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 219 

Viruses are intriguing biological entities. Viral molecular machines evