Supernatants were clarified by centrifugation and frozen at -80ºC until used. Cells were washed 
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with 1X PBS, scraped off, resuspended in 2.5% FBS containing MEM and pelleted down. Cells 

were then subjected to two more washes with 1XPBS. Cells were then resuspended in 2.5% FBS 

MEM and subjected to three rounds of freeze-thaw using liquid nitrogen and incubation at 37ºC. 

Samples were centrifuged to remove the debris, and the supernatants were subjected to plaque 

assay as explained in section 2.3.8.  

2.3.9 Intracellular vs extracellular RNA extraction 

Transfected cells were washed thrice with 1X PBS at 6 HPE to remove s residual RNA 

from electroporation. At 24, 48, 72 HPE, supernatants were collected and processed for viral RNA 

extraction using RNeasy mini kit (Qiagen) or Pure Link RNA mini kit (Thermo Fisher) according 

to the manufacturer’s instructions. In parallel, the cells were washed three times with 1X PBS and 

total RNA was extracted using the same kit. The extracted viral RNAs were frozen in aliquots at -

-80ºC until used for further experiments. A ΔDD control was used a negative control for the 

background level of signal arising from RNA in downstream analyses. 

2.3.10 Quantitative Real Time (qRT) PCR 

SYBR Green One-step qRT kit (Invitrogen) along with dengue specific primers was used 

to carry out the qRT-PCR for various samples. A standard curve was generated according to the 

manufacturer’s instructions using purified in vitro RNA samples and was used as a reference point 

to calculate the RNA molecules.  

2.4 Results 

2.4.1 In silico analysis of 2K peptide and structure prediction 

The aims of these in silico analyses were to reiterate the role of 2K as signal sequence and 

predict the tentative N-, hydrophobic core (h) and the C-termini of the 2K peptide. Five different 

models were predicted when the 2K peptide was subjected to I-TASSER analysis (Fig 2.1 A, left 

panel) (123). The quality of the predicted models was based on the confidence (C-) score with 

model 1 being scored the highest (Fig 2.1 A, right panel). The 2K peptide was further analyzed 

using SignalP 3.0 Server (124), which correctly predicted it as a signal anchor sequence. Moreover, 

the analysis predicted the residues within the N-, h- and C-termini of the 2K peptide along with 
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the signalase cleavage site between 2K and NS4B (Fig 2.1 B). Since the amino acid composition 

of the signal peptide play a major role in coordinated cleavages by viral and host protease, these 

form the important basis in the current study. Another important feature of 2K is their high 

variability within the flaviviruses, although they are mostly conserved among DENV serotypes 

(Fig 2.1 C).    

 

Fig. 2.1 In silico analysis of DENV-2 2K peptide and sequence alignment. 

A) Different structural models of DENV-2 2K as predicted by I-TASSER. 

The quality of the predicted models is estimated using the C-scores 

(confidence score) which are shown in the left panel.  B) The SignalP-HMM 

model predicting the N-, h- and C- region and cleavage probability of the 

2K peptide using neural network and hidden Markov model in eukaryotic 

organisms. C) Sequence alignments of 2K from different flaviviruses using 

Clustal omega software (125). Color coding scheme- Red: Small (small+ 

hydrophobic); Blue: Acidic; Magenta: Basic; Green: Hydroxyl+ 

sulfhydryl+ amine+ G. Asterisk (*)- Fully conserved; colon (:)- 

Conservation between groups of strongly similar properties; period (.)- 

Conservation between groups of weakly similar properties (Similar 

coloring/coding scheme would be used throughout this study). 
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2.4.2 Establishing the role of 2K peptide beyond its signal sequence activity 

If 2K peptide is just a signal sequence with relatively low or no information, it should be 

replaceable with heterologous or closely related signal sequences with minimal to no effect on the 

viral life cycle. To test the hypothesis, we generated several chimeric DENV-2 constructs in the 

context of a full-length virus and replicon system. The 2K peptide in these constructs was switched 

from DENV-2 to either the leader peptide of human RAGE (receptor for advanced glycation end-

products) or the more closely related ZIKV 2K (Fig 2.2 A). The schematic of the constructs is 

shown in Fig 2.2 B. 
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Fig. 2.2 Generation and characterization of chimeric DENV. A) Sequence 

alignments of the 2K peptide with leader peptide of human RAGE protein 

(top panel) and 2K of ZIKV (bottom panel) showing little to no sequence 

conservation (RAGE) to some similarity (ZIKV-2K). B) Schematic of the 

chimeric constructs as drawn to scale. C) The cells transfected with the 

corresponding chimeric constructs were analyzed for their luciferase 

activity at 24, 48 and 72 HPE. A replication deficient ΔDD control was used 

as a negative control for background level of translation obtained from the 

input RNA. D) Western blot of the lysates collected from the BHK cells 

electroporated with the chimeric full-length virus constructs and probed 

with anti-NS4B antibody.  
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These chimeric constructs were tested for their ability to replicate using a Renilla luciferase-based 

replicon system. The in vitro transcribed RNAs from these constructs were electroporated into 

BHK cells and the cell lysates were assessed for luciferase activity at 24, 48 and 72 HPE. Both the 

chimeric constructs were unable to replicate as demonstrated by the luciferase assay and western 

blot (Fig 2.2 C-D). As the substitution of 2K was lethal for replication, the full-length chimeras 

did not yield any infectious particles (data not shown). These results clearly demonstrate that the 

2K peptide of flaviviruses is not just a signal peptide and cannot be replaced by a heterologous 

signal peptide like the leader sequence of RAGE or even from the closely related flavivirus ZIKV. 

This indirectly suggests that 2K peptide carries more information than required to translocate 

NS4B protein to ER lumen and is essential for the viral life cycle. Moreover, the inability to 

substitute 2K even within flaviviruses suggest their inherently different role in different viral 

context. 

2.4.3 Assessing the effect of 2K substitution from other DENV serotypes 

Now that we have established 2K is essential for the viral life cycle and cannot even be 

replaced with a signal peptide form other flavivirus species, we wanted to test whether these 

peptides can be replaced using 2K from other DENV serotypes. For this purpose, we chose 2K 

from DENV-3 and DENV-4 as the sequence identities of 2K were 69% and 56%, respectively. To 

test the hypothesis, we created two different chimeric constructs with 2K substituted in similar 

way as previously described (Fig 2.3 A-B).  The chimeric replicon constructs were transfected into 

BHK cells with the luciferase assays being carried out at 4, 12, 24, 48 and 72 HPE. The 4 HPE 

time period serves as control of input RNA, at this time point, all the samples should show similar, 

if not identical, luciferase activity.  

The 12 HPE time point represents the measure of early replication in DENV. As evident by 

the reduced luciferase activity of the chimeric constructs in 12 HPE (Fig 2.3 C), it clearly shows 

the delay in early stages of RNA synthesis in these constructs. The rate of RNA synthesis gradually 

increases, however, at 72 HPE, the luciferase activity is reduced by a ~1-1.5 log compared to the 

wild type. The establishment of this system wherein the chimeric 2K viruses were able to replicate 

albeit with some defect, provided the opportunity to assess the effect on infectious particle 

production. Surprisingly though, the chimeric constructs which replicated comparable to wild type 
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levels, did not produce infectious viral particles when the samples were processed at 48 HPE. 

Samples were collected every 24 HPE for 5 DPE for assessing the particle production. Chimeric 

Den 2K (2→3) virus did not show any infectious particle production until 4 DPE, whereas Den 

2K (2→4) until 3 DPE. In both the cases, infectious particle production was severely affected with 

smaller plaque phenotypes (Fig 2.3 D-E). The absence of infectious particle production at 72 HPE 

in Den 2K (2→3) is interesting as a reduction in ~1-1.5 log reduction in RNA synthesis cannot 

simply explain the phenomenon of complete lack of infectious particle production.  The 

differences in the amount of different proteins (NS3, NS4B and NS5) observed in the 48 HPE 

samples processed for western blot (Fig 2.3 F) is representative of ~1.5 log reduction in level of 

replication in different chimeras at that time point. Additionally, the western blot represents 

samples transfected with full length chimeras, a system slightly different than replicon system, 

which might add up for some of the differences seen in this case. Moreover, the amount of 2K-

NS4B, NS3 and NS5 were quantitated using densitometry. For this purpose, the amount of proteins 

produced by wild type virus was normalized to 100%. It is evident from the densitometry that the 

amount of 2K-NS4B produced in both the chimeras were reduced by ≥50% (Fig 2.3 G). 

Interestingly, the amount of NS5 produced by the chimeric viruses were reduced by ~80% in case 

of Den 2K (2→3) and by ~74% in case of Den 2K (2→4). These results suggest that a lack of 

processing at the 2K-NS4B junction could affect the production of NS5 which might have 

influenced viral replication and downstream effects seen in the chimeric viruses. 

However, an interesting trend with the processing of NS4B protein in both the Den 2K (2→3) 

and Den 2K (2→4) chimera was observed in the western blot. In both the samples, the lower band 

of NS4B (-2K) was missing and the product thus formed was not cleaved at the 2K-NS4B junction 

forming a product of ~29 kDa (Lane 1 and 2 from left, Fig 2.3 F). This suggested how specific the 

2K peptides are even for the DENV serotypes such that in the context of NS4A and NS4B of 

DENV-2 virus, a 2K peptide from either DENV-3 or -4 cannot be processed by host cell signalase.  
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Fig. 2.3 Generation and characterization of interserotypic 2K chimeric 

viruses. A) Sequence alignment of 2K from different serotypes of DENV 

depicting the viral NS2B/3 and host signalase cleavage sites. B) Schematic 

of the interserotypic DENV-2K chimeric constructs. C) Indirect 

quantification of RNA synthesis using Renilla luciferase as a reporter from 

BHK cells transfected with chimeric viruses from 4 to 72 HPE. D) and E) 

Quantification of infectious particle production over 5 DPE. Supernatants 

were collected from BHK cells transfected with the chimeric constructs 

over the 5-day period and were processed for amount of infectious particle 

released using plaque assay. E) depicts the smaller plaque morphology of 

the chimeric viruses. F) Western blot analysis of NS3, NS4B and NS5 

proteins from the WT and chimeric viruses transfected cells. The lysates 

were run on a 14% polyacrylamide gel, transferred to nitrocellulose 

membrane and probed with anti-NS4B (44-4-7), -NS3 and -NS5 (Strauss) 

antibodies. G) Amount of protein produced by the chimeric viruses were 

quantitated using densitometry. 
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Figure 2.3 continued 

 

 

Moreover, the amino acid sequences of the 2K peptide from DENV-2, -3 and -4 were submitted 

to Heliquest server (126) to analyze their helix properties. Interestingly, in DENV-3 and -4, the 

2K peptide formed a more prominent hydrophobic face compared to the DENV-2 (Fig 2.4). The 

resultant hydrophobic faces in the chimeric viruses due to the switching of 2K from DENV-2 to 

either DENV-3 or -4 might have pulled the 2K closer to the membrane thus impacting the cleavage 

by host cell signalase. The lack of cleavage at 2K-NS4B junction in the chimera results in reduced 

and delayed viral particle production. As evident from the western blot (Fig 2.3 F), the lack of 

cleavage at this junction might also affect the production of NS5 protein, a major replication 

protein. These data taken together points, in part, to differential function a mature (NS4B) vs 

uncleaved version (2K-NS4B) of NS4B play during viral life cycle.  This will be probed in more 

detail in the following chapter. 
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Fig. 2.4 Helical wheel analysis of amino acid residues of the 2K peptide in 

wild type DENV-2 vs Den 2K (2→3) and Den 2K (2→4) chimera. A switch 

of seven and ten amino acid residues in Den 2K (2→3) and Den 2K (2→4) 

chimera, respectively, resulted in a prominent shift in the hydrophobic face 

of the α-helices formed by the chimeric constructs. 

2.4.4 Role of non-conserved amino acid residues of 2K 

The revelation that the 2K can be replaced within dengue serotypes with compromised 

replication and a significant effect in infectious particle production prompted us to ask if any of 

the individual amino acid residues were responsible for the observed phenotype. For this purpose, 

we chose to use Den 2K (2→3) chimeric virus as this construct demonstrated prominent effect in 

our previous assays. Experiments were performed to generate 7 sets of mutants (full-length and 

replicon) in which the non-conserved amino acid residues in DENV-2 2K were substituted to 

amino acid at the corresponding position of DEN-3 2K (Fig 2.5 A). All these mutant constructs 

were analyzed for their RNA synthesis ability, infectivity and the effect of these substitution on 

the cleavage of 2K-NS4B. 

   The mutants were divided into two subgroups from the results of Renilla luciferase assay. 

The first group included T8A, A13G, V17L and M22A mutants that were not affected by the 

substitutions. The members of this group showed comparable level of replication (Fig 2.5B), 

infectious particle production (Fig 2.5 C) as well as similar pattern of 2K-NS4B cleavage (Fig 2.5 

D). The second group consisting of V18A, A20I and T21I mutants each showed characteristic 

features. The V18A mutant was severely affected in replication, the effect of which could be 

translated in the infectious particle production (Fig 2.5 B, C). However, the 2K-NS4B cleavage 

pattern in V18A mutant remain unchanged with both NS4B and 2K-NS4B species being produced. 
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The second member of this group included A20I which was comparable to wild type in replication 

and infectious particle production. Interestingly, the A20I mutant displayed a differential 2K-

NS4B cleavage pattern in which the amount of 2K-NS4B and NS4B were reversed compared to 

the wild type (Fig 2.5 D). The third member of this group, T21I mutant, was very similar to the 

Den 2K (2→3) chimera wherein the replication was reduced by ~2 log and the infectious particle 

production was significantly reduced. Moreover, the 2K-NS4B cleavage pattern of T21I mutant 

showed the production of higher molecular weight uncleaved version of NS4B (Fig 2.5 D).  

The change in the property of the α-helix after introduction of the individual amino acid 

residues from the second group was analyzed using the helical wheel analysis (Fig 2.6). In case of 

V18A and A20I, there were no significant changes in the hydrophobic faces of the α-helix. These 

amino acid residues might play a role in DENV replication independent of the helix property. 

However, the in T21I mutant, the introduction of isoleucine made a prominent effect in the 

hydrophobic face. The resultant change might have affected the helix such that the signalase 

cleavage is inhibited resulting in the complete lack of mature NS4B protein (Fig 2.5 D). The 

requirement for small amino acid residues at position P1 (-1) and P3 (-3), as has been suggested 

for host signalase, is further iterated by the demonstration that substitution of threonine to 

isoleucine abrogated the cleavage of NS4B from the precursor protein.  

In summary, the residues in the hydrophobic core of 2K peptide closer to the N-terminus are 

replaceable with corresponding residues from a different serotype, however, the residues closer to 

the signalase cleavage site (V18 and A20) and the residue that fits in the pocket of signalase 

cleavage enzyme has a pronounced effect in viral replication. This also suggests how the same 

host cell signalase is manipulated in a different way when the 2K peptide from DENV-3 is 

presented in a different context i.e. the proteins preceding and following it. 
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Fig. 2.5 Effect of individual mutations of 2K. A) Sequence alignment of 

DENV-2 and -3 2K peptide showing the amino acid residues that were 

mutated to corresponding residues of DENV-3. B) RNA synthesis in 7 

different 2K mutants as measured by the luciferase signal at the indicated 

time points. Den 2K (2→3) was also used as a chimeric control against 

which the other mutants were compared. C) Viral titer as calculated by 

plaque assay from the samples collected at 3 DPE. D) Western blot analysis 

of lysates transfected with the mutant RNA were run on 13% or 14% gel 

and transferred to nitrocellulose membrane and probed with anti-NS4B 

antibody.  
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Fig. 2.6 Helical wheel analysis of amino acid residues of mutants V18A, 

A20I and T2. The hydrophobic faces in V18A and A20I changes from 

ILVVML (WT) to ILAVML. However, a bigger change in the hydrophobic 

face is observed after introduction of isoleucine in place of T21. 

2.4.5 Assessing the role of amino acid residues in chimeric backgrounds: 

The next step involved asking the question as to which individual amino acids, if any, can be 

substituted back to the corresponding amino acid residues in DENV-2 2K in a chimeric virus 

background (Den 2K (2→3)) such that the observed defects can be compensated. This method is 

traditionally equivalent to revertant generation, the only difference being the amino acid residues 

are being forced at the specific position. Briefly, the seven non-conserved amino acids in the Den 

2K (2→3) chimeric constructs were individually mutated back to the corresponding amino acids 

of DENV-2 2K peptide (Fig 2.7 A). These mutants were then analyzed for RNA synthesis, 

infectious particle production and tested for their effect in 2K-NS4B cleavage. 

Broadly, the reciprocal mutants were categorized into two groups. The first group comprising 

of A8T, G13A, L14V and A22M showed comparable or even lower rate of RNA synthesis than 

the chimeric construct as evident from the Renilla luciferase assay. These reciprocal mutants did 

not show any significant increase in infectious particle production compared to the Den 2K (2→3) 

chimeric virus. Additionally, there were no changes in the cleavage pattern of NS4B compared to 

the chimeric viruses; uncleaved 2K-NS4B being the only product. The lower intensity of the band 

corresponds to the lowered replication at 48 HPE at which the lysates were collected (Fig 2.7 B-

D).  
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The second group included the remaining A18V, I20A and I21T mutants. Each of these 

mutants showed unique characteristics. The A18V mutant (Fig 2.7 B) was comparable to the 

chimeric virus in terms of RNA synthesis, however, showed significant increase in infectious 

particle production compared to Den 2K (2→3) chimeric virus (Fig 2.7 C), even though the 

cleavage pattern of NS4B remained the same as the chimeric virus (Fig 2.7 D).  This result was 

interesting compared to the V18A mutant discussed in previous section (Fig 2.5 A) which was 

severely affected in replication and infectious particle production. This emphasizes the 

requirement of a hydrophobic residue at this position. Similarly, the substitution I20A was not able 

to rescue the replication to the wild type level, even though there was a significant increase in 

particle production compared to the chimeric viruses (Fig 2.7 C). More importantly, the I20A 

mutant restored the cleavage at 2K-NS4B junction, although the amount of cleaved (NS4B) vs 

uncleaved (2K-NS4B) product was reversed (Fig 2.7 D) and comparable to the A20I mutant 

discussed in previous section. The third mutant in this subgroup, I21T showed a modest increase 

in replication, however, a significant increase in infectious particle production was observed (Fig 

2.7 B and C). This result was also surprising in a sense that the cleavage at 2K-NS4B junction was 

complete resulting formation of only mature NS4B protein (Fig 2.7 D). This suggested an increase 

in specific infectivity of this mutant as a greater number of infectious particles were being formed 

even if less amount of RNA molecules were synthesized.  

In summary, none of the reciprocal (back) mutations with Den 2K (2→3) chimera as a 

background were able to completely rescue the replication and infectious particle production. Of 

note was the restoration of the partial cleavage at 2K-NS4B junction in A20I mutant albeit the 

ratio of cleaved vs uncleaved NS4B was reversed.  On the other hand, the I21T mutant which 

restored the small amino acid requirement at the P3 (-3) position for signalase cleavage showed a 

complete cleavage at 2K-NS4B junction. The I21T mutation even though did not rescue the RNA 

replication, showed significant increase in infectious particle production compared to the chimeric 

virus. 
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Fig. 2.7 Effect of reciprocal mutations in chimeric background. A) 

Sequence alignment of the 2K peptide from DENV-3 and DENV-2 along 

with the NS2B/3 and signalase cleavage site (Top panel). Bottom panel 

showing the amino acids residues in the Den 2K (2→3) chimera that were 

mutated back to the corresponding residue. B) RNA synthesis in the 

reciprocal mutants as measured by the Renilla luciferase reporter assay. 

Samples collected at 24, 48 and 72 HPE from BHK cells transfected with 

the mutant viruses were used in the assay. C) Viral titer as calculated by 

plaque assay from the supernatants collected 3 DPE. D) Western blot 

analysis of lysates collected from cells transfected with the mutant viruses 

collected at 48 HPE run on 12% gel and transferred to nitrocellulose 

membrane and probed with anti-NS4B antibody. Student’s t-test was 

performed to test the significance at P<0.05.
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2.4.6 Role of conserved residue “DNQL” of 2K 

The N-terminus of the 2K peptide harbors a small stretch of amino acids that are almost 

identical in the flaviviruses (Fig 2.8 A). The presence of a highly conserved residue prompted us 

to ask whether these residues are important for viral replication and/or the polyprotein processing. 

By convention, the N-terminus of the signal sequence should be basic in nature, however, the 

presence of aspartate (D4) as well as two other uncharged polar amino acids (N5 and Q6) provide 

an exception for the 2K peptide. We analyzed the importance of these residues in two sets of 

experiments. The first step included alanine scanning mutagenesis of the conserved residues and 

assessing their effect in viral replication and infectious particle production. Assessing the effect of 

conservative and charge reversal mutations, as well as deletion of “DNQL” residues was part of 

the second step to figure out the role of these residues in viral replication.  

The alanine scanning mutagenesis yielded some interesting results. The D4A, N5A and L7A 

mutants all were lethal for replication hence in infectious particle production (Fig 2.8 B&C). 

However, Q6A mutant was able to tolerate alanine at this position with a prominent compensation 

seen in replication and infectious particle production. The RNA synthesis ability, as measured by 

luciferase assay, was reduced by >2 logs for this mutant with a significant reduction in the 

infectious particle production (Fig 2.8 B&C). The inability to substitute these residues with alanine 

suggest their critical role in viral replication, even though these residues are part of the signal 

sequence. The Q6A mutant was able to replicate and make virus, although the titer was reduced 

significantly and along with the plaque size (data not shown). The substitution of glutamine (Q6) 

with some success is not entirely unexpected as this residue is not as strictly conserved as D4 and 

N5 residues suggesting the less critical role this residue play in viral replication and infectious 

particle production. Western blot analysis (Fig 2.9) also showed the complete inhibition of 

replication (absence of NS5 and NS4B) in all other alanine mutants except for Q6A.   

We then asked whether conservative mutations at these positions will restore the replication 

of the virus. For this purpose, we generated D4E, N5D and Q6E mutants and tested them for their 

ability to restore replication and infectious particle production. Even though the D4E and N5D 

mutations rescued replication to some extent, they did not restore the infectious particle production 

measured at 48 HPE (Fig 2.10 A-B). In both mutants, the replication was reduced by ~1.5-2 logs 

compared to wild type at 72 HPE (Fig 2.10 A) and is evident in the western blot assay (Fig 2.10 



 

 

73 

C). The inability of same charge substitution mutant D4E to produce infectious particle was quite 

surprising and stresses the absolute requirement of these residues at this position for replication 

and hence infectious particle release. On the other hand, Q6E mutant showed comparable property 

to that of Q6A, with a ~1.5-2 log reduction in replication and a significant reduction in infectious 

particle production (Fig 2.10B). Moreover, we assessed the effect of charge reversal mutant D4K 

and a ΔDNQL mutant on viral replication. As evident from the data shown in Fig 2.10, they were 

lethal for replication and hence no infectious particle production was observed. Western blot 

analysis of the mutants shows how even the conservative mutation is unable to completely restore 

replication (Fig 2.10 C).
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Fig. 2.8 Alanine mutations of DNQL residues within 2K abolish replication 

of DENV. A) Sequence alignment of the 2K peptide from different 

flaviviruses showing the conservation in DNQL region. Also shown are the 

C-and N-termini of NS4A and NS4B, respectively. B) Renilla luciferase 

assay for the alanine mutants of the DNQL residues. Samples were collected 

at 24, 48 and 72 HPE and measured for their RNA synthesis activity using 

luciferase assay. C) Viral titer determined by plaque assay using 

supernatants collected 48 HPE. Significance was calculated using student’s 

t-test at p<0.05.  
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Fig. 2.9 Western blot analysis of the DNQL alanine mutants. Sample lysates 

collected from BHK cells transfected with the mutants were collected at 48 

HPE and ran on 12% or 13% SDS-PAGE and transferred to nitrocellulose 

membrane and blotted with anti NS4B or NS5 Abs. 

 

 

 

 

Fig. 2.10 Conservative mutation of DNQL partially restores the replication 

of DENV. A) Renilla luciferase assay for DNQL mutants. Samples were 

collected at 24, 48 and 72 HPE from the BHK cells transfected with the 

mutant constructs followed by measurement of RNA synthesis using 

luciferase assay B) Viral titer determined by plaque assay using 

supernatants collected 48 HPE. C) Western blot analysis of sample lysates 

against NS4B and NS5 protein. Significance was calculated using student’s 

t-test at p<0.05. 
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2.5 Discussion 

Signal peptides are considered low information containing short peptide sequences that help 

target a protein to specific membranes/organelles in the cell. The flaviviral genome codes for two 

such peptides Ca and 2K, that aid in the translocation of the downstream protein to the ER lumen. 

In ZIKV, Ca peptide plays a role in virus assembly and morphogenesis by stabilizing the 

downstream E protein and making it available for particle formation (52).  However, there is not 

much information available for 2K functions. In this chapter, we began to address that issue by 

generating and analyzing several 2K chimeric viruses and mutants. 

2.5.1 The 2K peptide plays role beyond its conventional signal activity 

2K peptide as shown by the in-silico analysis consists characteristic N-, h- and C-termini 

ends with a well-defined signalase cleavage site (Fig 2.1). We hypothesized that if 2K simply 

serves as a signal sequence for translocation of NS4B, it should not have any other role in viral 

life cycle and should be replaceable without consequences. However, the switch from the DENV-

2 2K to leader peptide from human RAGE protein or more closely related 2K from ZIKV resulted 

in a lethal phenotype as shown from the Renilla luciferase assay and Western blot analysis (Fig 

2.2). The inability to successfully replace the 2K in DENV-2 with 2K from another flavivirus or 

evolutionary distant leader peptide of RAGE suggests role of 2K beyond its established function 

as signal peptide. There are very few studies where functional role of 2K has been studied by itself. 

In testing the efficacy of Lycorine against flaviviruses, resistant mutant V9M was mapped to 2K. 

The same mutation in 2K was responsible for enhancing viral replication by interfering with host 

immune component (65–67). In both the chimera described in this section, the V9 position is 

occupied by different amino acids. The change in the signal peptide might have adversely affected 

the interaction between the 2K peptide and host protein. The use of unnatural signal peptide 

sometimes has deleterious effect on the function of protein, its folding and where it is targeted. 

Either of these resulting in slight modification of protein function or stability can have a serious 

effect in viral replication. E. coli thioredoxin protein was targeted to inclusion bodies rather than 

to the periplasmic space when an unnatural signal peptide was used, suggesting not all signal 

peptides function in the same way and can act in a sequence dependent manner (127). Moreover, 

the way signal peptide interact with the translocation machinery also determines the protein fate 
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and hence the functional outcome. The results from these sections helped us conclude that even 

though 2K is a signal peptide, it cannot be replaced with an unrelated signal peptide and might 

play an organism specific role in stabilizing/folding the protein it helps translocate. 

In the next step, we chose to replace these 2K peptides with closely related signal peptides 

from other DENV serotypes. Both chimeras thus generated were capable of replicating but were 

severely affected in their ability to produce infectious particles (Fig 2.3). The ability of 2K to be 

replaced by very closely related signal peptide with a fitness cost in infectious particle production 

suggests several possibilities. First, the individual amino acids of 2K might play different role in 

different DENV serotypes, or the 2K peptide as a functional unit may behave differently. A ~1.5 

log reduction in RNA replication cannot simply explain the absence of infectious particle 

production. The 2K must be investigated in context of NS4A and NS4B to get a clear picture of 

the ongoing phenomenon. Since the N-terminus of 2K is generated by the viral NS2B/3 protease, 

when switched to a different 2K in DENV-2 background it might not function in the same way. 

Similarly, serotype specific interactions between proteins have been reported. In a chimera of NS5 

protein of DENV-2, wherein the RDRP and MTase domain were replaced by corresponding 

domains of DENV-4, virus replication and particle production were severely affected (128). In 

both Den 2K (2→3) and Den 2K (2→4) chimeric viruses, the prominent difference from the wild 

type was the absence of 2K-NS4B cleavage. Upon analysis of the protein lysates from 48 HPE, 

both chimeric viruses showed a prominent ~30 kDa protein band corresponding to uncleaved 2K-

NS4B (Fig 2.3 F). The ability of these chimeric viruses to replicate but not produce infectious 

particle at a time point where wild type would peak, combined with their inability to be cleaved at 

2K-NS4B junction suggests a differential role 2K-NS4B plays vs a mature NS4B. This is an 

interesting finding as the cleavage is catalyzed by host cell signalase, which suggests the way 

polyproteins from other DENV serotypes are processed is slightly differently than DENV-2 

serotype or the viral sequences are optimized for a particular context. Based on the data, we 

propose that the switching of the 2K among DENV serotypes results in an increased hydrophobic 

face in the helix pulling it further up in the membrane and making the 2K-NS4B cleavage site 

inaccessible for host cell signalase (Fig 2.11). 
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Fig. 2.11 Proposed model of processing of NS4A-2K-NS4B cleavage in 

interserotypic 2K chimeric viruses. In a wild type virus, after the cleavage 

of NS4A-2K junction by viral NS2B/3 protease, the cryptic 2K-NS4B 

becomes accessible to host signalase resulting in normal processing of the 

precursor protein producing a mature NS4B and 2K-NS4B precursor (left 

panel). However, upon substitution of the 2K in DENV-2 to that of 2K from 

DENV-3 (yellow α-helix) or DENV-4 (blue α-helix), due to an extensive 

change in the hydrophobic face, the α-helix is pulled up (dotted blue arrow) 

resulting in 2K-NS4B junction being inaccessible to host cell signalase. 

This results into production of 2K-NS4B precursor protein only which 

severely affects infectious particle production.    
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Thus, the 2K peptide, a 23 amino acid residue single-pass membrane protein, carries 

information necessary for viral replication and possibly beyond that which will be discussed in 

more detail in the next chapter.  

2.5.2 Individual amino acid residues impart a significant role in viral replication and 2K-

NS4B cleavage: 

In order to define the importance of the amino acid residues within 2K, we devised a strategy 

wherein the non-conserved amino acids of DENV-2 2K were mutated to corresponding residues 

of DENV-3 2K (Fig 2.4 A). Amino acid residues in these 2K peptides mostly differed in their 

hydrophobic core or C-terminal region. A total of seven mutants were generated with different 

effects on their replication, infectious particle production and cleavage properties. As 2K serves 

as a signal peptide, it must fulfill the criteria of having a slightly basic N-terminal end, hydrophobic 

core and slightly polar C-terminal end. Among the seven different mutants generated, three of 

them are of special interest. The A20I mutant which was affected slightly in the replication and 

infectious particle production produced unique 2K-NS4B cleavage pattern where the normal 

cleavage pattern was reversed. The proximity of this residue to the signalase binding site (P3) 

might have disturbed the cleavage by signalase. The more hydrophobic residue isoleucine with 

branch chain instead of alanine might have created the steric hinderance or pulled the peptide 

closer to the hydrophobic membrane thus inhibiting the signalase activity. The V18A residue that 

showed a prominent effect in the replication and hence particle production underscores the 

requirement of bulky amino acids at the core of the 2K peptide. The helix breaking alanine residue 

might have affected the proper translocation of the protein or its interaction with the translocation 

machinery. Mutations in the core domain of signal sequences have long been reported to have 

negative consequences. One such example is C18R mutation in the core region of the signal 

sequence of preproparathyroid hormone which resulted in the loss of secretion of this hormone 

leading to hypoparathyroidism  (129). In HIV-1 gp160 signal sequence, its conserved residues 

along with the residues downstream of cleavage site form an extended helix preventing the co-

translational signalase cleavage (130). It would be interesting if similar phenomenon existed in 

DENV where the hydrophobic core residue of the 2K in coordination with residues from NS4B 

aid in the prevention of premature cleavage of 2K-NS4B. 
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The third mutant T21I was phenotypically closest to the chimeric Den 2K (2→3) virus. This 

mutant corresponds to the mutant in the cleavage site. For a cleavage to occur, the amino acids at 

position -1 and -3 must be small and nonpolar. The substitution of isoleucine instead of threonine 

at this position completely abrogated the 2K-NS4B cleavage which is surprising given that the 

same residue is present in the DENV-3 serotype, which gets cleaved and produces infectious 

particles. The mutagenesis around the cleavage site of C-prM that enhanced the C-prM cleavage 

was lethal for particle production (69), suggesting that signalase cleavage is highly regulated, and 

any perturbation is translated in replication and particle production. 

In the next step, we tried to answer which amino acid residues within 2K are important from 

a different approach in what we call a reciprocal mutation. In these experiments, we used the 

chimeric Den 2K (2→3) chimeric virus as our starting point then replaced each of the non-

conserved amino acid residues back to DENV-2 2K residues (Fig 2.5 A). Reciprocal mutations as 

mentioned earlier are equivalent to revertant generation except for they are not naturally selected. 

Reciprocal mutations within Den 2K (2→3) chimera gave some interesting results.  The 

substitution of valine in place of alanine (A18V) rescued infectious particle production although 

~2 logs less than the wild type and in the absence of the cleavage of 2K-NS4B as evident in the 

western blot (Fig 2.5 D). As discussed earlier, this points to the importance of a hydrophobic 

residue at this position. This result should be interpreted in a different vein with A18V mutant as 

A18V is in the DENV-2 background.  

The other noteworthy result from this set of experiment was demonstrated by the reciprocal 

mutant I21T. The substitution resulted in a significant increase in infectious particle production to 

within a log of wild type. The I21T mutant produced characteristic 2K-NS4B cleavage pattern, 

predominantly forming NS4B as evident by the band shift in the Western blot (Fig 2.7 D). It is 

interesting to assume that the restoration of cleavage might have helped rescue the infectious 

particle production. The absence of the uncleaved 2K-NS4B in this reciprocal mutant should be 

taken with caution. Western blot analysis might not have picked up the very low amount of 2K-

NS4B that was produced in the reciprocal mutant. If there is a complete processing of 2K-NS4B 

junction, a more detailed characterization of this phenotype is warranted. 
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The mutagenic analyses points to the importance of amino acid sequence/residue in or near 

the signalase cleavage site in the 2K peptide. The V18A mutation had a major effect in replication 

leading to a significant reduction in virion production. The importance of this site was further 

reinforced by the reciprocal mutation A18V, which resulted in rescuing of infectious particle 

production without any significant cleavage of 2K-NS4B residue. Even more pronounced was the 

effect of mutation on the signalase cleavage site. The T21I mutant was phenotypically similar to 

Den 2K (2→3) chimera, with fitness cost in replication and a significant effect in infectious particle 

production. Reciprocal mutation at this position resulted in increase in replication and infectious 

particle production with a unique 2K-NS4B cleavage pattern. These results clearly demonstrate 

the importance of amino acid residues of the 2K peptide and the role these residues at cleavage 

site play in particle release by affecting the 2K-NS4B cleavage. 

2.5.3 Conserved residue in the N-terminal of 2K play role in replication 

Signal peptides are surprisingly complex with modest conservation across the board (131). 

By convention, the N-terminus of a signal peptide is basic in nature, however, the presence of 

negatively charged aspartate (D4) as well as polar uncharged residues asparagine (N5) and 

glutamine (Q6) confers 2K of flaviviruses unique features. A sequence alignment of 2K from 

different flaviviruses showed a region of high conservation in the N-terminus of 2K termed 

“DNQL” for the conservation seen among these amino acid residues. The location of the “DNQL” 

along with its amino acid composition are unique as this region is closer to NS2B/3 cleavage site 

between NS4A and the 2K (Fig 2.10A); also, the presence of aspartate and other polar residues 

pointed towards the importance of this region. This underscored the need to study the detailed role 

of these residues in the flaviviral life cycle. Hence, we performed site-directed mutagenesis and 

deletion of these residues to determine their role in viral life cycle.   

The first set of experiments involving alanine substitution at these positions provided some 

insights into the role these residues play in the viral life cycle. All the alanine mutants completely 

inhibited DENV viral replication and hence infectious particle production, except mutant, Q6A. 

The Q6A mutant was severely affected in replication (~2 log reduction) and showed a significant 

reduction in virion production as well as reduced protein production. When we compared the 

sequence-alignment results (Fig 2.10 A), Q6 is replaced by lysine (K) residue in TBEV, suggesting 
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the tolerance of other amino acid at this position. This clearly suggested the less strict requirement 

of Q6 for DENV life cycle. However, the rest of the mutants were lethal for replication and hence 

the infectious particle production demonstrating the need for a negatively charged D4 at this 

position in addition to polar uncharged N5 and a hydrophobic L7. The overall effects seen in the 

lethal mutants might have been caused by the overall low RNA synthesis resulting in diminished 

viral protein production or the mutations in 2K might have affected the replication complex 

formation thus interfering with RNA synthesis and the downstream process. A study carrying out 

the mutagenic analysis of the conserved residue “QQWS” in signal peptide of parathyroid hormone 

showed a loss of signal peptide cleavage, resulting in diminished nuclear localization (132). In this 

study, the signalase cleavage at 2K-NS4B was not affected, however, we could not check the 

NS2B/3 cleavage between NS4A and the 2K peptide.  

Since alanine substitutions of the residues resulted in severe defect in viral replication and 

infectious particle production, we generated some conservative mutants in a hope that they would 

rescue defects seen in the alanine mutants.  Surprisingly, none of the mutations completely restored 

the replication and infectious particle production. Although the same charge substitution mutant, 

D4E, rescued replication to some extent, there was no production of infectious particles. This 

might be due to the side chain specific interaction of aspartate vs glutamate. Mutation of D to E in 

the RGD motif of the Rhodostomin, a snake venom, affected its activity, structure and dynamics 

thus reduced its potency. Further, in the D to E mutant of the RGD motif, interaction of aspartate 

side chain with integrin molecule was disrupted (133). It would be interesting to probe for loss of 

protein-protein interactions between wild type 2K and the D4E mutant, if any. The N5D mutant 

was phenotypically similar to D4E, with a prominent effect in replication and infectious particle 

production, suggesting these two residues might play a role in particle assembly, which this needs 

to be probed in more detail. Additionally, the charge reversal mutant, D4K, and the deletion mutant, 

ΔDNQL, were lethal for replication, suggesting an absolute requirement for these residues at the 

N-terminal of the flaviviral 2K peptide.  

Since the “DNQL” residues are closer to the NS2B/3 cleavage site, any changes in the amino 

acid composition might affect the way it is cleaved, interfere with protein-protein interaction 

mediated by the 2K or may affect the folding of downstream protein adversely affecting viral 
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replication. All these possibilities need to be probed in more detail before a definitive role is teased 

out.   

Overall Chapter 2 shed light on how information rich 2K peptides are. From their inability 

to be replaced by unrelated signal peptides to their sequence specific role in 2K-NS4B cleavage 

2K peptide with their complexity play an important role in viral life cycle.  
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 THE CLEAVAGE OF 2K PEPTIDE BY HOST CELL 

SIGNALASE MODULATES NS4B FUNCTIONS  

3.1 Chapter summary 

DENV polyprotein processing taking place at the interface of ER membrane is a fundamental 

step in the viral life cycle. A productive viral replication and virion formation involve coordinated 

activities of host cell signalase and viral protease (NS2B/3) working in tandem to generate mature 

viral proteins from a polyprotein generated by the single ORF of DENV genome. The signal 

peptides that DENV genome code for, target the ensuing proteins into the ER membrane or the 

lumen where they are acted upon by signalase during polyprotein processing. The modulation of 

host signalase cleavage and effect thereof on viral life cycle is largely unknown. how modulation 

of the host signalase activity affects viral replication/assembly has remained largely unknown. 

Following up on establishing 2K as more than just a signal peptide, in this chapter we describe 

how the differential cleavage at 2K-NS4B modulates the function of NS4B. The major findings 

can be summarized as: i) Cleavage at 2K-NS4B junction is incomplete at any given time post 

infection; ii) NS4B can be supplemented in trans to rescue infectious particle production only when 

there is an active replication complex as evident in the 2K-NS4B cleavage deficient chimera; iii) 

The ER loop of NS4B is required to rescue the defect seen in 2K-NS4B cleavage deficient chimera  

with T198A within the ER loop playing a major role in particle assembly. Together these data 

pointed towards the dual role of NS4B with an uncleaved 2K-NS4B participating in the replication 

and a mature NS4B modulating the viral assembly. However, it must be noted that the functions 

of these proteins are not mutually exclusive. 

3.2 Introduction 

NS4B, an integral transmembrane protein of ~27 kDa, has a multivariate role in the DENV 

life cycle. From its ability to antagonize the IFN pathway to its role in replication complex 

formation by interacting with other viral proteins, NS4B plays a critical role in the viral life cycle. 

The established topological models of NS4B point to the basis of its multifaceted role during virus 

infection. NS4B consists of five potential TMDs, the two N-terminal amphipathic helices (pTMD1 

and pTMD2) are found in the ER lumen while the three remaining TMDs; TMD3, TMD4 and 
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TMD5 traverse the ER membrane resulting in formation of cytoplasmic and ER loops in between 

TMD3/TMD4 and TMD4/TMD5 respectively (75). A solution NMR study of N-terminal 125 

amino acid residues of NS4B revealed the presence of five α-helices, the C-terminal four helices 

of which were membrane embedded (74). The presence of the cytosolic loop (35 amino acid) and 

ER loop (26 amino acid) gives it an advantage to encounter viral as well as host proteins in both 

cytosolic and luminal environment, which might explain its varied role. Moreover, the N-terminal 

luminal pTMDs have recently been presented as the candidate that bind to EMC and aid in 

anchoring the replication complex in the ER membrane (26). 

Host cell signalase cleavage of 2K from the N-terminal end of NS4B in the ER lumen results 

in the formation of a mature NS4B protein. The highly coordinated event of polyprotein processing 

occurring at the interface of cytosol and ER lumen forms the checkpoint for protein biogenesis and 

stability. Flaviviruses co-opt host cell proteases in tandem with the viral protease to process several 

of its proteins. These events happening at two completely different environments inside the cells 

are temporally coordinated. For instance, the capsid anchor, Ca, cannot be cleaved by host cell 

signalase unless NS2B/3 cleaves it from the C-terminus of the capsid. Any changes in the order of 

the cleavage results in defects in particle production (134). NS4A-2K-NS4B junction offers 

another example of spatially and temporally controlled polyprotein cleavage in flaviviruses. The 

signalase site between 2K-NS4B in the ER lumen is in cryptic conformation unless NS2B/3 

cleaves NS4A from the N-terminal end of 2K. However, data on consequences of altered cleavage 

at this site have not been reported so far.  

Earlier studies on polyprotein processing from flavivirus infected cells have revealed the 

presence of uncleaved or partially cleaved polyproteins. Uncleaved NS4A-2K-NS4B polyprotein 

intermediates were reported in YFV infected cells (33, 34). These studies also reported the 

complex but rapid cleavage pattern in the NS3-NS4-NS5 junction resulting in several uncleaved 

precursor proteins. The importance of these precursor proteins has remained largely unknown until 

recently when Plaszczyca et al. discovered that NS1 interacts with the uncleaved precursor protein 

NS4A-2K-NS4B directly enhancing the amplification of RNA without playing any significant role 

in the formation of the vesicle packets/replication factories (36). In contrary, a heterologous 

expression of NS4A-2K has been reported to form replication factories that closely resembled the 

one formed by wild type KUNV. In a flavivirus infected cells, due to the sequential cleavage of 
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NS4A-2K-NS4B, NS4A-2K should be technically equivalent to NS4A-2K-NS4B as the 2K-NS4B 

stays in cryptic confirmation until NS4A is cleaved from N-terminus of 2K peptide. This also 

indirectly suggested the role of precursor proteins in viral life cycle (72). The role of these 

intermediates in flaviviral life cycle has remained largely rudimentary and remains to be studied 

in detail. 

Flaviviruses adopt a strategy in which the RNA replication and packaging of the newly 

synthesized genome are closely linked. The budding particles only package the newly synthesized 

RNA genome (135). In the absence of any recognized packaging signal, the encapsidation of the 

RNA is believed to be driven by electrostatic force and non-specific interactions (136). There have 

been several notions that NS proteins of flaviviruses act as a bridge to transport the actively 

synthesized genome from the replication site to the assembly site which lies opposite of each other. 

In this regard, several NS proteins of flaviviruses have been implicated in viral assembly. 

Nonstructural protein 2A (NS2A) has been described as the orchestrator of DENV assembly. 

NS2A interacts with 3' UTR of RNA genome which serves as a tentative packaging signal, thus 

initiating the recruitment of the structural proteins, RNA and viral protease to site of assembly (28). 

Similar findings/mechanisms of role of NS2A in assembly were reported for ZIKV (137). 

Similarly, two different sets of NS2A molecules have been reported with each subset playing 

distinct role in replication and viral assembly (27). DENV NS1 interacts with prM and E proteins 

and enhances virion production (138). Similarly, Patkar et al. showed a single mutation within the 

helicase domain of NS3 completely abrogated particle production in YFV without having any 

effect on genome replication (139).  

 The role of NS4B in viral assembly is still debatable. It is mostly considered a replication 

protein and has just once been reported to be involved in ER membrane rearrangements (140), 

otherwise a major function of NS4A. A large scale mutagenesis study of different regions of NS4B 

protein mostly pointed to amino acid residues that are involved in replication, the mutation of 

which would disrupt its interaction with NS3 (81). In a study of dimerization of DENV NS4B, 

Zou et al. selected several lethal mutants of NS4B, the defects in which were not 

transcomplemented when NS4B was heterologously expressed (141). The notion of a successful 

transcomplementation only when an active replication complex is present supports the idea of co-

translational NS4A-2K-NS4B processing and assembling closer to other replication proteins. This 
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when analyzed from a different perspective stirs the idea, what if a partially cleaved/uncleaved 

polyprotein at the replication complex aid in the RNA synthesis and the mature protein is involved 

in additional functions. In chapter 2, we were able to characterize chimeric viruses which were 

deficient in 2K-NS4B cleavage. These viruses, though severely affected in infectious particle 

production, showed comparable levels of replication. This prompted us to ask questions about the 

role of the uncleaved vs cleaved protein. In this chapter, we explain how precursor polyprotein 

2K-NS4B plays an important role in viral replication and how it differs from its mature NS4B 

version.   

3.3 Materials and Methods 

3.3.1 Cell culture and viruses 

Baby Hamster Kidney BHK-15 cells obtained from the American Type Culture Collection 

(ATCC) and were maintained as previously described in section 2.3.1. Human Embryonic Kidney 

(HEK) 293T cells were maintained in a high-glucose Dulbecoo’s Modified Eagles Medium 

(DMEM). Chimeric viruses and mutants were generated in the DENV-2 (16681), PD2ICMO 

backbone. 

3.3.2 Construction of heterologous NS1 secretion system 

A heterologous NS1 secretion system was generated to indirectly measure the cleavage of 

2K-NS4B by host cell signalase. The pcDNA based heterologous NS1 secretion system was 

generated in a two-step overlap PCRs. Using specific sets of primers; NS4A was amplified from 

PD2ICMO in the first step. In a second step, using primers containing FMDV2A and portion of 

2K, 2K-NS1 was amplified. In a two-step overlap extension PCR, a final product –NS4A-

FMDV2A-2K-NS1- was generated which was cloned into pcDNA using unique restriction sites 

BamHI and XbaI. Using a similar strategy, -NS4A-FMDV2A-2K(3)-NS1- and –NS4A-

FMDV2A-2K(4)-NS1- were generated in a two-step overlap extension PCR and cloned into 

pcDNA 3.1 using the unique restriction sites. 
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3.3.3 Construction of NS4B truncation constructs 

A series of seven different MHCLP-NS4B-Flag truncation constructs in pcDNA3.1(+) 

were generated based on the established topology of NS4B (75).  MHCLP-NS4B (Δ218-248), 

MHCLP-NS4B (Δ191-248), MHCLP-NS4B (Δ165-248), MHCLP-NS4B (Δ130-248), MHCLP-

NS4B (Δ101-248), MHCLP-NS4B (Δ84-248), and MHCLP-NS4B (Δ61-248) were generated in 

a series of PCR reactions that would either delete the transmembrane domains (TMDs) and/or the 

loops in between TMDs. The reverse primers were designed in such a way that they would 

introduce a Flag tag at the C-terminus. The truncated PCR products were cloned into pcDNA3.1 

using unique restriction sites BamHI and XbaI. 

3.3.4 Site directed mutagenesis 

Sets of direct complementarity primers with two nucleotide substitutions corresponding to 

the target residues in the parental plasmid were synthesized using Primer X SDM software. An 

infectious cDNA clone of DENV and replicon were used for these experiments unless otherwise 

stated.  Site directed mutagenesis was thus carried out using a modified PCR protocol using High 

Fidelity (HF) Phusion (NEB) enzyme. The products were transformed in DH5α competent cells, 

screened for mutants and confirmed by low throughput sequencing at the Purdue Genomics facility.  

For generation of reciprocal mutants, i.e., individual chimeric mutants, PD2ICMO-2K (2→3) 

chimeric virus or replicon were used.  

3.3.5 In vitro transcription and transfection 

All the chimeric viruses and replicon constructs were linearized using XbaI and in vitro 

transcribed with T7 polymerase as described in section 2.3.4. For transfection of pcDNA 

constructs, Lipofectamine 2000 was used. Briefly, 293T cells at 80-90% confluency were treated 

with 1:1 ratio of Lipofectamine: DNA made in Optimem. Six hours post transfection; the media 

with lipofectamine and plasmid DNA was replaced with fresh media.  

3.3.6 Luciferase assay and plaque assay 

BHK-15 cells electroporated with different chimeric and mutant replicon constructs were 

plated in 24-well plates. At various time points post transfection, the cells were washed once with 
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PBS and lysed using 100 μl cell lysis buffer (Promega). The lysed cells were stored at -800C. Once 

samples for all time points had been collected, luciferase signals were measured using a 

Spectramax L Luminometer and Softmax Pro Software (LMAXII 384, Molecular Devices) 

according to manufacturer’s protocol. Briefly, 20 µl of cell lysates in triplicates were added to an 

opaque 96-well plates, the injector of the Spectramax L was primed with Luciferase assay reagent 

and 100 µl was added to each well with 2-second measurement delay and 5-second measurement 

read for luciferase activity. As a negative control, a replication deficient RNA (ΔDD) construct, 

with a mutated GDD motif within the RDRP was used to account for any background signal. For 

plaque assays, supernatants from transfected cells were collected at different time points, 

centrifuged to clarify and processed. BHK-15 cells plated in 6 well plates were infected with 6 ten-

fold dilutions of the supernatant and rocked for an hour. They were overlayed with MEM 

supplemented with 5% FBS and 1X agarose, incubated for 5 days at 37ºC, stained with neutral red 

and plaques were counted. 

3.3.7 SDS-PAGE and western blots 

Transfected and infected cells were collected at different time points (24, 48 or 72 Hrs) post 

electroporation/infection (HPE) depending on the samples. They were lysed using Pierce Co-IP 

buffer containing protease inhibitor cocktail (Roche) and frozen at -80ºC until all the time points 

were collected. A 10%, 12% and 13% acrylamide gels were used according to samples being 

processed. The nitrocellulose membrane was probed with mouse monoclonal anti NS4B (44-4-7), 

rabbit polyclonal anti NS1 and mouse anti NS3 and NS5 (Strauss). Infrared-labeled GαM 680 or 

GαR 800 secondary antibodies were added, and the proteins were visualized using an Odyssey 

infrared imager (LI-COR) and the Odyssey version 3 software.  

3.3.8 Intracellular vs. extracellular infectious particle assay 

At 24, 48 and 72 HPE supernatants and cells were collected. Supernatants were clarified 

by centrifugation and frozen at -80ºC until used. Cells were washed with 1X PBS, scraped off, 

resuspended in 2.5% FBS containing MEM and pelleted down. Cells were then subjected to two 

more washes with 1XPBS. Cells were then resuspended in 2.5% FBS MEM and subjected to three 

rounds of freeze-thaw using liquid nitrogen and incubation at 37ºC. Samples were centrifuged to 



 

 

90 

remove the cell debris, and the supernatants were subjected to plaque assay as explained in section 

2.3.8.  

3.3.9 Intracellular vs extracellular RNA extraction 

Transfected cells were washed thrice with 1X PBS at 6 HPE to get rid of residual RNA 

from electroporation. At 24, 48, 72 HPE, supernatants were collected and processed for viral RNA 

extraction using RNeasy mini kit (Qiagen) or Pure Link RNA mini kit (Thermo Fisher) according 

to the manufacturer’s instructions. In parallel, the cells were washed three times with 1X PBS and 

total RNA was extracted using the same kit. The extracted viral RNAs were frozen in aliquots at -

800C until used for further experiments. A ΔDD control was used as a negative control for the 

background level of signal arising from RNA in downstream analyses. 

3.3.10 Quantitative Real Time (qRT) and Reverse Transcriptase (RT) PCR 

SYBR Green One-step qRT kit (Invitrogen) along with dengue specific primers was used 

to carry out the qRT-PCR for various samples. A standard curve was generated according to the 

manufacturer’s instructions using purified in vitro RNA samples and was used as a reference point 

to calculate the RNA molecules. RT PCR was carried out using the One TAQ RT-PCR kit (NEB). 

Region specific primers were used to amplify the DNA fragments which were later run on a gel, 

purified using GFX columns (Invitrogen) and send for sequencing. 

3.3.11 Selection of revertants and identification of mutations  

BHK-15 cells were electroporated with 10 g of in vitro transcribed mutant RNA. Culture 

supernatants were collected 5 DPE and plaqued as described previously. Individual plaques were 

picked and passaged for 5-6 passages or until big plaques were visible with culture supernatant at 

each passage being collected, clarified and frozen at -80ºC until further analysis.   At this point, 

the corresponding supernatant samples were subjected to RNA extraction and RT PCR analysis as 

described previously. The targeted DNA fragments thus obtained were purified and analyzed by 

nucleotide sequencing.  
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3.3.12 Trans-complementation assay 

BHK-15 cells were electroporated with 10 g of in vitro transcribed chimeric RNA and 

plated in T-25 flasks. Twelve to 16 HPE, pcDNA NS4B truncation plasmids were transfected using 

Lipofectamine 2000 (Thermo Fisher) according to the manufacturer’s instruction. Culture 

supernatants were collected 48 hours post transfection (HPT) and analyzed by plaque assay as 

described previously. Cells were washed thrice with 1X PBS and resuspended in 2.5% FBS MEM 

and pelleted down, washed twice with 1XPBS and processed for calculation of intracellular 

particle assay.  

3.3.13 Trans-packaging assay 

BHK-15 cells were electroporated with 10g of in vitro transcribed chimeric and full- 

length replicon RNA and plated in a T-75 flask.  Sixteen HPE, the electroporated cells were 

subjected to second round of electroporation with SIN-CprME. The culture supernatants were 

collected at 24 HPE and used to infect naïve BHK cells. BHK cells thus infected were incubated 

for 48 hours and subjected to luciferase assay as described in section 3.3.6. 

3.3.14  Statistical analysis 

GraphPad Prism Software 7 was used to analyze the data. Student’s t-tests were used to 

determine significance wherever applicable.  

3.4 Results 

3.4.1 The chimeric viruses are delayed in packaging 

Interserotypic 2K chimeras that are competent in replication yet defective in host cell 

signalase cleavage at 2K-NS4B junction can be used as a tool to understand how signalase 

cleavage at this junction influences viral life cycle. As described in Chapter 2, the interserotypic 

chimeras, Den 2K (2→3) and Den 2K (2→4), did not produce any infectious particles when 

measured at 48 HPE. To further analyze the defect in infectious particle production, we performed 

series of experiments to determine if the block was in packaging or release of the virus. BHK cells 

were transfected with the wild type and chimeric viruses and subjected to quantitation of 
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intracellular RNA synthesis using qRT-PCR or plaque assay for viral titer determination. As 

shown in Fig 3.1 A, at 48 HPE, in case of chimeric Den 2K (2→3) virus, intracellular infectious 

particles were not detected. Similarly, the Den 2K (2→4) shows ~ 3 log reduction in intracellular 

infectious particle production compared to wild type virus. As discussed in section 2.4.3 of chapter 

2, there were no infectious particles being secreted at 48 HPE in either of the chimeric viruses as 

shown in Fig 3.1 B.   

 

 

Fig. 3.1 Analysis of infectious particles and intracellular RNA genome 

release in the 2K chimeric viruses. A) Quantification of intracellular 

infectious particles (Left panel) and RNA genome (Right panel). BHK cells 

transfected with the WT and chimeric viruses were lysed and processed 

accordingly for viral titer determination using plaque assay and qRT pCR 

for quantification of RNA genome. B) Intracellular vs extracellular viral 

titer. BHK cells transfected with the WT and chimeric viruses were lysed at 

48 HPE after thorough washing. The clarified lysate was processed for viral 

titer determination using plaque assay. Data were collected from 

experiments performed in duplicates (for RNA quantitation) and triplicates. 

Student’s t-test was performed to determine the significance at p<0.05.  
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The absence or severely reduced intracellular infectious particle production at 48 HPE in 

both the chimeric viruses points toward delayed packaging or other defects in assembly. As evident 

from the release of reduced number of infectious particles later in the infection (4 DPE), we can 

conclude that some early steps in the viral packaging have been affected. At 48 HPE, the amount 

of RNA genome synthesized in both chimeric viruses were ~1.5 log lesser than the wild type. 

However, a lack of intracellular infectious particle production in the context of chimeric viruses at 

the same time point was surprising. The ~1.5 log reduction in RNA synthesis is unlikely to account 

for the more severe defect seen in infectious particle production (Fig 3.1A). A transpackaging 

assay where structural proteins were supplied in trans was used to assess the packaging of the WT 

vs the chimeric replicons. Both the chimeric replicons were prominently reduced compared to the 

wild type (data not shown). Similarly, There are evidences demonstrating efficient packaging of 

RNA molecules when there is maximal RNA synthesis (135). Using a DNA-based KUNV 

construct and a control virus with GDD mutation, Khromykh et al., showed an active replication 

will lead to packaging of the viruses (135). 

 

 

Fig. 3.2 Western blot analysis for C and E proteins over 72 HPE. 

Supernatants from BHK cells transfected with the chimeric and wild type 

virus were collected at 24, 48, and 72 HPE. After clarifying the supernatant 

by centrifugation, the samples were run on a 12% SDS-PAGE and 

transferred to nitrocellulose membrane and probed with anti-E (4G2) and 

anti-C antibody. 
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To further probe for the defect in packaging vs release, we then analyzed the supernatants 

collected from the transfected cells over the period of 72 HPE. Samples collected at 24, 48, 72 

HPE were subjected to western blot analysis. Not surprisingly, both the chimeric viruses did not 

release any capsid in the supernatant compared to wild type virus where capsid was clearly visible 

at 48 and 72 HPE (Fig 3.2). Similarly, there was absence of any detectable E protein until 72 HPE 

in both the chimeric viruses.  

In the next step, we analyzed the lysate of BHK cells transfected with the chimeric and the 

wild type viruses at 48 HPE (Fig 3.3). Lysates from the cells transfected with both chimeric viruses 

showed the presence of C and E protein at levels similar or greater than the WT. This further 

supports the idea that the interserotypic chimeras were delayed in packaging.   

 

 

Fig. 3.3 Western blot analysis of C and E protein from the lysate. Lysates 

from BHK cells transfected with the chimeric and wild type viruses were 

collected 48 HPE. Samples were run on a 12% SDS-PAGE and transferred 

to nitrocellulose membrane and probed with anti-E (4G2) and anti-C 

antibody. 

3.4.2 Processing of NS4A-2K-NS4B junction in DENV-2 infected cells 

As we have noticed in the previous chapter, the cleavage at 2K-NS4B junction is not 

complete. Western blot analysis of DENV-2 transfected cells at 48 HPE showed the presence of a 

doublet band representing 2K-NS4B and NS4B. This raised a question whether the 

partial/incomplete cleavage at the 2K-NS4B was temporally regulated. Does this happen only 

when more protein accumulates during the latter stages of viral life cycle? To address these 

questions, we went ahead to establish the pattern of polyprotein processing at the NS4A-2K-NS4B 
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junction in virus infected cells. To this end, BHK cells were infected at an MOI of 1 with DENV-

2 and the infected cell lysates were collected every six hour intervals from 6 HPI to 72 HPI and 

subjected to Western blot analysis. 

A ~15 kDa band of NS4A protein was visible at 24 HPI post infection with a peak band 

intensity observed around 66 HPI (Fig 3.4, top panel). This experiment mainly focused on the 2K-

NS4B junction so other uncleaved polyprotein bands won’t be discussed. Interestingly, a ~27 kDa 

band corresponding to NS4B was visible at 30 HPI and peaked around 72 HPI. Of note was the 

presence of the doublet band (2K-NS4B and NS4B) from early in infection (30 HPI) and 

maintained throughout the time of experiment (72 HPI) (Fig 3.4, bottom panel). In another set of 

experiments, BHK cells were infected with DENV-3 virus at an MOI of 1, the lysate was collected 

at 48 HPI and probed for the evidence of partial cleavage at 2K-NS4B junction in DENV-3 

serotype. Interestingly, the partial cleavage at 2K-NS4B junction is not serotype specific and is 

present in DENV-3 serotype as well. 

Fig. 3.4 Western bot analysis of NS4A and NS4B proteins of DENV-2 

infected BHK cells. BHK cells in a 6 well plate was infected by DENV-2 

at an MOI of 1. Cell lysates were collected at every 6 HPI interval and then 

ran on a 12% or 13% gel, transferred to nitrocellulose paper and probed with 

anti-NS4A antibody (Top panel) or anti-NS4B antibody (Bottom panel). 

Lysate collected at 48 HPI from BHK cells infected with DENV-3 were 

collected and processed the same way and probed with anti-NS4B antibody 

(Bottom right panel). 
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This proved to be a proof of concept that in a DENV infected system, there are always two 

distinct sets of NS4B present, a mature NS4B (~27 kDa) and an uncleaved 2K-NS4B (~29 kDa). 

The differences brought about in the viral life cycle, if only one or other species is present in the 

system form the basis of Chapter 3. Herein, we study how these two species of NS4B are involved 

in different steps of viral life cycle and try to tease out their role. 

3.4.3 Indirect assessment of cleavage at 2K-NS4B junction: 

The signal peptide property of the 2K peptide can be exploited by using it as a signal 

sequence for translocation of an ER luminal protein other than NS4B. We created a system wherein 

the 2K was cloned at the 5' terminus of NS1 replacing its natural signal peptide in a pcDNA 3.1 

backbone. NS1 of DENV is an ER luminal protein that gets secreted. In a viral system, the last 24 

amino acid residues of E protein serve as the signal for translocation of NS1 to the ER lumen. 

Inside the lumen, the E-NS1 junction must be cleaved by the host protease for it to be secreted. If 

the 2K from DENV-2, -3 and -4 serotypes are cleaved equivalently, the amount of NS1 released 

in the supernatant should be equal or similar. 

In order to test if all three 2K peptides from DENV-2, -3 and -4 could translocate NS1 to ER 

lumen and get cleaved in a similar manner by host cell protease, we transfected 293T cells with 

four different constructs pcDNA-NS1, pcDNA-2K-NS1, pcDNA-2K (3)-NS1, and pcDNA-2K 

(4)-NS1. At 72 HPT, the supernatants and cells were collected and further processed. The amount 

of NS1 secreted was calculated by measuring the band intensity. pcDNA-2K-NS1 was used as a 

control as this construct has the E24 amino acid residues as a signal peptide. The amount of NS1 

secreted and translocated using a pcDNA-2K-NS1 was comparable to the pcDNA-NS1 construct 

with natural signal peptide (Fig 3.5 A). This suggested that 2K from DENV-2 can be used as a 

heterologous signal peptide in an expression system as it was processed in the same way as the 

natural signal sequence. On the other hand, the amount of NS1 translocated and secreted were 

significantly reduced in the system wherein the natural signal peptide was replaced with 2K from 

either DENV-3 or -4 (Fig 3.5 A).  

The amount of NS1 thus secreted using different 2K peptide from different DENV serotypes 

were quantified using densitometry. For this purpose, the amount of NS1 secreted using the 

DENV-2 2K peptide was normalized to 100%. This normalization was relevant as both Den 2K 
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(2→3) and Den 2K (2→4) chimeric viruses used in the current study were generated in the DENV-

2 background, replacing the 2K with 2K from the respective serotypes. It was evident from the 

densitometry that the amount of NS1 secreted in both the 2K (3)-NS1 and 2K (4)-NS1 system 

were significantly lesser than the one using DENV-2 2K system (P<0.0001) (Fig 3.5 B).    

This is an indirect measurement of the cleavage happening at 2K-NS4B junction. As is seen 

from the above results, 2K from DENV-3 and -4 are not a good signalase substrate thus are not 

cleaved properly from the protein thus creating a pool of partially cleaved proteins. These results 

further consolidate the idea of involvement of two different species of NS4B in the viral life cycle.  

 

 

 

Fig. 3.5 Measurement of cleavage using a heterologous expression system. 

A) Four different pcDNA-NS1 constructs with different signal peptides 

were transfected in 293T cells. The cells and supernatant were harvested at 

72 HPT and subjected to western blot analysis. B) The amount of NS1 

protein secreted in the supernatant were quantified using densitometry. 

Amount of protein secreted from the pcDNA 2K-NS1 was normalized as 

100%.  Results are shown as means (± SEM) of two independent 

experiments. Student’s t-test was performed to measure the significance at 

P<0.0001. 
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3.4.4 Defect in particle production can be transcomplemented   

Now that we have established that an uncleaved 2K-NS4B is capable of functioning as a 

replication protein, we asked whether a mature NS4B has additional functions. If a mature NS4B 

has a role in particle production or any related role in accelerating the assembly process, we should 

be able to supply a mature NS4B in trans and it should rescue the particle production. However, 

translocation of NS4B to the ER requires a signal peptide and it cannot be 2K in this case. To 

overcome this issue, we relied on published data wherein a murine leader peptide of murine major 

histocompatibility complex I (MHC I) molecule has been successfully used to translocate NS4B 

to the ER without affecting its function (71) as depicted in Fig 3.6 A (bottom panel). 

After 12 hours post electroporation with the Den 2K (2→3) chimera, NS4B with the leader 

peptide from MHC I was transfected using Lipofectamine. Supernatants from the 

transcomplementation reaction were collected 48 HPT and subjected to plaque assay. The results 

clearly showed that the defect in particle production seen in the chimeric Den 2K (2→3) can be 

transcomplemented if NS4B is supplied in trans with its 2K peptide substituted to unrelated signal 

peptide. Though the rescue was not to the wild type level, it was significantly different (p<0.005) 

from the chimeric virus (Fig 3.6 C).  

In a separate experiment, we tried to transcomplement a replication dead full-length DENV-

2 with Zika 2K peptide (Zika-2K) (described in chapter 2) using a pcDNA construct expressing 

full length 2K-NS4B and were not successful (Data not shown). Taken together, these experiments 

suggest the requirement of an active replication complex for a defect in NS4B to be 

transcomplemented. Similar observations were made in a study wherein individual NS4B mutants 

dead in replication could not be transcomplemented by a full length NS4B (76).   

3.4.5 The ER loop between TMD4 and TMD5 is required to rescue infectious particle 

production 

To further narrow down the regions within NS4B responsible for infectious particle 

production, we generated series of NS4B-truncation constructs with C-terminal FLAG tag (Fig 3.7 

A and B). We then analyzed the role of these truncated proteins in rescuing the deficiency in 

particle production in the chimeric Den 2K (2→3) virus. The deletion constructs were individually 

transfected into the BHK cells already harboring the chimeric virus. The transcomplementation 
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experiment involving TMD5 deletion construct (Δ218-248), significantly increased the particle 

production compared to the chimeric virus alone. However, as soon as the ER loop was deleted 

(Δ191-248), the ability of NS4B to transcomplement the defect in infectious particle production 

decreased significantly, suggesting the importance of the ER loop in rescuing the defect seen in 

the chimeric virus lacking in 2K-NS4B cleavage (Fig 3.7 C). All other truncation constructs 

upstream of the ER loop did not bring about any significant difference in rescuing the defect in 

virion production. Thus, we concluded that the region consisting of 26 amino acid residues (191-

216) corresponding to ER loop region of NS4B is responsible for rescuing the infectious particle 

production. ER loop can interact with other viral proteins or host proteins in the ER lumen to bring 

about the effect seen in the chimeric viruses. NS1 interacts with NS4B in the loop region between 

TMD2 and TMD3 which lies in ER lumen with its wing domain (142). Similarly, first 125 amino 

acid residues of NS4B that are located in the ER also interfere with the IFN α/β signaling (71), 

suggesting the importance of residues in the ER lumen.
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Fig. 3.6 Rescue assay using transcomplementation with MHC LP-NS4B. A) 

Predicted topology of NS4B adapted from Miller et al (top panel). The 

schematic of MHCLP-NS4B and the western blot showing the expression 

of the protein (bottom panel).  B) Rescue assay using MHC LP-NS4B. At 

12 HPE of BHK cells with the chimeric virus, pcDNA3.1 expressing NS4B 

with leader peptide from murine MHC (MHC LP) was transfected using 

Lipofectamine 2000. 48 HPT, the supernatants were collected and subjected 

to viral titer determination using plaque assay. Data were collected from 

experiments done in triplicates. Student’s t-test was used to determine the 

significance (p<0.05) C) Representative of plaque assay result is shown. 
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Fig. 3.7 Rescue assay using transcomplementation with MHC LP-NS4B 

with NS4B truncations. A) Schematic of MHC LP-NS4B truncates with 

amino acid positions specified. A total of seven truncations were made and 

cloned into pcDNA 3.1 with C-terminal FLAG tag. B) Western blot analysis 

showing the expression of the truncated protein. The truncation constructs 

were transfected in 293-T cells using lipofectamine 2000, lysed at 48 HPT 

and run on a 13% gel. It was then transferred to nitrocellulose membrane 

and was blotted using anti-FLAG Ab.   C) Rescue assay using MHC LP-

NS4B deletion constructs. At 12 HPE of BHK cells with the chimeric virus, 

pcDNA3.1 expressing different NS4B truncations with leader peptide from 

murine MHC (MHC LP) was transfected using Lipofectamine 2000. At 48 

HPT, the supernatants were collected and subjected to viral titer 

determination using plaque assay. Student’s t-test was used to determine the 

significance (p<0.05).
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3.4.6 Mutations of the conserved residues within ER loop points to Threonine (T198) as a 

potential modulator of the rescue function 

Now that we have established the role of ER loop in rescue the defect in infectious particle 

production, we wanted to narrow down residue/s within the ER loop that are responsible for the 

observed functions. A sequence alignment of the ER loop residues of different DENV serotypes 

were carried out (Fig 3.8 A). To this end, we mutated most of the conserved residues (excluding 

alanine, glycine and prolines) totaling to 14 mutants of the ER loop. We analyzed the RNA 

synthesis pattern of these mutants using the Renilla luciferase assay (Fig 3.8 B), followed by viral 

titer determination using plaque assay (Fig 3.8 C). These mutants could be divided into four 

groups.  

1) Mutants with none to some defect in replication and particle release. C191A, T195A, 

T203A, W205A, E206A, T215A, and T216A were comparable to wild type or within a log of wild 

type in replication as measured by the luciferase assay. There were no significant differences in 

the infectious particles formed by these mutants. T195A and T215A, although were affected higher 

in replication compared to others in this group, they did not show any significant differences in 

the viral titer, suggesting these mutants have higher infectivity.  2) Second group includes 

mutations that are lethal for replication and particle production. F212A, W213A and N214A all 

showed luciferase activity lower/equal to the background control. These mutants did not produce 

any infectious particles. 3) Mutants severely affected in replication and particle production. 

E192A, L196A and L204A showed luciferase activity slightly higher than the background level. 

These mutants did not produce any infectious particles at 48 HPE. These mutants were subjected 

to intracellular particle production assay, the intracellular viral titer corroborated their lower 

replication efficiency. 4) Mutant slightly affected in replication but severely reduced in infectious 

particle production. The T198A mutant was reduced by ~1.5 log in RNA synthesis activity as 

measured by luciferase assay, however, did not produce any infectious particles at 48 HPE. To this 

end, the mutant was subjected to intracellular infectious particle production assay showing a ~3 

log reduction compared to the wild type virus (Fig 3.7 D).  
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Fig. 3.8 Mutational analysis of conserved residues of ER loop. A) Sequence 

alignment of ER loop residues among different DENV serotypes. B) RNA 

synthesis of mutant viruses measured by luciferase assay. Sample lysates 

collected at 24, 48 and 72 HPE were compared for their luciferase activity 

against the ΔDD background. C) Viral titer measured by plaque assay. At 

48 HPE of BHK cells with the respective mutants, supernatants were 

collected and subjected to plaque assay. D) Intracellular vs extracellular 

plaque assays. Cells at 48 HPE were washed thrice with PBS and subjected 

to three freeze-thaw cycles. The clarified supernatants were subjected to 

plaque assay and compared to the supernatants from the same sample. 

Student’s t-test was performed to determine the significance at p<0.05.
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From this data, threonine (T198) within the ER loop of NS4B seems as a plausible candidate 

in orhestrating the rescuing of infectious particle production. The properties of T198A mutant to 

replicate to comparable level of wild type and not produce any infectious particles at 48 HPE was 

similar to Den 2K (2→3) chimeric viruses, the only difference being the lack of intracellular 

particle production at 48 HPE in the chimeric virus. As the ER loop lies proximal to other viral 

proteins in the ER lumen, we speculate that the T198 residue interacts with other viral proteins, 

most probably NS1 to bring the packaging machinery together. A more in-depth analysis of this 

mutant is warranted. 

3.4.7 A reversion at I21 position of chimeric virus rescues particle production with some 

fitness cost 

The chimeric Den 2K (2→3) virus was passaged for seven passages every 4-5 days in order 

to select for a reversion that would rescue infectious particle production, supporting the results 

described in this chapter. Supernatants from each passage were subjected to plaque assay. The 

supernatant from the 7th passage yielded higher titer even though the plaque size remained the 

same. The corresponding supernatant was used to generate cDNA using RT-PCR, which was then 

sequenced to look for reversions. As shown in Fig 3.8 A, in both our replicates the isoleucine (I21) 

within the 2K region of the chimeric virus had reverted to leucine (L), called I21L here onwards. 

The chromatogram (Fig 3.8 B) shows the respective nucleotide change.  

 The leucine residue was thus cloned back into the chimeric background in order to generate 

a I21L chimeric revertant virus. The I21L virus was thus subjected to measurement of RNA 

synthesis using Renilla luciferase assay and viral titer measurement using plaque assay. The RNA 

synthesis level in the I21L revertant virus as indirectly measured by luciferase assay was 

comparable to wild type level (Fig 3.9 A) with no significant differences between the viral titer of 

wild type and I21L revertant (Fig 3.9 B). The interesting characteristic about the revertant was the 

tiny size of the plaques (~1 mm) (Fig 3.9 B right panel). Surprisingly, the 2K-NS4B cleavage 

pattern in the revertant remained the same as chimeric virus (Fig 3.10 B). 

Because of the characteristic property of the revertant in the chimeric background, we asked 

what happens if the threonine (T21) residue is mutated to leucine (L) in the wild type virus 

background. To this end, we introduced T21L mutation in the 2K of wild type virus and 
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characterized the mutant. Interestingly, the mutant was phenotypically similar to the revertant virus 

with a tiny plaque morphology (Fig 3.10 A) with a significantly reduced infectivity (~1.5 log) 

compared to the wild type virus. A higher molecular weight protein corresponding to 2K-NS4B 

was observed in the mutant suggesting the absence of cleavage in the mutant (Fig 3.10 B).    

In the following set of experiments, we analyzed the particle to PFU ratio of the chimeric 

Den 2K (2→3), I21L revertant and T21L mutant and compared them with the wild type virus at 

48 HPE. Compared to the wild type, the specific infectivity of the I21L revertant chimeric virus 

was reduced by ~5-fold and ~ 2-fold reduced in the T21L mutant (Fig 3.10 C). These results also 

consolidate the notion of 2K-NS4B cleavage requirement as a part of productive particle assembly.      

 

 

Fig. 3.9 Reversion in the Den 2K (2→3) chimeric virus. A) I21L reversion 

in the 2K peptide of the chimeric virus. Chimeric viruses were passaged 

seven times before an increase in titer was observed. The RT PCR followed 

by sequencing of the cDNA confirmed the amino acid change. Experiments 

were performed in duplicate. The orange and blue arrow show the 

respective viral protease and host signalase cleavage site. B) Chromatogram 

showing the nucleotide change corresponding to I21L reversion.   
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Fig. 3.10 Characterization of I21L chimeric revertant. A) Renilla luciferase 

assay depicting the amount of RNA synthesis in the wild type replicon, 

chimeric replicon and I21L chimeric replicon. ΔDD was used as a 

translational control of the luciferase activity. B) Viral titer calculated by 

plaque assay. The supernatant collected at 48 HPE were used to infect fresh 

BHK cells and subjected to plaque assay as described in previous sections. 

Data were collected from experiments performed in triplicates. Bottom right 

panel shows the tiny plaque morphology of the revertant chimeric virus. 

Student’s t-test was performed to determine the significance at p<0.05. 
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Fig. 3.11 Characterization of T21L mutant and I21L chimeric revertant. A) 

Viral titer of T21L mutant as determined by plaque assay. The right panel 

shows the plaque morphology of the mutant. B) Western blot analysis of 

sample lysates collected at 48 HPE from the BHK cells transfected with the 

respective mutants. The samples were run on a 13% SDS-PAGE gel and 

transferred to nitrocellulose membrane and probed with anti-NS4B Ab C) 

A comparison of viral titer (left Y-axis) vs RNA molecules (right Y-axis) 

among the wild type, Den 2K (2→3) chimera, I21L revertant and T21L 

mutant. Supernatants from the BHK cells transfected with respective 

construct were collected at 48 HPE. The supernatant was used to calculate 

the viral titer by plaque assay. The same supernatant was used to quantitate 

the number of RNA molecules using qRT PCR. D) Comparison of particle 

to PFU ratio of the I21L revertant and T21L mutant to wild type virus. The 

data obtained from (C) was used to determine the particle/PFU ratio. 

Student’s t-test was performed to determine the significance at p<0.05.
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3.5 Discussion 

3.5.1 The uncleaved 2K-NS4B results in delayed packaging 

The cleavage at NS4A-2K-NS4B junction mediated by the viral NS2B/3 protease and host 

cell signalase is a coordinated event. Host cell signalase cannot act on the 2K-NS4B junction, 

which is normally in cryptic conformation, unless NS4A is removed from the N-terminus of 2K 

by the viral NS2B/3 protease. In this study, we generated chimeric viruses which were deficient in 

cleavage at 2K-NS4B junction resulting in the accumulation of uncleaved 2K-NS4B protein. The 

ensuing chimeric viruses where the 2K-NS4B cleavage was disrupted were defective in replication 

with a more pronounced effect in infectious particle production. The system thus generated gave 

us a tool to study functions of NS4B in other stages of viral life cycle than replication.  

The chimeric viruses were unable to form any intracellular as well as extracellular infectious 

particles at 48 HPE. The absence of extracellular particle corroborated with the Western blot data 

probing for the C and E proteins over the period of 72 hours (Fig 3.2). The presence of active 

replication complexes as evident by intracellular RNA synthesis data (Fig 3.1 B) and the 

production of comparable levels of C and E proteins in the chimeric viruses but lack of any 

intracellular particles clearly hinted at either a defect in packaging or any other steps of particle 

assembly in these chimeric constructs. But it must be kept in mind that these chimeric constructs 

do release infectious particles later in the life cycle (3/4 DPE) (Fig 2.4D) thus suggesting there is 

a delayed packaging but not a complete abrogation. The failure to cleave 2K-NS4B might have 

affected the early stage of packaging. NS4B is known for its multivariate function. NS4B interacts 

with NS1 within the ER lumen and helps connect NS1 to the cytosolic replication complex (142). 

NS4B is known to enhance the helicase activity of NS3 by dissociating it from single stranded 

RNA (79). Also, in HCV, the helicase domain of NS3 has been implicated in intracellular particle 

assembly (143). Moreover, the cleavage at NS4A-2K-NS4B junction holds an importance in the 

way the viral replication factories-membrane rearrangements are formed. In KUNV, NS4A-2K is 

required for the formation of membrane rearrangements unlike DENV, where a complete cleavage 

of 2K from NS4A is required to form the replication organelles (54, 72).  It is interesting to suggest 

that the uncleaved version of 2K-NS4B plays a role in replication and a mature NS4B (-2K) acts 

as a checkpoint to initiate packaging by bringing together necessary viral proteins. 
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Indeed, in a viral infected system there is always an abundance of NS4B over 2K-NS4B, but 

both are present from early on in infection. We ran a western blot analysis of a BHK cell infected 

with DENV-2 and analyzed the lysate over a period of 72 hours at 6-hour intervals. It is clear from 

the results (Fig 3.4) that the processing at 2K-NS4B junction is not 100% suggesting the functional 

role of these uncleaved products. Recently, it has been shown that the uncleaved protein precursor 

NS4A-2K-NS4B interacts with NS1 thus helping in the RNA replication in a more direct way. 

Interestingly, this sort of interaction was not seen with mature NS4A or NS4B protein. Also, these 

interactions did not have any role in membrane rearrangements (36). This clearly suggests the role 

of mature vs uncleaved polyprotein in the DENV life cycle. Taken together these evidences plus 

the ability of NS1 to interact with mature NS4B (142), it could be suggested that there is a temporal 

and spatial protein-protein interaction between these proteins occurring at different stages of viral 

life cycle.  

The cleavage at the 2K-NS4B junction is not complete, however, we showed it had better 

cleavage efficiency when used as a heterologous signal peptide for assessing the secretion of NS1 

compared to 2K from either DENV-3 or DENV-4. This information could thus be inferred to 

suggest that the 2K-NS4B junctions of DENV-3 and DENV-4 serotypes are cleaved less efficiently. 

We generated a heterologous NS1 expression system wherein the NS1 was translocated to ER 

lumen using either its original signal peptide or using either 2K from DENV-2, 3 or 4. The amount 

of NS1 thus secreted from the system were measured and used to infer the cleavage occurring at 

2K-NS4B junction. It came as no surprise why in both the chimeric viruses, accumulation of 

uncleaved 2K-NS4B occurred. These suggested that 2K from different serotypes of DENV have 

different substrate affinity or they are context dependent. In a context of NS4A and NS4B from 

DENV-2, a 2K from DENV-3 might not be recognized as efficiently as in its natural context. 

Moreover, the use of 2K to translocate the NS1 to ER lumen and thus getting it secreted 

consolidates its function as signal peptide.     

3.5.2 NS4B without 2K (-2K) has an additional role during early stage of packaging 

The defect in particle assembly can be rescued by transcomplementing NS4B(-2K). Since 

NS4B is an ER membrane protein, it needs to be preceded by a signal peptide for it to be 

translocated and folded properly in the ER. As we are teasing the role of 2K-NS4B and NS4B 
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separately, 2K-NS4B could not be used in this context. To avoid these scenarios, we used a leader 

peptide from murine MHC I molecule to construct MHC LP-NS4B (71). The results from plaque 

assay data at 48 HPT, which is equivalent to 60 HPE, clearly showed that the block in packaging 

early in the life cycle can be rescued with a NS4B (-2K). It has been reported that defects in NS4B 

functioning cannot be transcomplemented in the absence of active replication complex (141). The 

chimeric virus has a functional replication complex mediated by 2K-NS4B, and when a functional 

NS4B is supplied in trans, acceleration of particle packaging happens. 

To further narrow down the region within NS4B responsible for the described role, a series 

of NS4B truncations were tested for their ability to rescue the particle production. The region 

corresponding to the ER luminal loop (AA 191-216) was enough to bring about the same change 

as NS4B (-2K) suggesting the critical role of this loop during an early stage of the viral lifecycle. 

We speculate the floppy ER loop interacts with other viral proteins or ER membrane resident 

proteins to bring about the changes necessary to initiate packaging. Flaviviral nonstructural 

proteins play varied roles in viral assembly. An assembly defect mutant of the NS2Aα cleavage 

site of DENV has been rescued by second site reversion in the NS3 helicase domain suggesting 

the role of an integral ER membrane protein in viral assembly (144). More recently, NS2A has 

been described as a hub of viral assembly which coordinates the complex event of genome 

shuttling, assembling structural proteins and protease at the site of assembly (28). NS4B may act 

in the same vein, as the topological structure of NS4B is similar to NS2A. As seen in the western 

blot for the capsid protein 60 HPT (data not shown), the level of capsid protein was comparable to 

wild type. It is interesting to suggest that NS4B (-2K) can facilitate the capsid-RNA binding thus 

initiating the packaging of the viral particle. With the ability to sample both the ER lumen and 

cytosol with the ER loop and cytosolic loop, NS4B can interact with plethora of host and viral 

proteins. NS4B with its cytosolic loop interacts with NS3 helicase domain and aids in viral 

replication (80). No such functions have been assigned to ER loop of NS4B. This is the first time 

where the role of NS4B and its ER loop in particle production have been addressed. 

 We further analyzed the residues within the ER loop of NS4B, hypothesizing one or more 

of these residues when mutated should show similar characteristics with the chimeric viruses i.e. 

should be comparable to wild type in terms of RNA synthesis and defective in infectious particle 

production. After sequence alignment, we proceeded with 14 alanine scanning mutations of the 
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candidate residues. Some of these mutations were lethal, while some did not affect viral replication 

and infectious particle production. However, a T198A mutant, was surprisingly close to the 

chimeric viruses phenotypically. The T198A mutant was severely affected in extracellular as well 

as intracellular particle production even though RNA synthesis was within a ~1.5 log of the wild 

type. This suggested that the T198 residue within the ER loop has a major role in orchestrating the 

early stage of packaging. A single amino acid residue Q134 within the cytosolic loop of NS4B 

modulates its interaction with NS3 and enhance the RNA replication (145). Similarly, a separate 

study identified Q134, G140 and N144 of cytosolic loop as residues that are important for viral 

replication and interaction with NS3 (80).  

3.5.3 The 2K-NS4B cleavage can be bypassed for infectious particle release but there is a 

huge fitness cost 

We passaged the Den 2K (2→3) chimeric virus for several passages to select for a revertant 

in order to figure out an interacting partner or a mutant that will restore the 2K-NS4B cleavage. 

Rather interestingly, we recovered a revertant within the 2K peptide that rescued infectious particle 

production that was not significantly different from the wild type level. The revertant thus 

recovered displayed some characteristic properties with regard to the location of reversion and the 

effect it had on 2K-NS4B cleavage. The isoleucine (I) to leucine (L), I21L revertant, did not lead 

to cleavage of the 2K-NS4B junction, even though the reversion was in the P3 position of signalase 

cleavage site. Amino acids at P1 and P3 position guide the enzymatic activity of the signalase. 

This surprising finding can be discussed under several topics. 

Amino acid residues at the P1 and P3 position not only function as a signalase substrate, but 

also play a direct role in replication. As seen in the chimeric revertant virus, upon I21L substitution, 

RNA synthesis as measured by the luciferase assay was like wild type virus level. The increased 

replication resulted in increased infectious particle production that was not significantly different 

from wild type. This result was quite surprising as the rescue in infectious particle release happened 

in the absence of 2K-NS4B cleavage (discussed below). This suggests that the viruses can adapt 

to lack of 2K-NS4B cleavage by adjusting the amino acid composition within the 2K. This further 

supports the idea that 2K is an important entity of the viral genome rather than just a signal 

sequence.  
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In the chimeric revertant virus, even in the absence of 2K-NS4B cleavage, there was an 

increase in RNA synthesis and infectious particle production. However, the resultant viruses 

displayed a tiny plaque morphology (~1mm) as well as decreased specific infectivity. The DEN 

2K (2→3) I21L revertant virus had aa five-fold lower specific infectivity compared to that of the 

wild type virus. Similarly, the T21L mutant (in a wild type background) which was also deficient 

in 2K-NS4B cleavage, was significantly affected in infectious particle production, showed a tiny 

plaque morphology and a two-fold decrease in specific infectivity. Taking together these data, it 

would be interesting to reason that amino acid composition at the P3 position, in the absence of 

2K-NS4B cleavage, plays an important role in infectious particle production. As the revertant 

amino acid i.e. Leucine (L) is not present in any of the flaviviruses 2K at that position (Fig 2.1 A), 

it would be very interesting to characterize this virus further. 

This further supports the idea of requirement of 2K-NS4B cleavage in mediating a proper 

packaging of the RNA genome. We speculate that in the absence of NS4B (-2K), which acts as a 

scaffolding for the RNA genome to be picked up by capsid protein doesn’t happen efficiently. In 

the revertant virus, the RNA genome is synthesized in similar number to wild type but due to the 

absence of a scaffolding to help it get packaged. The same mutation when introduced on a wild 

type virus, resulted in an inhibition of 2K-NS4B cleavage and reduced infectious particle 

production by ~1.5 logs and with smaller plaque morphology similar to the revertant virus (Fig 

3.10 A). These results combined with the decrease in specific infectivity of the revertant I21L and 

mutant T21L resulting in loss of 2K-NS4B cleavage suggest the need for cleavage at this junction. 

The proposed role of NS4B in the viral life cycle has been detailed in Fig 3.12.
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Fig. 3.12 Proposed role of 2K-NS4B cleavage in viral life cycle. A) The NS4A-2K-NS4B 

junction is cleaved by viral NS2B/3 protease and host cell signalase in a sequential manner, 

however, the cleavage at 2K-NS4B is not complete resulting in two populations of NS4B; 2K-

NS4B and NS4B. In a normal viral infection, this will result in normal replication and packaging 

of the genome B) However, if the population of NS4B is skewed to 2K-NS4B, this will not have 

a significant effect in replication but results in packaging delay, and none to very less particle being 

produced. Our data suggest that in the absence of NS4B (-2K), packaging is severely affected and 

can be rescued by supplying NS4B in trans. Further, the ER loop of NS4B was required to rescue 

the packaging defect seen in the 2K-NS4B producing virus. We speculate the ER loop of NS4B 

interacts with some NS1 or other proteins and help bring the capsid and RNA together to initiate 

the packaging. C) The outcomes of the viral lifecycle where 2K-NS4B is exclusively present also 

depends on the amino acids at the signalase cleavage site. In the presence of permissive amino 

acids, though, uncleavable by host signalase, RNA synthesis increases, however, we predict in the 

absence of ER loop interacting with the putative partner results in deficient packaging.   
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 TRANSMEMBRANE DOMAINS OF NS4A AND NS4B 

PLAY A MAJOR ROLE IN VIRAL REPLICATION 

4.1 Chapter summary 

NS4A and NS4B of DENV are multi-pass integral membrane proteins. They help anchor the 

replication complex to the ER membrane by virtue of their transmembrane domains (TMDs). In 

this chapter, we attempted to probe for the role of TMDs of NS4A and NS4B using interserotypic 

chimera as a tool. Using the chimeric viruses, we tried to separate the role of TMDs in anchoring 

the viral proteins in the ER membrane vs. their role in viral replication and infectious particle 

production. We found that the TMD1 and TMD3 of DENV-2 NS4A could be replaced with partial 

success across the DENV serotypes, whereas TMD2 is highly specific to DENV-2. Moreover, the 

substitution of these TMDs had a pronounced effect in viral replication and infectious particle 

release, suggesting the residues within TMDs function additionally in viral replication other than 

anchoring the protein to the ER membrane. Similarly, analysis of interserotypic NS4B viruses 

suggested different TMDs of NS4B function in different ways. The TMD1 was functionally 

conserved among DENV-2 and -3 whereas other TMDs showed varied effect upon interserotypic 

substitutions. The NS4B TMD4(2→3) chimera was severely affected in replication and infectious 

virion production, whereas NS4B TMD3(2→3) and NS4B TMD5(2→3) chimeras were partially 

affected by the substitution. Revertant analysis of the NS4B TMD5(2→3) chimera pointed to how 

reorientation of TMD5 post NS2B/3 cleavage may vary in different serotypes. The M240T 

revertant in the NS4B TMD5(2→3) chimera perturbed its hydrophobic face possibly allowing the 

reorientation of TMD5. Moreover, by generating interserotypic cytosolic and ER luminal loop 

chimera, we studied their functional conservation among DENV serotypes. The results pointed 

toward a tolerance of the ER loop as a functional domain across all serotypes of DENV, whereas, 

the cytosolic loop was more serotype dependent.     

4.2 Introduction 

The association of flaviviral nonstructural proteins with the ER membrane and interactions 

with several host factors results in the formation of replication factories that harbor the viral 

replication complex. The nonstructural integral membrane proteins of flaviviruses are best known 
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for their role in anchoring the replication complex in the ER membrane by virtue of their TMDs. 

These hydrophobic/amphipathic TMDs of nonstructural proteins function possibly by interacting 

with ER resident proteins to bring about the membrane rearrangements permissive for flaviviral 

replication (146).  NS4A and NS4B of DENV are two integral membrane proteins that are central 

to viral replication, immune evasion and protein-protein interactions. NS4A, in particular, has been 

implicated in the formation of the membrane rearrangements that are requisites for the flaviviral 

replication (54). However, several studies have suggested involvement of more than one 

nonstructural proteins in the formation of the replication factories arising from membrane 

invaginations (147, 148). 

NS4A of DENV is an integral membrane protein predicted to consists of a long N-terminal 

cytoplasmic tail, and three TMDs. The TMD1 and TMD3 traverse the ER membrane in opposite 

directions, whereas, the TMD2 remains flush with the inner leaflet of the ER membrane (54). 

NS4A interacts with vimentin (DENV) with its N-terminal cytoplasmic tail and reticulon 3.1 

(WNV) with possibly TMD1 to stabilize the replication complex (59, 60). The TMD1 of NS4A is 

also involved in the oligomerization of NS4A and interaction with NS4B (56). There is less 

information available on what roles these TMDs play during the viral life cycle other than 

anchoring the protein and replication complex. A systematic mutagenesis of the conserved residues 

of the TMDs of JEV NS2B pointed towards its role in viral assembly through its interaction with 

NS2A protein (149). Similarly, TMD amino acid residues of influenza virus neuraminidase 

domain were found to be responsible for lipid raft association and budding. By using systematic 

mutagenesis and chimeric viruses in the neuraminidase region, influenza viruses with reduced titer 

and elongated morphology were generated (150). Similar studies regarding the role of TMDs of 

NS4A is warranted.      

NS4B is a multifunctional protein with its role extending from viral replication to immune 

evasion. The diverse functions of the protein can be attributed to its unique topological nature. 

Different studies have established topology of NS4B as having five potential TMDs with three of 

them traversing the ER membrane, while the remaining two lies in the ER lumen (75, 76). The 

TMD3 and TMD4 that traverse the ER in opposite direction form a 35 amino acid long cytosolic 

loop that has been implicated in the dimerization of NS4B (76). Similarly, an ER luminal loop of 

26 amino acid residues is formed between TMD4 and TMD5.   In 5-10 % of the cases, when the 
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NS2B/3 protease acts on the NS4B-NS5 junction in the cytosolic side, the TMD5 flips to the ER 

lumen (Fig 4.9 A). The unique topology of the NS4B provides it with the chance to interact with 

different cellular environments and act as one of the crucial proteins in viral life cycle. The TMDs 

of NS4B have varieties of role to play in viral life cycle. The N-terminal luminal TMDs bind to 

EMC and help anchor the replication complex in the ER membrane (26). Similarly, these luminal 

TMDs are involved in the IFN α/β antagonism (71). NS4B has also been identified as hotspot of 

mutation to develop resistance from antivirals. Some of these mutations were concentrated in the 

TMD3 (151). The cytoplasmic loop and the C-terminal domain of NS4B including the TMD5, to 

lesser extent, have been implicated in the dimerization of NS4B. Despite studies probing and 

providing information about different regions of NS4B, roles of TMDs have not been studied 

directly. The basic questions like the role of TMDs in viral replication and particle production 

other than anchoring the protein to the ER membrane remains unanswered. Similarly, if these 

TMDs are there to anchor the replication complex, are they functionally conserved across the 

DENV serotypes? These questions need to be answered to better understand the biology of DENV 

and specific role NS4B plays. 

  One way to answer these questions would be to generate interserotypic chimera wherein 

different regions of the protein are exchanged for corresponding regions of same protein from a 

different serotype. This will shed light if these regions are functionally conserved and if there are 

any interserotypic interactions that are important for viral replication and particle release. In this 

chapter, we exlored the role of different regions of NS4A and NS4B using a similar strategy. 

Several interserotypic TMD (NS4A and NS4B) chimeric viruses were generated and they were 

probed for their ability to replicate and produce infectious virions.   

4.3 Materials and methods 

4.3.1 Cell culture and viruses 

Baby Hamster Kidney BHK-15 cells obtained from the American Type Culture Collection 

(ATCC) and were maintained as previously described in section 2.3.1. Chimeric viruses and 

mutants were generated in the DENV-2 (16681), PD2ICMO backbone. 
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4.3.2 Site directed mutagenesis 

Sets of direct complementarity primers with two nucleotides substitution corresponding to 

the target residues in the parental plasmid were synthesized using Primer X SDM software. 

Infectious cDNA clone of DENV and replicon were used for these experiments unless otherwise 

stated.  Site directed mutagenesis was thus carried out using a modified PCR protocol using High 

Fidelity (HF) Phusion (NEB) enzyme. The products were transformed in DH5α competent cells, 

screened for mutants and confirmed by low throughput sequencing at the Purdue Genomics facility.  

For generation of reciprocal mutants, i.e., individual chimeric mutants, PD2ICMO-(2→3) 

chimeric virus or replicon were used.  

4.3.3 In vitro transcription and transfection 

All the chimeric viruses and replicon constructs were linearized using XbaI and in vitro 

transcribed with T7 polymerase as described in section 2.3.4.  

4.3.4 Luciferase assay and Plaque assay 

BHK-15 cells electroporated with different chimeric and mutant replicon constructs were 

plated in 24-well plates. At various time points post transfection, the cells were washed once with 

PBS and lysed using 100μl cell lysis buffer (Promega). The lysed cells were stored at -800C. Once 

samples for all time points had been collected, luciferase signals were measured using a 

Spectramax L Luminometer and Softmax Pro Software (LMAXII 384, Molecular Devices) 

according to manufacturer’s protocol. Briefly, 20 µl of cell lysates in triplicates were added to an 

opaque 96-well plates, the injector of the Spectramax L was primed with Luciferase assay reagent 

and 100 µl was added to each well with 2-second measurement delay and 5-second measurement 

read for luciferase activity. As a negative control, a replication deficient RNA (ΔDD) construct, 

with a mutated GDD motif within RDRP was used to assess background signal. For plaque assays, 

supernatants from transfected cells were collected at different time points, centrifuged to clarify 

and processed. BHK-15 cells plated in 6 well plates were infected with 6 ten-fold dilutions of the 

supernatant and rocked for an hour. It was overlayed with MEM supplemented with 5% FBS and 

1X agarose, incubated for 5 days at 37ºC, stained with neutral red and plaques were counted. 
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4.3.5 SDS-PAGE and Western Blot 

Transfected and infected cells were collected at different time points (24, 48 and 72 Hrs) 

post electroporation/infection depending on the samples. They were lysed using Pierce Co-IP 

buffer containing protease inhibitor cocktail (Roche) and frozen at -800C until all the time points 

were collected. A 10%, 12% and 13% acrylamide gels were used according to samples being 

processed. The nitrocellulose membrane was probed with either mouse monoclonal anti-NS4A 

and -NS4B (44-4-7), mouse anti-NS3 and NS5 (Strauss). Infrared-labeled GM 680 or GR 800 

secondary antibodies were added, and the proteins were visualized using an Odyssey infrared 

imager (LI-COR) and the Odyssey version 3 software.  

4.3.6 Intracellular vs. extracellular infectious particle assay 

At 24, 48 and 72 HPE, supernatants and cells were collected. Supernatants were clarified 

by centrifugation and frozen at -80ºC until used. Cells were washed with 1X PBS, scraped off, 

resuspended in 2.5% FBS containing MEM and pelleted down. Cells were then subjected to two 

more washes with 1XPBS. Cells were then resuspended in 2.5% FBS MEM and subjected to three 

rounds of freeze-thaw using liquid nitrogen and incubation at 37ºC. Samples were centrifuged to 

remove the debris, and the supernatants were processed for plaque assay as explained in section 

2.3.8.  

4.3.7 Intracellular vs extracellular RNA extraction 

Transfected cells were washed thrice with 1X PBS at 6 HPE to remove residual RNA from 

electroporation. At 24, 48, 72 HPE, supernatants were collected and processed for viral RNA 

extraction using RNeasy mini kit (Qiagen) or Pure Link RNA mini kit (Thermo Fisher) according 

to the manufacturer’s instructions. In parallel, the cells were washed three times with 1X PBS and 

total RNA was extracted using the same kit. The extracted viral RNAs were frozen in aliquots at -

80ºC until used for further experiments. A ΔDD control was used as a negative control for the 

background level of signal arising from RNA in downstream analyses. 
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4.3.8 Quantitative Real Time (qRT) and Reverse Transcriptase (RT) PCR 

SYBR Green One-step qRT kit (Invitrogen) along with dengue specific primers was used 

to carry out the qRT-PCR for various samples. A standard curve was generated according to the 

manufacturer’s instructions using purified in vitro RNA samples and was used as a reference point 

to calculate the RNA molecules. RT PCR was carried out using the One TAQ RT-PCR kit (NEB). 

Region specific primers were used to amplify the DNA fragments which were later run on a gel, 

purified using GFX columns (Invitrogen) and sent for sequencing. 

4.3.9 Selection of revertants and identification of mutations  

BHK-15 cells were electroporated with 10 g of in vitro transcribed mutant RNA. Culture 

supernatants were collected 5 DPE and plaqued as described previously. Individual plaques were 

picked and passaged for 5-6 passages or until plaques were visible with culture supernatant at each 

passage being collected, clarified and frozen at -80ºC until further analysis.   At this point, the 

corresponding supernatant samples were subjected to RNA extraction and RT PCR analysis as 

described previously. The targeted DNA fragments thus obtained were purified and analyzed by 

nucleotide sequencing.  

4.3.10 Statistical analysis 

GraphPad Prism Software 7 was used to analyze the data. Student’s t-tests were used to 

determine significance wherever applicable.  

4.4 Results  

4.4.1 Construction and characterization of NS4A interserotypic chimeras 

NS4A is an integral membrane protein, a property that contributes to the formation of 

membrane rearrangements resulting in replication factories. Topologically, NS4A has been 

described to possess three TMDs, with TMD1 and TMD3 traversing the ER membrane while 

TMD2 sits parallelly with the inner leaflet of the ER membrane (Fig 4.1 A). The role TMDs of 

NS4A play during viral life cycle is little known except for the fact that they anchor the viral 

replication complex in the ER membrane. We hypothesized that if TMDs just play a role in 
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anchoring the protein in the ER, we should successfully be able to replace it without significant 

effect on viral replication and particle production.  To test this hypothesis, we generated three 

different chimeras wherein the TMDs of NS4A of DENV-2 were substituted with that of DENV-

3 TMDs (Fig 4.1 B-C). The interserotypic chimeras thus obtained were analyzed for replication 

and infectious particle production. 

Interestingly, of the three chimeras thus generated and analyzed, NS4A TMD1(2→3) and 

TMD3(2→3) chimera were affected severely in replication resulting in significant reduction in 

infectious particle production, whereas, TMD2(2→3) chimera was lethal for replication and 

infectious particle production (Fig 4.2 A-B). Both NS4A TMD1(2→3) and TMD3(2→3) were 

delayed in replication that peaked gradually up to 72 hours, however, was comparable to the 24 

hour luciferase activity shown by the wild type replicon suggesting the nine and eight amino acid 

residue changes made in the NS4A TMD1(2→3) and TMD3(2→3) chimeras, respectively, 

affected the replication (Fig 4.2 A). In both the cases, the reduced replication translated in 

significant reduction in infectious particle production determined at 48HPE (Fig 4.2 B). On the 

other hand, the NS4A TMD2(2→3) chimera was the most affected of all. With a total of twelve 

amino acid residue changes in the TMD2(2→3) chimera, it was lethal for replication, with the 

luciferase signal similar to background level (ΔDD construct). No infectious particle release was 

observed for TMD2(2→3) when measured at 48 HPE (Fig 4.2 B) and beyond (Data not shown). 

The western blot analysis of the chimeric constructs depicts the amount of NS4A and NS4B 

proteins (Fig 4.3 A) as well as NS3 and NS5 proteins (Fig 4.3 B) being produced in the chimeric 

viruses vs the wild type. Surprisingly, monomeric NS4A bands were hardly visible in the wild 

type as well as in the chimeric constructs. However, a prominent oligomeric band around ~100 

kDa was observed in the TMD1 chimeric virus and the wild type. The absence of the NS4A and 

NS4B was quite concerning for TMD3 chimeric construct. However, it might be due to several 

reasons. The replacement of TMD3 might have negatively affected the antibody binding or these 

membrane proteins were produced in reduced amount as seen in the case of NS3 and NS5 protein 

(Fig 4.3 B) in TMD3(2→3) chimera or the proteins might have degraded more rapidly in this case.
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Fig. 4.1 Construction of interserotypic NS4A chimera A) Topology of 

NS4A. The established topology of NS4A based on Miller et al showing 

the TMDs. B) Sequence alignment of DENV-2 and DENV-3 NS4A with 

TMD1, TMD2 and TMD3 labeled. C) Schematic of the interserotypic 

NS4A TMD chimeric constructs.
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Fig. 4.2 Characterization of interserotypic NS4A TMD chimera. A) Renilla 

luciferase assay for an indirect measurement of RNA synthesis. The 

chimeric constructs were transfected in BHK cells and cell lysates were 

collected at 24, 48 and 72 HPE and subjected to Renilla luciferase assay. B) 

Viral titer determination using plaque assay. Supernatants from BHK cells 

transfected with full-length chimeric constructs were collected at 48 HPE 

and processed for plaque assay, plaque being counted on 6th day. Student’s 

t-test was carried out to determine the significance (p<0.05). 

 

To further analyze the effect of amino acid changes due to the TMD substitutions, sequences 

of the TMDs of DENV-2 and DENV-3 were submitted to Heliquest server (126). Interestingly, 

NS4A TMD1(2→3) and TMD3(2→3) chimera had a bigger change in the hydrophobic faces of 

the respective TMDs compared to TMD2 (2→3) (Fig 4.4). Both chimeras were significantly 

reduced in infectious particle production (Fig 4.2 B). On the other hand, the TMD2 switch did not 

result in much change at the hydrophobic face (Fig 4.4), but the lethality of the switch could be 

attributed to the number and drastic amino acid changes at the ER surface and luminal interface as 

the TMD2 of NS4A lies flush with the inner leaflet of ER membrane. 
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Fig. 4.3 Western blot analysis of interserotypic NS4A TMD chimera. BHK 

cell lysates transfected with chimeric constructs were collected at 48 HPE 

and ran on a 4-16% SDS gel. Proteins were transferred to nitrocellulose 

membrane and blotted with anti-NS4A and NS4B abs (A) and with anti-

NS3 and NS5 Abs (B). 

 

Fig. 4.4 Helical wheel analysis of amino acid residues of TMDs of NS4A 

of DENV-2 and DENV-3. The top panel shows the hydrophobic faces 

formed by the TMDs of DENV-2 NS4A. Upon substitution of TMDs from 

DENV-2 to DENV-3 which accounted for nine, twelve and eight amino acid 

residues, respectively, the changes in the hydrophobic faces of the TMDs 

of the chimeric viruses are depicted in the bottom panel. 
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4.4.2 Analysis of reciprocal mutation in the chimeric background 

In the next sets of experiment, we analyzed whether individual amino acids within the TMDs 

of NS4A are responsible for the phenotypic effect seen in the interserotypic chimeric viruses. To 

test the hypothesis, we chose chimeric viruses as the starting point and mutated select amino acids 

to the original ones to assess the effect. Amino acid residues switched from the chimeric 

background to the original ones are highlighted in the schematic shown in Fig 4.5. A total of three 

amino acid changes were brought about in TMD1 chimera, five amino acid residues in case of 

TMD2 and four amino acid changes in case of TMD3.  

 

Fig. 4.5 Schematic of reciprocal mutation in NS4A TMDs. Reciprocal 

mutations introduced in A) TMD1 B) TMD2 and C) TMD3 chimeric 

viruses highlighted in blue.  

In the first set of reciprocal mutations to probe for the important amino acids in TMD1 of 

NS4A, we made three changes; G59T, L63T and M69F on the chimeric background. The G59T 

mutation which introduces a polar uncharged residue instead of a helix breaker glycine, had a very 

small effect on the overall phenotypic property of the TMD1 chimera. There was ~1 log increase 

in replication as evident by the luciferase assay, which was translated in particle production, 
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although insignificant. The other two mutations, L63T and M69F did not have any significant 

effect on the way TMD1 chimera behaved (Fig 4.7 A-B).    

TMD2 of NS4A sits on the inner layer of the ER membrane and possibly plays a role in 

introducing membrane curvature during the viral replication complex formation. Switching from 

TMD2 of DENV-2 to DENV-3 introduces a total of 12 amino acid changes in the chimeric virus. 

The introduction of the DENV-3 TMD2 in NS4A was lethal with no replication and infectious 

particle production. Furthermore, the reciprocal mutations chosen to probe if individual amino acid 

replacement can rescue this loss in replication was unsuccessful, as shown in Fig 4.7. 

  

 

 

Fig. 4.6 Effect of reciprocal mutation in TMD1 chimera of NS4A. A) 

Renilla luciferase assay for the reciprocal mutant of NS4A TMD1 chimera. 

Renilla luciferase assay depicting the amount of RNA synthesis in the wild 

type replicon, chimeric replicon and reciprocal mutant replicons. ΔDD was 

used as a translational control of the luciferase activity. B) viral titer 

calculated by plaque assay. The supernatants collected at 48 HPE were used 

to infect fresh BHK cells and plaqued as described in previous sections. 

Student’s t-test was carried out to determine the significance at P<0.05. 
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Fig. 4.7 Effect of reciprocal mutation in TMD2 chimera of NS4A. A) 

Renilla luciferase assay for the reciprocal mutant of NS4A TMD1(2→3) 

chimera. Renilla luciferase assay depicting the amount of RNA synthesis in 

the wild type replicon, chimeric replicon and reciprocal mutant replicons. 

ΔDD was used as a translational control of the luciferase activity. B) Viral 

titer calculated by plaque assay. The supernatant collected at 48 HPE were 

used to infect fresh BHK cells and determine the viral titer. Student’s t-test 

was carried out to determine the significance at P<0.05. 

Similar experiments were carried out to determine if the re-introduction of individual amino 

acid residue could rescue the replication and infectious particle production in the TMD3 chimera. 

L102P and Q103H did not have any significant effect on the replication as well as particle 

production. Surprisingly, S107A gained some replication competence and a significant increase in 

infectious particle production, suggesting the requirement of small amino acid at this position. 

However, this reciprocal mutant never reached the level of the wild type virus (Fig 4.8).  
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Fig. 4.8 Effect of reciprocal mutations in TMD3 chimera of NS4A. A) 

Renilla luciferase assay for the reciprocal mutants of NS4A TMD1 chimera. 

Renilla luciferase assay depicting the amount of RNA synthesis in the wild 

type replicon, chimeric replicon and reciprocal mutant replicons. ΔDD was 

used as a translational control of the luciferase activity. B) Viral titer 

calculated by plaque assay. The supernatant collected at 48 HPE were used 

to infect fresh BHK cells and plaqued as described in previous sections.  

4.4.3 Construction and characterization of NS4B interserotypic chimera 

NS4B, the largest nonstructural membrane protein of DENV, consists of five potential TMDs. 

The first two TMDs do not traverse the ER membrane and lie in the lumen. TMD3, TMD4 and 

TMD5 traverse the ER lumen resulting in formation of cytoplasmic and ER luminal loop in 

between TMD3/TMD4 and TMD4/TMD5, respectively (75). Different regions within NS4B have 

been attributed with different functions. The loop region between pTMD2 and TMD3 interacts 

with NS1 and helps in viral replication (142), the cytosolic loop interacts with NS3 enhancing its 

helicase activity (81) among others. These properties made NS4B a good candidate to probe for 

roles of different regions within NS4B. We hypothesized that if the TMDs and loops are 

functionally conserved across different serotypes of DENV, we should be able to successfully 

replace them with corresponding regions from other DENV serotype without any effect on viral 

life cycle. To test the hypothesis, we constructed five different interserotypic TMD NS4B chimera 

(Fig 4.9 B-C) and three each of the cytosolic and ER loop chimera (discussed later in the chapter).  
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The chimeric viruses in the context of replicon and full-length genome were transfected in 

BHK cells and analyzed for their ability to synthesize RNA and make infectious particles. The 

NS4B TMD chimeras showed varied and interesting results (Fig 4.10). Based on the data obtained 

from the luciferase assay and plaque assay, they can be divided into three subgroups. The first 

group consists of NS4B TMD1(2→3) chimera which showed a comparable RNA synthesis level 

to wild type. There were no significant differences in infectious particles produced by this chimera 

compared to wild type virus suggesting the four amino acid residues which differ between DENV-

2 and DENV-3 are interchangeable. The second group of chimeras consisted of NS4B 

TMD2(2→3), NS4B TMD4(2→3) and NS4B TMD5(2→3). In all these chimeras, the switching 

of the TMDs from DENV-2 to DENV-3 resulted in varying degree of effect on replication and 

infectious particle production. The TMD2 switch resulted in lethal phenotype which completely 

abrogated the replication and infectious particle production. The NS4B TMD4(2→3) chimera was 

severely affected in replication and showed a highly significant reduction in infectious particle 

production. The TMD4 switch which account for six amino acid changes might explain the effects 

seen in the chimeric virus. Similarly, the NS4B TMD5(2→3) showed reduced level of RNA 

synthesis and infectious particle production and will be discussed in more detail in the following 

sections. The third group consisted of NS4B TMD3(2→3) chimera which was reduced in 

replication but did not show a significant difference in infectious particle production. Even though 

the RNA synthesis as measured by the luciferase assay was reduced by ~1.5-2 log at 48 HPE, there 

was no significant difference in the release of infectious particle produced compared to the wild 

type. This suggests that the chimeric viruses are more infectious than the wild type viruses or the 

RNA genome is packaged more efficiently in this chimera.  

The Western blot analysis (Fig 4.10 C) shows a very faint band of TMD3(2→3) compared 

to that of TMD1(2→3). This is concerning but the antibodies against NS4B are targeted against 

the cytosolic loop which is formed by TMD3 and TMD4 and the substitution in the TMD3 (a 

change of four amino acids) might have affected the binding. Also, compared to TMD1(2→3), 

less amount of RNA is synthesized at 48 HPE when the samples were collected for Western blot. 
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Fig. 4.9 Construction of interserotypic NS4B TMD chimeras. A) Topology 

of NS4B based on Miller et al. NS4B consists of five predicted TMDs and 

loops connecting these TMDs. The TMD5 in many cases flips inside to ER 

lumen after NS2B/3 cleavage. B) Sequence alignment of DENV-2 and 

DENV-3 NS4B with the corresponding TMDs indicated. C) Schematic of 

interserotypic NS4B TMD chimeric constructs. 
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Fig. 4.10 Characterization of interserotypic NS4B TMD chimeras. A) 

Renilla luciferase assay for an indirect measurement of RNA synthesis. The 

chimeric constructs were transfected in BHK cells and cell lysates were 

collected at 24, 48 and 72 HPE, and Renilla luciferase activity was 

measured. B) Viral titer determination using plaque assay. Supernatants 

from BHK cells transfected with full-length chimeric constructs were 

collected at 48 HPE and processed for plaque assays. Plaques were counted 

on day 6. Data were collected from experiments performed in triplicates. C) 

Western blot analysis of interserotypic NS4B TMD chimeras. BHK cell 

lysates transfected with chimeric constructs were collected at 48 HPE and 

ran on a 12% SDS gel. Proteins were transferred to nitrocellulose membrane 

and blotted with anti-NS4B antibody. β-actin was used as a loading control. 

Student’s t-test was carried out to test the significance at p<0.05.
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Fig. 4.11 Helical wheel analysis of amino acid residues of TMDs of NS4B 

of DENV-2 and DENV-3. The top panel shows the hydrophobic faces 

formed by the TMDs of DENV-2 NS4B. Upon substitution of TMDs from 

DENV-2 to DENV-3 which accounted for four, five, four, and six amino 

acid residues, respectively, the changes in the hydrophobic faces of the 

TMDs of the chimeric viruses are depicted in the bottom panel. 

 

We analyzed the TMDs of NS4B of both DENV-2 vs. DENV-3 were analyzed by Heliquest 

server (126) for any major changes that might have played role in the interserotypic chimeric 

phenotypes (Fig 4.11). There were no major changes in the hydrophobic faces in the interserotypic 

TMD1(2→3), TMD3(2→3) and TMD4(2→3) chimeras. However, the TMD2(2→3) chimera 

showed a loss of hydrophobic face compared to the wild type virus. Interestingly, the TMD2(2→3) 

substitution was lethal. 

4.4.4 Analysis of reciprocal mutations of NS4B in the chimeric background 

In the following experiments, we analyzed whether individual amino acids within the TMDs 

of NS4B are responsible for the phenotypic effect seen in the interserotypic chimeric viruses. For 

this purpose, we chose the TMD2(2→3) chimera, which was replication incompetent and 

TMD5(2→3), which was affected in replication and infectious particle production. Also, TMD5 

is proximal to NS2B/3 cleavage site and is assumed to flip inside the lumen post cleavage in 5-10% 

of the cases (75).  Using TMD2(2→3) and TMD5(2→3) chimeric replicons and viruses as the 
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starting point, we mutated select amino acids to the original ones to assess the effect of individual 

amino acids. Amino acid residues switched from the chimeric background to the original ones are 

highlighted in the schematic shown in Fig 4.12. 

 

Fig. 4.12 Schematic of reciprocal mutation of select NS4B TMD chimeric 

constructs. TMD2 chimera (top panel) and TMD5 chimera (bottom panel). 

Effect of reciprocal mutation in TMD2 chimeric viruses 

A total of 3 reciprocal mutations were made in the TMD2 chimeric virus background, A66T, 

V73T and D79G in context of both full-length and replicon construct. The mutations of the selected 

individual amino acids in TMD2 chimeric background did not have any effect on the replication 

and particle production (Data not shown).  

Effect of reciprocal mutation in TMD5 chimeric viruses 

Three amino acids at the end of TMD5, which are close to NS2B/3 cleavage site, were chosen 

for the reciprocal mutation. Each amino acid was mutated back to the original residue and 

analyzed.  
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Fig. 4.13 Effect of reciprocal mutation in TMD5 chimera. A) Renilla 

luciferase assay of reciprocal mutants. The reciprocal chimeric constructs 

were transfected in BHK cells and cell lysates were collected at 24, 48 and 

72 HPE and subjected to the Renilla luciferase assay. B) Viral titer 

determination using plaque assay. Supernatants from BHK cells transfected 

with full-length chimeric constructs were collected at 48 HPE and processed 

for plaque assays. Data were collected from experiments performed in 

triplicates. Significance was calculated using student’s t-test at p<0.05. 

Of the three reciprocal mutants, S242N showed a log increase in replication at 72 HPE, 

however, there was no significant change in infectious particle production suggesting the 

interchangeability of this residue. On the other hand, V243T rescued the replication to wild type 

level and a significant change in particle production compared to the chimeric virus suggesting a 

requirement of polar/uncharged residue at this position. Interestingly, G244T resulted in a 

prominent reduction of RNA synthesis and a loss of infectious particle production (Fig 4.13). The 

G244T mutation in the chimeric virus resulted in -SVT- in the chimeric virus which points to the 

context dependency of this amino acid residue. The substitution might have affected the folding 

of downstream protein or affected the cleavage at NS4B-NS5 junction. In order to assess the 

polyprotein processing at NS4B-NS5 junction in these reciprocal chimeric mutants, western blot 

analysis was carried out. There were no differences in the molecular size of the NS5 bands 

compared to wild type virus suggesting absence any aberrant proteolytic processing. Of note was 
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lower band intensity in the chimeric and reciprocal constructs in which reduced replication was 

observed (Fig 4.14). 

 

Fig. 4.14 Western blot analysis of the NS4B TMD5(2→3) chimeric viruses. 

BHK cells at 48 HPE were lysed and run on a 12% SDS-PAGE gel. They 

were transferred to a nitrocellulose membrane and blotted with anti-NS5 

antibody. WT and NS4B TMD5(2→3) chimera were, respectively, used as 

a control for the chimeric and reciprocal chimeric virus. 

4.4.5 Same site reversion rescues the replication and particle production in TMD5 chimera 

Due to the unique nature of TMD5 to flip inside the lumen as it is cleaved from the NS5 

protein, we were interested in knowing if the reduction in replication and particle production in 

the TMD5 chimeric construct was due to loss of interaction with any other viral proteins. The 

introduction of -SVG- in place of -NTT- might affect the stability/amphipathicity of the TMD5 in 

the ER membrane. Hence, to select for a reversion, we passaged the TMD5 chimeric viruses for 

several passages. After seven passages, we observed a slight increase in plaque size compared to 

the chimeric TMD5 virus. The revertant virus was plaque purified, subjected to RT-PCR for cDNA 

generation and subjected to sequencing. Interestingly, the reversion was with in the TMD5 itself. 

The methionine (M240) mutated to threonine (T) as shown in Fig 4.15. 
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Fig. 4.15 Reversion in the NS4B TMD5(2→3) chimeric virus. A) M240T 

reversion in the TMD5 of the chimeric virus. Chimeric viruses were 

passaged seven times before an increase in plaque size was observed. The 

RT PCR followed by sequencing of the cDNA confirmed the amino acid 

change. Experiments were performed in duplicate. B) Chromatogram 

showing the nucleotide change corresponding to M240T reversion.   

The corresponding mutation was thus introduced into the chimeric virus background and 

subjected to further analysis for their effect in replication and particle production. The introduction 

of M240T helped increase replication to wild type level and significantly increased infectious 

particle production (Fig 4.16).
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Fig. 4.16 Characterization of M240T chimeric revertant. A) Renilla 

luciferase assay depicting the amount of RNA synthesis in the wild type 

replicon, chimeric replicon and M240T chimeric replicon. ΔDD was used 

as a translational control of the luciferase activity. B) Viral titer calculated 

by plaque assay. The supernatant collected at 48 HPE were used to infect 

fresh BHK cells and perform plaque assay as described in the previous 

sections. C) Western blot analysis of the M240T revertant. The lysates from 

BHK cells transfected with the chimeric revertant constructs were collected 

at 48 HPE, run on a 12% gel, transferred to nitrocellulose membrane and 

probed with anti-NS5 Ab. Student’s t-test was carried out to determine the 

significance at p<0.05.
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The sequence of the TMD5, TMD5 chimera and TMD5 chimeric revertant were 

submitted to the Heliquest server (126) to analyze the effect brought about by the 

introduction of threonine instead of methionine. With T in the backbone, the helix has a 

smaller hydrophobic face, which is (Fig 4.17 C) closer to the wild type helix (Fig 4.17 A) 

than the chimeric TMD5 helix. 

 

Fig. 4.17 Helical wheel analysis of amino acid residues of TMD5, TMD5 

NS4B (2→3) chimera, and TMD5 NS4B (2→3) chimeric revertant. A) In 

the wild type TMD5, there is absence of hydrophobic face, however, upon 

introduction of SVG in place of NTT, a ten amino acid residue hydrophobic 

face is formed (B). C) In the M240T revertant, there is a smaller 

hydrophobic face compared to the chimeric virus.  

4.4.6 Construction and characterization of interserotypic cytosolic and ER luminal loop 

chimera 

The TMDs of multi-pass integral membrane proteins of flaviviruses are connected by amino 

acid residues that are either exposed to the cytosolic or the luminal environment in the cell. These 

amino acid residues (loops) play varied role during viral life cycle. In the case of NS4B, the TMD3 

and TMD4 traversing the ER membrane in opposite direction form a 35 amino acid residues long 

cytosolic loop. The cytosolic loop is an interacting partner for NS3 helicase as well as a domain 

required for NS4B dimerization (152). Similarly, the TMD4 and TMD5 traversing the ER 

membrane form an ER luminal loop of 26 amino acid length. The ER luminal loop has not been 

attributed any specific role so far but in some cases mutations of ER loop residues is demonstrated 

to abrogate viral replication (145). Since the cytosolic and the ER loop are in different chemical 

environments and are the soluble regions of the membrane protein NS4B, they can be target of 

many protein-protein interactions. 
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We asked whether the functions of these soluble loops are conserved among different 

serotypes of DENV, and if so, can these loops in DENV-2 background be replaced by 

corresponding loops from other DENV serotypes. To test this hypothesis, we generated a total of 

12 interserotypic chimeras (6 each in full-length virus and replicon system) and tested their ability 

to replicate and to produce infectious particles.  

The cytosolic loop in the DENV-2 background was switched to that of the cytosolic loop of 

DEN-1, -3 and -4. The ER loop was switched in a similar fashion to generate 3 other interserotypic 

chimeras. The sequence alignment of the cytosolic loops (Fig 4.18 A) and ER loops (Fig 4.18 B) 

were carried out using Clustal Omega (125) and the chimeric viruses and replicons were generated 

accordingly.    

 

Fig. 4.18 Sequence alignment and topology of the cytosolic and ER loop of 

NS4B A) The amino acid residues of NS4B encompassing 129-165 were 

subjected to sequence alignment using Clustal Omega software (125).  

Bottom panel highlights the cytosolic loop (green) that was switched.  (B) 

The amino acid residues of NS4B encompassing 190-217 were subjected to 

sequence alignment using Clustal omega software.  Bottom panel highlights 

the ER loop (violet) that was switched. 

The substitution of the cytosolic loop had a variable effect on viral replication, as shown in Fig 

4.19 A. The NS4B Cyt(2→1) and NS4B Cyt(2→3) interserotypic chimeras were severely affected 

in terms of RNA synthesis. Both chimeras showed a maximum luciferase activity at 72 hrs that 

was smaller than luciferase activity of wild type at 24 hrs (Fig 4.19 A). With the reduced RNA 

synthesis as measured by luciferase activity, both chimeric viruses, NS4B Cyt(2→1) and NS4B 
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Cyt(2→3), showed a highly significant reduction in infectious particle production (Fig 4.19 B). 

This suggests the incompatibility of the cytosolic loop from either DENV-1 or -3 in replacing the 

loop from DENV-2. Whereas in case of NS4B Cyt(2→4) chimera, it showed an RNA synthesis 

level comparable to wild type at later time points (48 and 72 HPE). There was no significant 

difference in the release of infectious particle compared to wild type suggesting the 

interchangeability of this loop (Fig 4.19). The switching of the loop from DENV-2 to DENV-4 

results in switching of only three amino acid residues suggesting their dispensable nature.
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Fig. 4.19 Characterization of interserotypic cytosolic and ER luminal loop 

chimeras A) Renilla luciferase assay of interserotypic loop chimeras. The 

interserotypic chimeric constructs were transfected into BHK cells and cell 

lysates were collected at 24, 48 and 72 HPE and subjected to Renilla 

luciferase assays. B) Viral titer was determined using plaque assay. 

Supernatants from BHK cells transfected with full-length interserotypic 

chimeric constructs were collected at 48 HPE and processed for plaque 

assay. Student’s t-test was carried out to determine the significance at 

p<0.05.
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Interestingly, the substitution of the ER luminal loops from DENV-2 to either DENV-1, -3 

or -4 had less drastic effects on viral replication compared to the cytosolic loop chimeras (Fig 4.19 

A). The RNA synthesis level as measured by luciferase activity at 72 HPE were comparable to 

wild type. In all three chimeras, RNA synthesis at 24 HPE was mostly affected which gradually 

rose. The viral titer of the ER loop chimera calculated at 48 HPE shows a significant reduction in 

viral titer for NS4B ER(2→3) and NS4B ER(2→4) chimeras and a highly significant reduction in 

case of NS4B ER(2→1) chimera (Fig 4.19 B). In the NS4B ER(2→3) and ER(2→4) chimeras, the 

switching of the loop results in switching of two and three amino acid residues, respectively, which 

might have accounted for the less severe effect compared to ER(2→1) switch where a total of six 

amino acid residues are switched. The western blot analysis is reflective of the effects seen in these 

interserotypic chimera where a a comparable level of NS4B protein synthesis is seen in NS4B 

Cyt(2→4), NS4B ER(2→3) and WT virus (Fig 4.20). 

 

Fig. 4.20 Western blot analysis of interserotypic cytosolic and luminal loop 

chimera. BHK cell lysates from cells transfected with the interserotypic 

chimeric constructs were run on a 13% SDS gel, blotted onto nitrocellulose 

membrane and probed with anti NS4B antibody. β-actin was used as loading 

control. 

4.5 Discussion 

This chapter describes the role of different TMDs in viral replication and assembly. By 

creating interserotypic chimeras, we tried to define the functional role of TMDs of the integral 

membrane proteins other than anchoring the protein in the ER membrane. Generation of chimeric 
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viruses involved a bulk change in specific regions, subunits or an entire protein. The bulk changes 

allow assessing the functional conservation among wide varieties of substrate. This also allows us 

to assess, if these regions/domains are functional in their original niche. Generation of chimeric 

viruses as a tool to figure out the role of different regions of viral protein or role of the entire 

protein in general has been used quite frequently. Chimeric DENV-2 virus, wherein the MTase 

domain of NS5 in DENV-2 was switched to MTase of DENV-4, was severely affected in 

replication. The chimeric virus developed an adaptive mutation within the RDRP domain which 

partially rescued the replication, suggesting the interserotypic interaction between RDRP and the 

MTase domain (153). These interserotypic chimeras were probed further demonstrating a 

requirement for an interserotypic genetic interaction between NS5 and NS3 helicase domain as 

well as interdomain NS5 interactions for successful DENV replication (128). 

4.5.1 TMDs of NS4A are serotype specific and play important role in viral replication 

In this chapter we utilized the interserotypic chimeras as a tool to define roles of different 

TMDs of NS4A of DENV. The interserotypic NS4A TMD chimeras could be divided into two 

groups. The first group includes NS4A TMD1(2→3) and TMD3(2→3) chimeras which were 

severely affected in replication and showed significantly reduced infectious particle production 

(Fig 4.2). These chimeras accounted for a bulk change of nine and eight amino acids, respectively. 

Since NS4A is one of the major players in membrane rearrangement for the formation of 

replication factories, any changes in the TMDs negatively affect that property. As can be seen from 

the helical wheel analysis of the TMD1, the switch to TMD1 from DENV-3 introduces a bigger 

hydrophobic face. Whereas in TMD3, the composition of the amino acids forming the hydrophobic 

face differs completely. Since these changes might affect the replication factory formation, the 

resultant chimeras, NS4A TMD1(2→3) and TMD3(2→3) were prominently affected in 

replication as a result showed a significant reduction in virion production.  Also, the interserotypic 

changes involve switching from hydrophobic to polar uncharged residues, from aliphatic to bulky 

aromatic groups and from stable to helix breaker residues (Fig 4.5). These changes when imposed 

at the same time might have affected the replication efficacy of these chimeric constructs. 

Moreover, TMD1 of NS4A is responsible for its oligomerization. The amino acids L52, E53, G66, 

and G67 of TMD1 have been shown by NMR to be involved in the oligomerization (56). E53, 

G66 and G67 are conserved across DENV-2 and DENV-3. However, there is a methionine in place 
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of L52 in DENV-3. This might be one of the reasons for the reduced rate of replication seen. 

However, western blot data (Fig 4.3) does not completely support this notion as oligomers of 

NS4A are produced by this chimera. Similarly, a unique PEPE motif in the TMD3 of WNV-Kunjin 

plays a role in the cleavage of the 2K from NS4A by NS2B/3. In mutant viruses where these 

residues were mutated, there was deficient cleavage at NS4A-2K junction resulting in defective 

replication complex formation (154). With the substitution of eight amino acids in TMD3(2→3) 

chimera, the function of conserved peptide PEPE might have been affected. Also, we did not 

observe any NS4A and NS4B in the western blot for this interserotypic chimera. However, no 

higher molecular weight bands of NS4A-2K-NS4B were also seen. This must be due to poor 

binding of antibody or due to rapid degradation of the membrane protein as both NS3 and NS5 

production could be seen for the same chimeras (Fig 4.3 B).  

The second group consisted of the NS4A TMD2(2→3) chimera. The TMD2 switch was 

lethal for replication and infectious particle production. The TMD2 of NS4A sits parallel with the 

inner leaflet of the ER membrane. The TMD2 of NS4A also plays a major role in membrane 

bending, rearrangement and formation of replication factories. An interserotypic chimeric switch 

from DENV-2 to DENV-3 results in a bulk change of twelve amino acid residues. The introduction 

of helix breaker G93, and to some extent S82 and S91, might have destabilized the helix in DENV-

2 context and might have resulted in improper folding and degradation of the protein. Moreover, 

as TMD2sits on the inner leaflet of the ER membrane, the large substitution might have affected 

the protein-protein interaction mediated by the residues of TMD2 of DENV-2 and not DENV-3.  

All these observations led us to ask why these TMDs work in the context of DENV-3 and 

not in DENV-2. One way to answer that question is to generate a revertant which would probably 

point to its specific interaction partner. However, several attempts to select for a revertant virus in 

NS4A TMD1(2→3) and TMD3(2→3) chimeras were unsuccessful. Alternatively, to pinpoint 

individual amino acid residues responsible for the phenotypic effect seen, we chose a different 

strategy in which select amino acid residues were mutated back to their original residues in the 

chimeric background. None of the reciprocal mutations of the NS4A TMD1(2→3) chimera 

significantly helped restore the replication and infectious particle production, although G59T 

reciprocal mutation showed some restoration of replication and infectious particle production (Fig 

4.6). Our attempts to pinpoint residues of TMD2 that could rescue the replication in TMD2(2→3) 
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chimera were unsuccessful, as none of the reciprocal mutations rescued replication in this chimera. 

This supports the idea that rather than a single amino acid, a group of amino acid residues interact 

with the membrane, thus keeping it bound to the inner leaflet of ER membrane. Any disturbances 

in the membrane homeostasis maintained by these domains are detrimental for viral life cycle. It 

is also possible that TMD2 might interact with other viral proteins or TMDs of same serotype; 

thus, any changes to this TMD results in non-replicative chimeras. One prominent example of the 

rescue of replication and significant increase in infectious particle production using reciprocal 

mutation is exemplified by the S107A mutant of NS4A TMD3(2→3) chimera. The introduction 

of alanine on the chimeric background resulted in a gradual increase in RNA synthesis as measured 

by luciferase assay and a significant increase in infectious particle production compared to the 

chimeric viruses (Fig 4.8).  

4.5.2 TMDs of NS4B vary in their ability to tolerate interserotypic substitutions 

NS4B with its unique topology is one of the major replication proteins of DENV. Presence 

of soluble domains (Cytosolic loop and ER loop) and TMDs make it a protein with multivariate 

functions. In order to understand the role of TMDs in viral life cycle, several interserotypic TMD 

chimera of NS4B in DENV-2 were generated. The TMDs of NS4B could be substituted with 

corresponding TMDs of DENV-3 NS4B with varying degree of success.  TMD1 of NS4B was the 

most permissive one. The TMD1 chimera did not have any major defect in terms of replication 

and virion production as they were comparable to that of wild type (Fig 4.10). pTMD1 and pTMD2 

of NS4B are believed to be membrane associated, however, do not traverse the membrane (75). A 

chimeric switch from TMD1 of DENV-2 to DENV-3 introduces a total of four amino acid changes 

and most of them are conservative substitutions which explains the result obtained from this 

chimeric virus. The substitution of pTMD2, however, resulted in the loss of viability of the virus 

which could not be rescued even by reciprocal mutation (Data not shown). As shown from the 

helical wheel analysis of pTMD2, the TMD switch from DENV-2 to DENV-3 results in loss of 

hydrophobic face (Fig 4.11).  Also, pTMD1 and pTMD2 of NS4B have been reported to interact 

with EMC and help in the biogenesis of NS4B protein (26). The loss of hydrophobic face might 

have affected the way pTMD2 interacts with the membrane and hence the EMC resulting in 

instability of the protein. The NS4B TMD3(2→3) chimera showed a reduced replication, however, 

there was no significant difference in infectious particle production suggesting the production of 
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virions with higher infectivity. With only four amino acid substitutions in the interserotypic TMD3 

(2→3) chimera, the result was quite interesting. However, role of TMD3 of DENV in viral 

pathogenesis and adaptability has been reported. DENV-4 adapted to Vero cell lines develops 

L112F mutation. Interestingly, the switching also resulted in L112F substitution in our experiment. 

Similarly, V109, and G119 residues within TMD3 of NS4B were responsible for enhanced 

replication of DENV-4 when mutated to alanine in Vero cells (155). With a bulk change of six 

amino acid residues, mostly conservative, TMD4(2→3) chimera was severely reduced in 

replication and infectious particle production. Although there were no changes in the hydrophobic 

face when switched from DENV-2 to DENV-3 (Fig 4.11), other interactions mediated by 

individual amino acids within TMD4 might have been disrupted.  

The NS4B TMD5(2→3) chimera in which the last TMD of NS4B (close to NS4B-NS5 

junction), was reduced in RNA synthesis and was significantly affected in infectious particle 

production (Fig 4.13). Since most of the amino acid changes in the chimera were closer to the 

NS4B-NS5 cleavage site, we took a special interest in the NS4B TMD5(2→3) chimera. As 

mentioned earlier, the substitution of TMD5 in DENV-2 to DENV-3 resulted in reduced 

replication efficiency that was translated in terms of infectious particle release (Fig 4.10). The 

predicted topology of NS4B supports that TMD5 of NS4B can be reoriented after NS2B/3 

cleavage. The TMD5 can flip to the inside of the lumen (75). We suspected the introduction of 

SVG instead of NTT might have introduced more hydrophobic residues to the TMD which might 

have affected TMD5 flipping to the ER lumen. In order to select for a revertant, the TMD5 

chimeric virus was passaged several times. A M240T reversion in TMD5 rescued the replication 

and infectious particle production of the TMD5 chimeric virus. We analyzed the sequences of wild 

type TMD5, TMD5 chimeric virus, and the revertant virus using helical wheel projection. 

Interestingly, in TMD5 chimeric virus, with the introduction of residues from DEN-3 TMD5 a 

huge hydrophobic face was introduced (Fig 4.15 B) compared to DENV-2 TMD5. With the 

M240T reversion, the hydrophobic face is reduced to few amino acids, suggesting the critical role 

of the NTT residues towards the end of TMD5 in possibly helping reorient the TMD5 to the lumen 

post cleavage. This phenomenon points to how the reorientation of TMD5 post NS2B/3 cleavage 

might vary in different serotypes. Similar post cleavage reorientation of TMDs have been 

described in N-terminal of NS4B of HCV, where posttranslational processing of the N-terminal of 

NS4B results in it being translocated to the lumen of the ER (156).  Similarly, the M protein of 
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gastroenteritis coronavirus adopts two topologies with the –COOH group inside or outside the 

virion surface (157). These revertant data is also supported by the reciprocal mutations we did in 

the TMD5 chimeric background. The introduction of V243T also rescued replication and 

infectious particle production, albeit not to wild type levels (Fig 4.13).  

In summary, the different TMDs of NS4B function in different ways as they interact with 

different environments. The TMD1 and 2 are in the lumen while TMD3 and TMD4 meet different 

fate in the bilipid layer of the ER. TMD5 could sample both the membranous environment and the 

lumen as it flips into ER lumen post cleavage. The contribution of unique properties from different 

regions within NS4B makes it one of the major replication proteins in the viral life cycle. 

4.5.3 ER loop of NS4B is functionally more conserved than the cytosolic loop 

The cytosolic and ER loop consist of soluble domains of an otherwise integral membrane 

protein NS4B. The cytosolic loop of NS4B has a diverse role ranging from its involvement in 

NS4B dimerization to interacting with helicase domain of NS3 to help replication. We were 

interested in testing if these functions are conserved across the DENV serotypes. The 

interserotypic cytosolic chimera were used as a tool to answer these questions. As seen in Fig 4.19 

A, the substitution of cytosolic loop from DENV-2 to DENV-1 or -3 resulted in a drastic defect in 

viral replication and infectious particle production. However, the substitution to DENV-4 did not 

have any significant effect. When a switch of a cytosolic loop is made from DENV-2 to either 

DENV-1 or DENV-3, a total of five and six amino acids, respectively are replaced with new ones. 

In other words, the conservation or amino acid identities among DENV-2 and DENV-1 and -3 

cytosolic loops are ~83%. However, a switch from DENV-2 to DENV-4 results in three amino 

acid residue changes in the resulting chimera and the sequence identity among these two is ~91%. 

The phenotypic changes brought about by the cytosolic loop switch could result from several of 

the reasons discussed here. The amino acids within cytosolic loop participate in protein-protein 

interaction, which might have been disrupted by the substitution. The conserved amino acids Q134, 

G140 and N144 of cytosolic loop are involved in interaction with NS3 (80). The substitution of 

the cytosolic loop introduces different amino acid environment compared to native one, and even 

though these residues are conserved, the way they behave in changed environment needs to be 

studied. Moreover, the same study using NMR spectroscopy showed that the cytosolic loop of 
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DENV-2 formed three turn α-helices and two β-strands. The introduction of new amino acids 

might have affected the structure and thus interfered with the functions of the loop. The other 

possibility includes the perturbation of the interserotypic interaction mediated by these loops. For 

instance, the cytosolic loop of DENV-2 might just interact with NS3 from DENV-2 or DENV-4 

and not with other serotypes. These disruption in interactions mediated by the cytosolic loop might 

have affected the chimeric viruses. Attempts to get a revertant for NS4B Cyt(2→1) and NS4B 

Cyt(2→3) chimeric viruses were unsuccessful.  

On the other hand, the ER luminal loop could be replaced with less pronounced effect on 

viral replication within DENV serotypes (Fig 4.19). However, the substitution significantly 

affected the infectious particle production. The switching of the ER loop from DENV-2 to DENV-

1 resulted in the most prominent effect. The resultant chimera NS4B ER(2→1) had six different 

amino acids compared to the wild type virus. These amino acids change might have negatively 

affected the function of the ER loop. The NS4B ER(2→3) and NS4B ER(2→4) were affected to 

a lesser extent as the switching of the ER loop in these chimeras account for two and three amino 

acid residues, respectively. Also, the amino acid identities of the ER loop vary from ~77% (DENV-

2 vs -1) to 92% (DENV-2 vs -4). Although the switching of the ER loop among DENV serotypes 

resulted in less pronounced effect in viral replication, there was significant effect in the infectious 

particle production corroborating our data from Chapter 3 suggesting the role of ER loop in viral 

assembly. However, a detailed study is warranted before drawing a conclusion. 

The results are summarized in Fig 4.21.
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Fig 4.21 Summary of effects of interserotypic NS4A and NS4B TMD 

chimeras on DENV-2 replication and virion release. A) Effect of 

interserotypic NS4A TMD switch between DENV-2 and DENV-3. The 

TMD1(2→3) and TMD3(2→3) chimera tolerated the bulk amino acid 

changes, although they were severely affected in replication and infectious 

virion release (green dotted line). Reciprocal mutation in these chimeras 

could not rescue the defects except for S107A mutant of NS4A TMD3(2→3) 

chimera (green solid line). The TMD2 switch, however, was lethal, the 

defect of which could not be rescued upon reciprocal mutation of select 

residues of TMD2 in TMD2(2→3) background (red solid line). B) Effect of 

interserotypic NS4B TMD switch between DENV-2 and DENV-3. The 

interserotypic switch of TMD1 and TMD3 did not have any significant 

effect on the release of infectious particle. However, the NS4B TMD3(2→3) 

chimera, even though affected in replication, was not significantly affected 

in infectious particle release (blue dotted and solid line). The TMD2 switch 

in NS4B resulted in lethal phenotypes. Even the reciprocal mutations of the 

select residues could not rescue the defect (Red lines). On the other hand, 

the TMD4(2→3) and TMD5(2→3) chimeras were severely affected in 

replication and infectious virion release (green dotted line). Interestingly, 

the reciprocal mutation of G244T in TMD5(2→3) background was lethal 

(red solid line) for the chimera, whereas V243T rescued the defects of this 

chimera (green solid line). Also, M240T revertant of the TMD5(2→3) 

chimera rescued replication and virion production in the chimera.  
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 SMALL MOLECULE INHIBITORS OF N-7-

METHYLTRANSFERASE OF FLAVIVIRUSES 

5.1 Chapter summary 

Nonstructural protein 5 (NS5) of flaviviruses has an indispensable role in viral life cycle 

because of its dual function in carrying out methyltransferase (MTase) and RNA-dependent RNA 

polymerase (RdRp) activities. The MTase domain of NS5 carries out the transfer of a methyl group 

to N7 of guanine using S-adenosyl methionine (AdoMet) as a donor forming a type 1 cap. Several 

AdoMet analogs were synthesized that would compete with AdoMet for the binding pocket, in 

addition, would also fill the conserved adjacent pocket of the flaviviral MTase. We carried out 

molecular docking of these compounds into MTase domain of NS5 of ZIKV, DENV-2 and YFV, 

and further tested these compounds for their ability to inhibit replication of ZIKV, DENV and 

YFV. In parallel, a ZIKV replicon capable of autonomous replication was constructed to facilitate 

the screening of a large number of compounds. Two compounds identified in this study, GRL-

002- and GRL-004-16-MT specifically inhibited ZIKV replication with low micromolar IC50 value. 

Using a Renilla luciferase assay system, three other compounds; GRL-007-, GRL-0012- and GRL-

0015-16-MT were shown to have a dual inhibitory effect against DENV and YFV. At least one of 

these compounds, GRL-007-16-MT showed a broad spectrum activity against different members 

of flaviviruses. Our results reveal the efficacy of compound design targeting the extra pocket 

conserved in flaviviruses and help identify the lead compounds against different flaviviruses. 

5.2 Introduction 

Flaviviruses are a group of enveloped positive strand RNA viruses responsible for diseases 

ranging from febrile illness to more severe microcephaly, encephalitis and hemorrhagic fever. 

Most flaviviruses are arthropod borne and commonly transmitted by mosquitoes or ticks. Some 

prominent flaviviruses include ZIKV, DENV, YFV, WNV, and JEV. These viruses cause 

significant human disease and are considered a global health problem (158, 159). This is 

exemplified by the recent outbreak of ZIKV in the Americas and its long-term effect on the 

children in the affected areas, underlying their importance among the potent human pathogens 

(160). DENV has been estimated to infect approximately 390 million people each year of which 
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more than 500,000 cases result in the more severe form of disease, dengue hemorrhagic fever. 

Similarly, WNV was found to be the major cause of reported arbovirus related encephalitic 

mortality in the US (161).  

The single strand positive sense RNA genome of flaviviruses codes for a single polyprotein 

that is co- and post-translationally modified by cellular and viral proteases into 3 structural proteins 

and 7 nonstructural proteins. In a mature virion (~50 nm in diameter), Capsid (C) surrounded by 

Membrane (M) and Envelope (E) proteins form a protective coating that encase the single strand 

RNA genome (5). The nonstructural proteins are responsible for genome replication, immune 

evasion, and interaction with host proteins as well as their potential role in viral assembly (6). 

The incidence of flavivirus infections are ever growing as evidenced by the recent 

outbreaks of ZIKV and YFV in Brazil. Despite advances in understanding these viruses, there are 

currently no licensed human vaccines against ZIKV and WNV in the US. This is further 

complicated by the fact that no preventive and prophylactic antiflaviviral therapies are currently 

approved by the FDA. This underscores the need for rational drug design in order to develop 

therapeutic agents that selectively target the flaviviral replication machinery (164). Nonstructural 

protein 5 (NS5) of flaviviruses consists of an N-terminal methyltransferase (MTase) and C-

terminal RNA-dependent RNA polymerase (RdRp) domains that have been exploited as antiviral 

targets because of their indispensable role in viral RNA replication. Moreover, the role of NS5 in 

inhibiting type I interferon has also been described, which is an additional benefit as an antiviral 

target (165).  

The MTase domain of NS5 is responsible for adding a type 1 cap onto the 5' end of the 

RNA genome. To do so, it utilizes S-adenosyl methionine (AdoMet) as a methyl group donor for 

adding the N-7 methyl group on the guanine (8, 9). Experiments have shown that mutations within 

the AdoMet binding sites disrupt viral replication (10, 11). Thus, compounds that target this pocket 

and displace AdoMet have been identified as good candidates for screening against flaviviruses. 

However, the AdoMet binding motif is conserved among diverse organisms, and developing 

compounds that selectively inhibit the flaviviral MTase but not cellular MTases is considered 

challenging. Moreover, the S-Adenosine-L-Homocysteine (AdoHyc) produced during the capping 

reaction is tightly associated with the AdoMet binding pocket as seen in most of the NS5 crystal 

structures that have been solved so far (168). AdoMet analogs that can displace the AdoMet from 
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the binding pocket would be a good starting point towards development of effective MTase 

inhibitors. 

Several AdoMet and AdoHyc analogs have been tested for their potency to inhibit the 5’ 

capping of MTase and interfere with the viral life cycle (12, 14). To search for a novel and potent 

inhibitor of flaviviral N-7 MTase, we screened several AdoMet analogs that not only bind to the 

AdoMet binding pocket but also to the adjacent conserved pocket of the flavivirus MTase. We 

used replicon and live virus assays to identify two compounds, GRL-002-16-MT and GRL-004-

16-MT, which were potent inhibitors against ZIKV with low IC50 values. Moreover, compounds 

specific against either DENV or YFV, as well as compounds inhibiting both viruses were found 

in the current study.  

5.3 Materials and Methods 

5.3.1 Cell culture and viruses 

 BHK-15 cells were obtained from the American Type Culture Collection (ATCC) and were 

maintained in minimal essential medium (MEM) supplemented with 10% fetal bovine serum 

(FBS). Vero cells (ATCC) were maintained in a high-glucose Dulbecoo’s Modified Eagles 

Medium (DMEM). ZIKV was propagated in a Vero-furin cell line at 37°C in DMEM 

supplemented with 2% FBS in the presence of 5% CO2. The culture supernatant was clarified by 

centrifugation and filtered using 0.25μM filter (Nalgene, Thermo Scientific).  

5.3.2 Plasmid construction 

Using a clone of pFLZIKV (a kind gift of Dr. Pei-Yong Shi) (171), a ZIKV replicon (Renilla 

luciferase) was constructed. A unique restriction site (AgeI) was chosen upstream of the T7 

promoter site in the pFLZIKV cDNA construct. Using a specific set of primers, T7 promoter-

5’UTR-Nter21 capsid was amplified from pFLZIKV. In a second step, the sequence encompassing 

RLuc-FMDV2A was amplified from a dengue replicon that was constructed in our lab. A third 

fragment with a unique restriction site (SphI) within NS1, along with the signal sequence for NS1 

was amplified. In a two-step overlap extension PCR, a final product consisting of T7 promoter-

5’UTR-Nter21-RLuc-FMDV2A-E23-NS1 was generated that was cloned in the pFLZIKV cDNA 

backbone using unique restriction sites AgeI and SphI resulting in plasmid pZIKVRLuc.   
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As a control, a replication defective replicon was constructed wherein the conserved GDD motif 

(corresponding to residues Gly664, Asp665, and Asp666) within the RDRP domain of NS5 was 

deleted using site directed mutagenesis resulting in plasmid pZKVRluc ΔGDD. 

5.3.3 RNA transcription and transfection 

 The pZKVRLuc was linearized using ClaI and purified using a GFX column (Invitrogen) 

followed by incubation with T7 polymerase (NEB) at 37°C for 11/2 hours for in vitro transcription 

of RNA. For DENVRepLuc and WNVRepLuc, XbaI was used to linearize the plasmid followed 

by in vitro transcription using T7 polymerase, whereas, for YFVRepLuc, XhoI was used for 

linearization followed by in vitro transcription using SP6 polymerase (NEB). pZKVRLuc, 

DENVRepLuc, WNVRepLuc and YFVRepLuc transcripts (10 μg) were electroporated into 

confluent BHK-21 cells using 2mm cuvettes with the GenePulser apparatus (Bio-Rad) at settings 

of 1.5kV, 25μF and 200Ω, pulsing two times, with 2s intervals. After a 5 min recovery at room 

temperature, the transfected cells were mixed with 2% FBS containing media, mixed properly and 

divided into several 1 ml aliquots. This was followed by addition of different concentration of 

compounds or 0.5% DMSO to the cell suspension, which were plated in 96-well plates and 

incubated until samples were collected at different time points. 

5.3.4 Luciferase assay 

 At various time points post transfection, the cells were washed once with PBS and lysed 

using 50 μl cell lysis buffer (Promega). The lysed cells were clarified by centrifugation and stored 

at -80°C. Once samples for all time points had been collected, luciferase signals were measured 

using a luminescence microplate reader (LMAXII 384, Molecular Devices) according to 

manufacturer’s protocol. IC50 values were determined using GraphPad Prism 7 Software. 

5.3.5 Compound synthesis  

Eight different compounds that would compete with SAM for SAM-binding site were 

synthesized in the laboratory of Dr. Arun K Ghosh, Department of Chemistry, Purdue university. 

These AdoMet analogs were designed rationally in a way that the branching of these compounds 

fills in the conserved hydrophobic pocket of the flaviviral MTase. 
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5.3.6 Protein structure and ligand preparation 

The crystal structure of MTAse domains of ZIKV (PDB ID: 5M5B) DENV-2 (PDB ID: 

3EVG), and YFV 17D (PDB ID: 3EVA) were retrieved from Protein Data Bank (PDB). All these 

structures were solved with SAM-bound to the active site of the MTAse domain which served as 

reference for initiating the docking of the compounds discussed in this study. For generating PDB 

ID of the compounds, Online SMILES Translator and Structure File Generator (National Cancer 

Institute) was used. Additionally, Chimera software (172)  was used for sequence alignments and 

generation of models.   

5.3.7 Molecular docking 

All the eight compounds were docked into the MTase domains of ZIKV, DENV and YFV using 

AutoDock Vina (173). For this study, the receptors (MTase) were kept rigid while the flexible 

compounds were docked against them. AutoDock Vina utilzes steric and hydrophobic interactions 

as well as hydrogen bonding wherever applicable to calculate docking scores and ranking the 

different orientation of the compounds.      

5.3.8 Antiviral assay 

Vero cells were seeded 5×105 cells per well in a 24 well plates. After overnight incubation, 

the cells were infected with ZIKV at a MOI of 5, the inoculum was removed after 2 hours of 

attachment, cells were washed 3X with PBS then treated with different concentrations of 

compound or 0.5% DMSO as a vehicle control. At 72 HPI, culture supernatants were collected, 

clarified by centrifugation and stored at -80°C until plaque assay was performed.  

5.3.9 Cytotoxicity assay 

Cytotoxicity (CC50) was measured using a standard WST (Tetrazolium salt) assay measuring 

cellular proliferation in the presence of compound as a function of cellular mitochondrial 

dehydrogenase activity using the Quickcell Proliferation assay Kit (Biovision). Briefly, ~50,000 

Vero or BHK cells were seeded in 96-well plates and allowed to attach for 6-8 hours. Different 

dilutions of compounds and vehicle at an amount of 100μl were added to each well. Following 48 

hours of incubation at 37°C, the supernatant was removed and 100μl of diluted proliferation 
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substrate was added to each well and further incubated for 2-4 hours at 37°C. The supernatant was 

then transferred to a new 96 well plate, absorbance measured at 450 nm with a 96 well plate reader 

(Spectramax M5, Molecular devices). 

5.3.10 Statistical analysis 

GraphPad Prism Software 7 was used to analyze the data and calculate the CC50 and IC50 

values using non-linear regression analysis. 

5.4 Results 

5.4.1 Construction and characterization of Zika virus replicon 

Replicons are frequently used as a tool to measure RNA synthesis, which in turn indirectly 

measures virus proliferation. Replicons for different flaviviruses have been described and are used 

on a regular basis for replication analyses and antiviral compound screening (174, 175). Replicons 

are viral genomic RNAs with an in-frame deletion of the structural proteins.  They are non-

infectious; however, they can still undergo autonomous replication provided the necessary RNA 

signals remain intact.  Replicons are commonly used as a measure of RNA turnover via the use of 

quantitative tags such as Renilla luciferase (RLuc), which are cloned in place of the structural 

genes.  For this reason, different flavivirus replicons have been used for low and high throughput 

antiviral compound screening. The ZIKV replicon (pZIKVRLuc) was constructed from the full-

length infectious cDNA clone of ZIKV (171). As a control, the pZIKVRLucGDD construct was 

made wherein the NS5 (RdRp) active site GDD was deleted (Fig 5.1).  

Luciferase activity measured at 6-hour intervals from 12 hours post transfection (HPT) to 60 

HPT showed ZIKV-Rluc exhibited a lag phase in proliferation between 0-18 HPT, and then 

proliferated approximately linearly to peak luciferase intensity at 60 HPT (Fig 5.2 A). In contrast, 

the replication deficient ZIKVRLuc GDD showed a gradual decrease in the luciferase activity over 

the same 60 hour time period (Fig 5.1 B). 

The replication kinetics of ZIKVRLuc was compared with several other flavivirus members 

including WNV, YFV and DENV. Unique to the ZIKV replicon was a short lag phase followed 

by a steady increase in RNA synthesis that peaks at 60 hours, and the kinetics of replication was 
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comparable to dengue replicon which peaked at later time points (Fig 5.2 B). WNV, YFV and 

DENV replicons showed a sharp increase in replication from 6-24 HPT.  Following this period, 

the DENV replicon plateaued while YFV and WNV decreased gradually for the duration of the 

experiment.  As in Fig 5.2 A, the ZIKV replicon showed an initial lag phase of proliferation 

followed by a replication rate comparable to DENV.  Like DENV, proliferation also appeared to 

plateau from approximately 42 HPT.  Compared to the other flaviviral replicons, the luciferase 

signal from Zika replicon is relatively low. This can be attributed to the use of BHK cell lines used 

in the experiments, which are less favorable for Zika replication. 

 

Fig. 5.1 Construction of ZIKV replicon. Genome organization of ZIKV and 

ZIKV replicon. The structural genes are depicted in open boxes and 

nonstructural genes in light blue boxes. The zoomed in portion shows the 

presence of cyclization sequence in capsid (⌘) and signal sequence ( ) for 

NS1 in E protein. A Dengue replicon was used to amplify the Renilla 

luciferase-FMDV2A gene. The resulting RLuc-FMDV2A was cloned in 

frame between C21 and E482 in place of the deleted C22-E481 region by 

overlap extension PCR. The bottom panel shows a replication defective 

ZIKV-Rluc ΔGDD construct in which the amino acids at position 664-666 

in active site of RDRP have been deleted.   
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Fig. 5.2 Characterization of Zika replicon. A) Transient luciferase assay 

over a 60 hour time period.  Equal amounts of wild type ZIKVRLuc and 

ZIKVRLuc ΔGDD were electroporated in BHK-15 cells. Lysates from the 

transfected cells were collected, clarified by centrifuge and Renilla 

luciferase activity measured at indicated time points. The means and 

standard error of means (SEM) are shown. B) Comparison of replication 

kinetics of different flaviviral replicons. Renilla luciferase activity of 

DENV, WNV, YFV and ZIKV replicons were measured every 6 hours post 

electroporation up to 60 hours. Luciferase activity is expressed in relative 

light units (RLU) and each time point represents triplicate samples with 

mean and SEM shown.



 

 

159 

5.4.2 Small molecule inhibitors of MTase 

The MTase domain of the NS5 protein of flaviviruses adds a type I cap to the 5' UTR of the 

RNA genome. This reaction involves the use of SAM as a methyl donor and is catalyzed by the 

multifunctional MTase domain. The capping mechanism and the enzyme used for the capping, 

MTase are mostly conserved evolutionarily (166). The challenge is to selectively inhibit the MTase 

activity of the targeted pathogen and not the host, which needs a rational design of compounds. 

The presence of a conserved pocket lying adjacent to the SAM binding pocket in flaviviruses (167) 

can be exploited to design compounds against them rationally. 

For the purpose of this study, eight different small molecule competitive inhibitors of SAM 

were synthesized in the laboratory of Dr. AK Ghosh, Purdue University that would be analyzed 

for their ability to inhibit a battery of flaviviruses. The structure of the compounds synthesized are 

shown in Fig 5.3. 

 

 

Fig. 5.3 Structure of SAM and different compounds used in this study. 
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5.4.3 Amino acid composition of the SAM binding pocket: 

The SAM binding pocket of the MTase in chain A of ZIKV (PDB ID: 5M5B) is formed by 

the β-strands, β1, β2 and β4 and the α-helices αX and αA (Fig 5.4 A). The hydrophobic pocket 

formed by the amino acid side chains of Val138, Phe139, and Ile153 adjust the adenine base of 

the SAM molecule (Fig 5.4 B). Additionally, hydrogen bonds formed by Asp 137 and Lys111 

stabilizes it in the pocket. The carboxylic group of Glu117 forms the hydrogen bond with the sugar 

molecule of SAM which is further stabilized by interactions with amino acid side chains of Ser62, 

Trp93, and Asp152 and main chain of Gly92 (176). 

 

Fig 5.4 Crystal structure of ZIKV MTase (PDB ID: 5M5B). A) Ribbon 

diagram of ZIKV MTase chain A showing the β-strands and α-helices that 

form the SAM-binding pocket. B) Zoomed in view of the SAM-binding 

pocket with amino acid side chains (red) that stabilize the SAM molecule 

colored in green.  

Since the small molecule inhibitors in this study were tested against DENV-2 and YFV in 

addition to ZIKV, the structural composition of the SAM-binding pockets of these MTases were 

compared (Fig 5.5). Most of the amino acid residues involved in the stabilization of SAM in the 

pocket were same in all three MTases except for Lys111, Val137 and Phe138 which were replaced 

by Leu111, Ile137 and His138 in YFV MTase (Fig 5.5 A).    
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Fig 5.5 Sequence alignment and structural comparison of MTase domains 

of ZIKV (PDB ID: 5M5B), DENV-2 (PDB ID: 3EVG) and YFV 17D (PDB 

ID: 3EVA). A) Amino acid sequence alignment of NS5 MTase domains 

using Chimera software. The amino acid residues different in YFV 

compared to ZIKV and DENV-2 involved in SAM-binding are highlighted 

in red. B) Superposition of chain A of ZIKV MTase (blue), DENV-2 MTase 

(pink) and YFV MTase (golden) bound to SAM (green). Amino acid 

residues, Leu111, Ile137 and His138 unique to YFV MTase SAM-binding 

pocket are highlighted in red.  
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5.4.4 Virtual Screening using AutoDock Vina 

Based on the SAM-binding pocket in the MTase domain, all eight small molecule 

compounds were docked into the NS5 MTase domains of ZIKV, DENV-2 and YFV using 

AutoDock Vina, the docking scoring of which is based on the PDBbind data. Default settings from 

Vina were used to dock the compounds against the rigid receptors, MTases. The hits of each 

compounds were ranked on the docking score/energy. To this end, all the eight small molecule 

inhibitors were docked against the flaviviral MTases (Fig 5.6) and the best energy score for each 

compound shown in Table 5.1
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Fig, 5.6 Proposed docking of the small molecule inhibitors against MTases 

of ZIKV (PDB code 5M5B), DENV-2 (PDB code 3EVG) and YFV 17D 

(PDB code 3EVA). A) Docking of small molecule inhibitors against MTase 

of ZIKV within the SAM-binding pocket. An adjacent pocket is present 

next to SAM-binding pocket. B and C) Docking of small molecule 

inhibitors against DENV-2 and YFV, respectively. 
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Figure 5.6 continued 
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Figure 5.6 continued 
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Table 5.1 Docking score generated by AutoDock Vina for small molecule 

inhibitors against MTases of ZIKV, DENV and YFV 

Docking Score 

Compound ZIKV DENV-2 YFV 

GRL-001-16-MT -8.6 -8.6 -8.8 

GRL-002-16-MT -9.5 -8.4 -8.9 

GRL-004-16-MT -8.9 -9.1 -9.1 

GRL-007-16-MT -8.5 -9.4 -9.1 

GRL-009-16-MT -7.6 -8.2 -7.9 

GRL-012-16-MT -8.7 -8.1 -8.1 

GRL-015-16-MT -7.6 -8.8 -9.3 

GRL-016-16-MT -9.5 -9.5 -9.2 

 

The docking scores obtained in the AutoDock Vina are derived from PDBind data set and 

represent the binding affinity (free energy of binding) of the compound in kcal/mol. The scoring 

function takes into consideration the number of favorable intermolecular hydrogen bonding as well 

as hydrophobic contacts that a certain pose make with the target molecule. The higher the energy 

scoring, the compound in question is more likely to fit in the binding pocket and bring about the 

desired effect.  

5.4.5 Determination of cell cytotoxicity of the compounds 

Before moving on to test the antiviral activity of the compounds, we tested these compounds 

for their suitability to be used in a living system. For this purpose, we tested the Cell Cytotoxicity 

(CC50) value of all the eight compounds using a standard WST (Tetrazolium salt) assay measuring 

cellular proliferation in the presence of compound as a function of cellular mitochondrial 

dehydrogenase activity. Since two different types of cells were used in the study, CC50 of the 

compounds against both the Vero cells as well as the BHK cells were determined. The results are 

summarized in Table 5.2. 
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Table 5.2 CC50 values of different compounds on Vero and BHK cells 

CC50 (μM) 

Compound Vero cells BHK cells 

GRL-001-16-MT >100 >100 

GRL-002-16-MT >100 >100 

GRL-004-16-MT >100 >100 

GRL-007-16-MT 78.3 >100 

GRL-009-16-MT 22.1 19.5 

GRL-012-16-MT 49.4 42.0 

GRL-015-16-MT 56.0 57.7 

GRL-016-16-MT 43.5 >100 

5.4.6 Determination of antiviral activity of the compounds against ZIKV 

Eight different compounds (GRL-001, 2, 4, 7, 9, 12, 15, 16- 16MT) were screened for their 

ability to inhibit ZIKV replication using a viral system followed by screening of select compounds 

against the newly constructed ZIKV replicon. Of the 8 different compounds tested against ZIKV, 

004-16-MT appeared to be the most effective against ZIKV with an IC50 value of 3.6 μM followed 

by 002-16-MT (Fig 5.7 A). However, selective index (SI) couldn’t be calculated for these 

compounds as the cytotoxicity was tested only up to 100 μM. Both of these compounds scored 

highly when these compounds were docked against ZIKV MTAse. Compound 007-16-MT, on the 

other hand, was able to inhibit ZIKV at an IC50 value of 18.9 μM; however, the lower CC50 was a 

drawback for this compound. For the compounds: GRL 009-16 and 0012-16, the cell cytotoxicity 

was of major concern. Because of the low CC50 values of these compounds, IC50 values for 

compound inhibition could not be calculated accurately. GRL-0015-16 and 0016-16 both had low 

IC50 values, but they were also compromised in their activities because of relatively poor CC50 

values. The calculation of IC50 values become increasingly difficult and inconsistent with lowered 

CC50 values. The results from these experiments are summarized in Table 5.3. 
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Table 5.3 Summary of cytotoxicity and inhibitory concentration values of 

the compounds used in the study against ZIKV  

Replication of ZIKV in Vero cells 

Compound aCC50  

(μM) 

bIC50 

 (μM) 

cSI  

(CC50/IC50) 

GRL-001-16-MT >100 66.8 >1.5 

GRL-002-16-MT >100 12.3 >8.1 

GRL-004-16-MT >100 3.6 >27.8 

GRL-007-16-MT 78.3 17.7 4.4 

GRL-009-16-MT 22.1 - - 

GRL-012-16-MT 49.4 - - 

GRL-015-16-MT 56.0 17.4 3.2 

GRL-016-16-MT 43.5 13.3 3.3 

aCC50: CC50 values in μM were calculated after normalizing data to 100% cell 

viability based on 0.5% DMSO treated cells. Each experiment was carried out in 

triplicate  

bIC50 values were calculated from viral titer reduction assay experiments that were 

done in triplicate. 

cSI= CC50/IC50 

CC50 and IC50 (wherever applicable) values were calculated using GraphPad prism 

7 using a non-linear regression fit analysis. 

 

To further quantify the inhibitory effects of these compounds, GRL-002-16, GRL-004-16 

and GRL-0016-16-MT were tested using a ZIKV replicon Fig 5.7 B. Of the three compounds 

tested using the replicon system, GRL-016 was the most inhibitory followed by GRL-002 and 

GRL-004-16-MT. All 3 compounds were near equally effective with replicon experiments, but 

GRL-002-16-MT and GRL-004-16-MT stood out as being the most inhibitory without being 

cytotoxic. There was an apparent difference in the IC50 values obtained using two different systems, 

which also utilized two different cell lines. The differences can be in part attributed to use of Vero 

cells for virus infection versus BHK cell lines for the replicon system. 
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Fig. 5.7 Antiviral activity of select N-7-MTase inhibitors against ZIKV A) 

Antiviral activity of compounds GRL-002-, GRL-004- and GRL-016-16-

MT using ZIKV plaque reduction assay. Vero cells at a confluency of ~90% 

were infected with ZIKV at an MOI of 5. The cells were washed after viral 

attachment, and overlayed with media containing different dilutions of each 

compound. Supernatants collected after 72 HPI were subjected to plaque 

assays to determine the virus titer and subsequently the IC50 B) Antiviral 

activity of compounds GRL-002-, GRL-004- and GRL-016-16-MT using 

ZIKV replicon. BHK cells were electroporated with 10 μg of WT replicon 

RNA and the transfected cells were immediately treated with different 

dilutions of compounds or 0.5% DMSO as a control. The luciferase 

activities were measured at 48 HPE. The Renilla luciferase activity from 

0.5% DMSO control was used as 100% 

5.4.7 Determination of antiviral activity of the compounds against DENV and YFV 

The small molecule inhibitors were further tested for their ability to inhibit replication of 

other members of the flaviviruses i.e. DENV-2 and YFV. Screening of these compounds against 

DENV was done using the replicon developed in our laboratory. Of the 8 different inhibitors tested 

against DENV, GRL-016- and -007-16 were the most promising compound with an IC50 values of 
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14.6 μM and 31.7 μM with CC50 value above 100 μM. The docking scores of these compounds 

were among the highest among the compounds docked against DENV MTase (Table 5.1). As the 

CC50 for these compounds were not tested above 100 μM, we were unable to determine the exact 

SI value for these compounds. GRL-009, -012, and -015 compounds were cytotoxic to BHK cells 

to varying degree with GRL-009-016 being the most cytotoxic with 19.5 μM CC50 value. However, 

these compounds showed promising IC50 values. Side chain modifications to these compounds 

could be promising in developing more potent inhibitors of DENV. The effect of these compounds 

on DENV replication is depicted in Fig 5.8. 
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Fig. 5.8 Antiviral activity of N-7-MTase inhibitors against DENV. Antiviral 

activity of all the eight compounds were tested against DENV using a 

DENV replicon system. BHK cells were electroporated with 10μg of DENV 

replicon RNA, the transfected cells were immediately treated with different 

dilutions of compounds or 0.5% DMSO as a control. The BHK cell lysates 

were collected at 48 HPE and the luciferase activities were measured after 

clarifying the lysate. Renilla luciferase activity from 0.5% DMSO control 

was used as 100% 
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Fig. 5.9 Antiviral activity of N-7-MTase inhibitors against YFV. Antiviral 

activity of all the eight compounds were tested against YFV using a YFV 

replicon system. BHK cells were electroporated with 10μg of YFV replicon 

RNA, the transfected cells were immediately treated with different dilutions 

of compounds or 0.5% DMSO as a control. The BHK cell lysates were 

collected at 24 HPE and the luciferase activities were measured after 

clarifying the lysate. Renilla luciferase activity from 0.5% DMSO control 

was used as 100% 

Similarly, all these compounds were tested against YFV using a YFV replicon constructed 

in our lab. The luciferase activities were measured from the BHK cells transfected with YFV 

replicon and treated with different concentrations of the compounds. Interestingly, the activities of 

these compounds against YFV and DENV varied significantly. The most effective compound 

GRL-0016-16 against DENV was not effective against YFV even though the docking scores of 

these compounds against respective MTases were comparable demonstrating the compounds 

unique inhibitory specificity. Whereas, compound GRL-002-016 which was not inhibitory to 

DENV showed the most promising effect with an IC50 value of 38.8 μM. Relatively, YFV showed 

a broad range of resistance to these compounds compared to DENV. The activity of these 

compounds in inhibiting YFV replication is shown in Fig 5.9. 

Compound GRL-007-016 showed broad range inhibition of both DENV and YFV with an 

IC50 value of 31.7 and 53.5 μM, respectively. Moreover, both compounds were not cytotoxic at a 

concentration of 100 μM which provides a platform to work on modification of these compounds 
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to make it more potent. Compounds GRL-0012-16 and GRL-0015-16, despite being cytotoxic at 

a concentration less than 100 μM were also potent inhibitors of DENV and YFV replication. 

Importantly, compound GRL-009-16, which was cytotoxic to Vero cells was also cytotoxic to 

BHK cells, thus the efficacy of this compound could not be determined accurately. The results of 

these experiments are summarized in Table 5.4. 

Table 5.4 Summary of CC50, IC50 and SI of different small molecule 

inhibitors against DENV and YFV. 

Replication of DENV and YFV in BHK cells 

Compound aCC50 

(μM) 
DENV YFV 

bIC50 (μM) 
 

cSI  

(CC50/IC50) 

bIC50 (μM) 
 

cSI  

(CC50/IC50) 

GRL-001-16-MT >100 66.3 1.6 81.4 1.3 

GRL-002-16-MT >100 >100 - 38.8 >2.6 

GRL-004-16-MT >100 53.9 >1.9 >100 - 

GRL-007-16-MT >100 31.7 >3.2 53.5 >1.9 

GRL-009-16-MT 19.5 10.5 1.9 - - 

GRL-012-16-MT 42.0 7.6 5.5 6.3 6.7 

GRL-015-16-MT 57.7 6.6 8.7 20.1 2.9 

GRL-016-16-MT >100 14.6 >6.8 No Inhibition - 

aCC50: CC50 values in μM were calculated after normalizing data to 100% cell viability based on 0.5% 

DMSO treated cells. Each experiment was carried out in triplicate  

bIC50 values were calculated from Luciferase assay experiments using DENV and YFV replicons that 

were done in triplicate. 

cSI= CC50/IC50 

CC50 and IC50 (wherever applicable) values were calculated using GraphPad prism 7 using a nonlinear 

regression fit analysis 

5.5 Discussion 

There are no approved chemotherapeutic agents against ZIKV or any other flaviviruses. The 

recent outbreak of ZIKV, once a neglected pathogen, underscores the need for identification and 

development of anti-flaviviral therapeutics. We screened eight different compounds that could 

compete with binding of SAM against ZIKV using a plaque reduction assay as well as a cell-based 
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replicon assay. This was further extended to two other members of the flaviviruses having global 

public health importance, DENV and YFV. Here we tested compounds that were synthesized to 

compete with AdoMet during the 5’ capping of flaviviral RNA by the MTase domain of NS5. 

Using a newly constructed Zika replicon system as well as ZIKV, we were able to identify three 

compounds, GRL 002-16-, 004-16- and 007-16-MT that were able to inhibit ZIKV replication 

with low IC50 values and which could be promising candidates for further modifications to develop 

them into more potent compounds. Moreover, compounds that were effective against either one or 

both DENV and YFV were discovered in the current study. 

Luciferase-based ZIKV replicons have been previously described (175, 177). Replicons can 

be used to easily screen efficacy of different compounds avoiding the risk of handling infectious 

virus. Even though replicons can’t be used to study compounds targeted against viral entry, release 

and maturation, they can readily be used to screen compounds that target the nonstructural proteins 

(178). Even though in vitro enzyme inhibition assays are more quantitative, replicon-based assays, 

where permeability of the compounds has to be taken into account, would be closer to animal 

models, and can be the first significant step in developing potent antivirals (179). The pZIKVRLuc 

described in this study was used to screen anti ZIKV compounds targeting the capping enzyme.  

The pZIKVRLuc showed a gradual but significant increase in luciferase activity compared 

to the replication deficient construct pZIKVRLuc ΔGDD over 12 to 60 hours post transfection 

with a replication peaking at 48 hours to 60 hours. The replication kinetics of the ZIKV replicon 

was compared to other flaviviral replicons. Unlike YFV and WNV, ZIKV replicon had a short lag 

phase before a gradual increase in luciferase signal was observed. Xie et al., reported a comparable 

pattern of luciferase activities for their replicon construct (175). This delay can be attributed to the 

use of less permissible BHK-15 cells for these experiments. Due to poor efficiency of Vero cells 

to electroporation, BHK cell lines were used throughout this study for ZIKV replicon assays. 

Moreover, the replication kinetics seemed more comparable to DENV than WNV or YFV with 

the replication peaking up from 48 hours to 60 hours.  

Of the 8 compounds tested against ZIKV, three of them were promising while the remaining 

compounds exhibited either high IC50 values or were highly cytotoxic to the cells. The three 

compounds that were examined further using the ZIKV replicon assay showed relatively different 
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IC50 values, compared to the IC50 value obtained from the plaque reduction assay. This might be 

due to the use of different cell lines in the viral system (Vero) versus the replicon system (BHK) 

for each experiment. The replication kinetics of virus differs in different cell lines owing to 

different innate immunological factors. Vero cells are known for the acquired absence of type 1 

IFN locus and relatively inefficient interferon regulator factor 3 (IRF3), a trait different than BHK 

cells (180). Moreover, when using a viral system several factors like entry, assembly and exit have 

to be taken into consideration unlike a replicon system, which directly introduces an infectious 

genome into the cells (181). 

YFV and DENV replicons were also used to test the potency of the compounds against these 

viruses. These compounds, based on their abilities to inhibit viral replication, could be classified 

into two groups: compounds showing dual inhibition or specific against either DENV or YFV 

(Table 5.4). Three of the compounds; GRL-007-, GRL-0012- and GRL-0015-MT were active 

against both DENV and YFV with low micromolar IC50 values, however, GRL-0012- and GRL-

0015 were comparatively more cytotoxic. Inhibition shown by these compounds across different 

flaviviruses can be explained by the amino acid conservation of the MTase domain as well as 

conservation of the AdoMet binding pocket among the flaviviruses (167). Amino acid residues 

that stabilizes the SAM molecule in the conserved MTase pocket were analyzed. Interestingly, 

only YFV MTase had Leu111, Ile137 and His138 instead of conserved Lys111, Val137 and 

His138. This might have affected some of the differential activities seen in YFV compared to 

ZIKV and DENV. The structure of the compounds, their permeability across different cell lines, 

and their off-target activities among others play a major role in their ability to inhibit viral 

replication without being cytotoxic.   Interestingly, compound GRL-002-MT was specifically 

active against YFV whereas compounds GRL-004-16- and GRL-0016-MT were effective against 

DENV only. The specificity of some of these compounds can be defined in part by the way they 

dock against the respective MTase. For example, the docking score of GRL-002-MT is higher in 

YFV compared to DENV. Although, some of these compounds have higher docking score 

compared to other, their lower CC50 resulted in them being less effective. Moreover,  the MTase 

of ZIKV has 61% and 55% sequence identity respectively with DENV and YFV (182). Even 

though they form similar structures, the way these compounds interact with the AdoMet binding 

pocket may be different which can contribute to their specificity against one virus and not others. 

Also, flaviviral MTase have an extra pocket lying adjacent to AdoMet binding site forming an 
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extended pocket, which is highly hydrophobic in nature (11, 12). All three flaviviruses used in this 

study have same amino acid composition in the extended pocket region suggesting properties of 

these compounds and the nature of their interactions with the extended pocket may determine their 

efficacy in inhibiting the flaviviral replication. Similar kind of study testing the efficacy of 

compounds which were already proven to be effective against DENV, GpppAC4 and A27, against 

MTase of ZIKV showed these compounds inhibit ZIKV with low IC50 compared to DENV and 

were more potent (176).  

In summary, the current study investigated the potency of several flaviviral N-7 MTase 

inhibitors using an established replicon system for dengue and yellow fever as well as a newly 

constructed ZIKV replicon system. The ZIKV replicon can be used to study several aspects of 

viral replication as well as can be used to develop a virus like particle (VLP) system for high 

throughput compound screening. Moreover, we were able to narrow down few compounds that 

inhibited ZIKV, DENV and YFV with low IC50 values and can be used as starting molecules for 

development of more potent inhibitors. 
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 CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 The 2K signal peptides of flaviviruses are not functionally conserved 

The concept of signal peptides carrying less information and being readily interchangeable 

was put to test in the current study and was disproved using a chimeric (2K) DENV-2 as a model 

system. The 2K peptides of DENVs are unique to each serotype and play roles beyond signal 

sequence was supported by several sets of evidence.  

First, the chimeric viruses with signal peptides from ZIKV or human RAGE protein, 

switched in place of 2K, were not viable. The chimeric viruses were replication incompetent, 

suggesting a lack of proper translocation of protein or rapid degradation/misfolding resulting in 

the lack of formation of active replication complex. This observation pointed to the evolutionary 

conservation of the signal peptides and the protein they help translocate or secrete. A successful 

biogenesis of an ER membrane protein like NS4B depends on several factors. A significant portion 

of the success depends on a balanced interaction between signal peptides, the Sec61 translocation 

machinery, chaperones and various proteases. Any changes in the translocation efficiency 

(increased or decreased) of the substrate protein because of a heterologous signal peptide, results 

in improper folding of the target protein and activation of stress related protease resulting in their 

degradation (48).  

Second, the interserotypic DENV-2 chimeric viruses with 2K peptide from either DENV-3 

or DENV-4 were severely affected in replication and their ability to release infectious particles. 

These observations not only point to the different information each signal peptides carry, even if 

they are very closely related, but also their substrate specificities. The 2K peptide from DENV-3 

won’t be able to properly translocate the NS4B from DENV-2 suggesting an optimal match 

between a signal peptide and a target protein as an essential first step in the biogenesis of that 

protein. Even if the heterologous signal peptide can translocate the protein to the ER lumen, the 

resultant precursor protein might not be processed properly by the host cell signalase. As shown 

in Chapter 2, both the interserotypic chimeras (Den 2K (2→3) and Den 2K (2→4)) were deficient 

in signalase cleavage at the 2K-NS4B junction. The observed result when taken in the context of 

target protein (NS4B) only, suggests a requirement for specificity at the structural level for 
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different signal peptides. Also, 2K peptides from different serotypes interact differentially with the 

translocation machinery owing to the differences in their sequences. The interserotypic chimeric 

viruses with deficient 2K-NS4B cleavage were capable of replicating, albeit to reduced level, 

raising the question of role of signalase cleavage of the 2K peptide as well as the role of precursor 

protein vs the mature protein. In the cells expressing KUNV NS4A-2K, the resultant membrane 

rearrangements were comparable to KUNV infected cells, suggesting the requirement of 2K in 

bringing about the membrane rearrangements in the infected system (72). Whereas in the case of 

cells expressing DENV precursor proteins, NS4A without 2K expression closely resembled the 

membrane rearrangements seen in the DENV infected cells (75). Taken together these 

observations, and the temporal and spatial coordination of cleavage at NS4A-2K-NS4B junction, 

it is easy to deduct that there are partially cleaved, uncleaved and mature NS4A and NS4B in a 

viral infected system and 2K as a signal peptide regulates this event. A more detailed study of how 

these precursor proteins affect viral life cycle would be very helpful. A recent study revealed region 

within NS1 that interacts only with the NS4A-2K-NS4B precursor protein and not with the    

mature NS4A or NS4B in bringing about the enhancement in RNA replication independent of 

membrane rearrangements (36). It would be interesting to see how different the replication 

factories are in the interserotypic chimeric viruses and how the interaction between NS1 and the 

precursor protein is affected in a system where no mature NS4B protein is produced. 

Third, mutations of select amino acid residues of 2K demonstrated effect on viral replication 

without affecting the 2K-NS4B cleavage, suggesting a direct role of 2K in DENV replication. 

Signal peptides have been established to play role independent of their signal activity. Signal 

peptide of Foamy virus envelope glycoprotein gp18 gets incorporated in viral particles and 

interacts with Gag proteins and controlling the amount of viral and sub-viral particles coming out 

of infected cells by ubiquitination (131).  Similarly, mutations within capsid anchor peptide have 

been shown to interfere with ability of virus to effectively incorporate nucleocapsid and produce 

infectious particles (69). Any residue changes in the signal sequence might affect the total charge, 

potential energy and the dipole moment (183). Hence, in silico measurement of the changes arising 

from mutations of individual amino acid residue would be a welcome event to further characterize 

the function of these peptides. As described in Chapter 2, residues like Val18 and Ala20 affected 

viral replication without interfering signalase cleavage. Similarly, mutations of the conserved 

patch “DNQL” directly affected the viral replication. To this end, all these mutational analyses 
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were done in either a replicon or a viral system which has several limitations. If because of a 

mutation, there is no replication, one won’t be able to tell whether enough protein is being formed 

or not, if the protein is being targeted properly to the ER or not. Hence, if these mutations were 

introduced in a pcDNA-like system, where the expression and localization of the protein could be 

studied, it would shed more light in the role of individual amino acids of 2K signal peptide. 

6.2 2K-NS4B and NS4B coordinate a productive infectious particle release    

Flavivirus assembly is a complex and highly regulated process where newly synthesized 

RNA genomes in the replication sites are transported to assembly site for encapsidation and 

envelopement. A successful packaging and release of the virus involves interplay between various 

viral and host proteins. Several replication proteins have been shown to play a major role in virion 

assembly and infectious particle release. NS1 interacts with structural proteins and aids in 

infectious particle production (138).  NS2A of flaviviruses has recently been shown to orchestrate 

virion assembly. NS2A by interacting with the 3’UTR of the newly synthesized RNA initiates 

packaging by recruiting C-prM-E polyprotein to the assembly site (28). Similarly, our lab showed 

that a W349A mutation in the helicase domain of NS3 abrogates YFV assembly without affecting 

viral replication (139). Moreover, two different species of NS2A have been reported in DENV 

infected cells, each set playing a distinct role in replication and viral assembly (27). Our data in 

Chapter 3 demonstrated that NS4B also has two distinct sets of molecules, 2K-NS4B and NS4B 

at any given time in a DENV infected cells and these molecules can dictate replication and 

packaging without being mutually exclusive. The idea of a differential role of precursor protein 

2K-NS4B vs. mature NS4B is supported by the finding that in the interserotypic chimeric viruses, 

where the signalase cleavage at 2K-NS4B junction was blocked, there was minor effect in 

replication, however, significant reduction in infectious particle release was observed. The notion 

of having distinct sets of NS4B for replication and assembly sounds tempting, however, our data 

from revertant virus lacking the 2K-NS4B cleavage partially disproved it. The revertant produced 

significantly higher infectious particles even in the absence of mature NS4B, although, these 

particles had reduced specific infectivity and tiny plaque morphology. This points to a synergistic 

role 2K-NS4B and NS4B play in the production of infectious particle. A mature NS4B might play 

a more effective role in helping the newly synthesized RNA genome get packaged more efficiently 

in co-ordination with other viral proteins that interact with NS4B. 
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The generation of replication competent interserotypic chimera that are significantly reduced 

in infectious particle production could be exploited for therapeutic purposes. One way to test for 

this would be using a virus infected system where a chimeric 2K-NS4B peptide is added in 

increasing concentration to assess if it can competitively inhibit the host signalase cleavage of viral 

2K-NS4B. Studies using non-cleavable mutant protein to competitively inhibit ER signal 

peptidases have been reported. A preproinsulin with a mutation adjacent to the signalase cleavage 

site inhibited ER signalase in a dose dependent manner (184). The same protein cargo inhibited 

processing of HCV polyproteins. In the absence of any known and potent eukaryotic signalase 

inhibitor, it would be interesting to use both the chimeric 2K-NS4B peptide (from DENV-3 and 

DENV-4) to assess their antiviral activity. 

Our data from Chapter 3 illustrated that the defect in infectious particle production in the 

replication competent chimeric viruses could be rescued by providing NS4B in trans, in the 

absence of its natural signal peptide 2K. The notion of requirement of active replication complex 

for a successful transcomplementation of NS4B is supported by this piece of data. The chimeric 

viruses with 2K replaced with signal peptide from ZIKV and RAGE protein were unable to be 

rescued as they were replication incompetent. Moreover, the data from Chapter 3 suggested that 

the ER luminal loop formed by the TMD4 and TMD5 of the NS4B is required in the packaging of 

the RNA genome in the chimeric viruses lacking in 2K-NS4B cleavage. This was further 

demonstrated by a systematic mutagenesis of the conserved residues of the ER loop. The Thr198 

residue showed minor effect in replication, however, was severely depleted in infectious particle 

production.  

 It would be difficult, however, interesting to determine if the ER luminal loop is sufficient 

to rescue the infectious particle production. Since this is a short twenty-six amino acid peptide that 

is present in the ER lumen, it would be difficult to express it in a normal way without affecting its 

folding and other functions. An alternative way to test this would be to use another chimeric NS4B 

system wherein just the ER loop is from DENV-2. The next step would be determining how the 

luminally located ER loop is helping rescue the infectious particle production. A plausible 

hypothesis would be via its interaction with NS1 protein which is also located in the ER lumen 

and has been shown to be involved in particle production. The simplest way to figure this out 

would be to select for a second site revertant in NS1 using either the chimeric virus or the T198A 
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mutant. It would be interesting to define the interacting partners of 2K-NS4B vs mature NS4B. 

With the interactome thus generated, we can figure out if the cleavage of 2K by host cell signalase 

results into differential binding of mature NS4B, and any of these differences could be mapped to 

the ER loop of NS4B. It would be interesting if the signalase cleavage of 2K-NS4B leads to change 

in orientation of the ER loop that will modulate a differential function than when it was in the 

precursor form. However, we have very limited understanding of the structure of individual as 

well as precursor proteins of NS4A-2K-NS4B junction. There are evidence showing the regions 

of NS4B situated in the ER lumen participate in protein-protein interactions with host and other 

viral proteins. Intriguingly though, the first 125 amino acid residues of NS4B situated in the ER 

lumen interacted with the cytosolic IFN- α/β and inhibited their activity (71). Amino acid residues 

40-76 were involved in interaction with NS4A (185). The small loop between pTMD2 and TMD3 

interacts with NS1 of WNV and enhances RNA replication (78).  

6.3 TMDs of NS4A and NS4B contribute to viral replication 

NS4A and NS4B of DENV are multi-pass integral membrane proteins, the TMDs of which 

are believed to anchor the replication complex to the ER membrane. The interaction of TMDs with 

ER resident proteins induces membrane rearrangements resulting in formation of replication 

factories (146). However, their direct role in the viral life cycle remains unanswered. Chapter 4 

illustrated that, the TMDs of these integral membrane proteins are unique to different serotypes. 

By generating interserotypic TMD chimera between DENV-2 and DENV-3, we demonstrated that, 

the TMDs of NS4A are not interchangeable to other DENV serotype. Any such changes resulted 

in a major effect in replication which significantly affected the infectious particle production. 

Chimeric proteins derived from closely related proteins could have several fates; new functional 

protein with properties encompassing its parental substrates, protein with complete loss of function 

or gain of function (186). The later scenarios are less informative and harder to analyze; however, 

a functional chimeric protein could be used as tool to study intra- and inter-protein interactions.  

Two of the interserotypic NS4B TMD chimeras, TMD1 and TMD3, with corresponding TMDs of 

NS4B from DENV-3 were demonstrated to function normally. A detailed study of differential 

protein-protein interactions, protein-viral RNA interaction in the chimeric viruses vs the wild type 

could give us a more detailed role of these TMDs and could explain the different strategies adopted 

by different serotypes of DENV in bringing about a successful infection.   
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Chimeric viruses either formed in natural habitats or generated in the laboratory have been 

used for studying pathogenesis, determining interaction partners of target proteins, or as a vaccine 

candidate for a long time. When two different strains of enteroviruses replicated within a single 

cell, a chimeric strain of coxsackievirus B4(CV-B4) was formed with a recombination in VP3 

capsid gene (187). Generation of interserotypic chimera between DENV-2 and DENV-4 in the 

MTase domain resulted in drastic decrease in replication, however, an adaptive mutation in RDRP 

rescued the replication suggesting an interaction between MTase and RDRP domain (153). TMD5 

of NS4B in 5-10% of the cases have been shown to flip back to the ER luminal side post NS2B/3 

cleavage at NS4B-NS5 junction (75). The physiological significance of this mechanism is still 

unknown. Also, there are questions whether this phenomenon is common in all DENV serotypes. 

In Chapter 4, we demonstrated that a substitution of an amphipathic helix, TMD5 in DENV-2, 

with that of corresponding TMD5 of DENV-3 resulted in compromised replication and significant 

reduction in infectious particle production. Helical wheel analysis of the resultant chimera 

suggested a formation of a longer hydrophobic face, which possibly could have altered the flipping 

of TMD5. A reversion within the TMD5 of the chimeric virus, which restored the original 

hydrophobic face, rescued the replication and infectious particle formation. A tagged version of 

the chimeric protein could be used to probe the intriguing phenomenon of TMD flipping and 

determine its function in viral life cycle. 

The integral membrane proteins, NS4A and NS4B, remain as a black box of flaviviruses. 

Despite several attempts from various groups, no structure has been solved for these proteins.   

Based on the established topology of these proteins, the study conducted here attempted to answer: 

a) The role of 2K peptide and their functional conservation among DENV serotypes; b) What 

happens if a coordinated event of polyprotein processing, that flaviviruses exploit, is interrupted; 

c) What different roles do TMDs of NS4A and NS4B play in flavivirus lifecycle. We illustrated 

how evolutionarily conserved the 2K peptides are for different serotypes of DENV and how the 

regulation of signalase cleavage at NS4A-2K-NS4B junction affects viral replication and particle 

release. Besides providing more information on the role of signalase cleavage at NS4A-2K-NS4B 

junction, this study provided a novel target against flaviviruses for which therapeutics could be 

designed. 
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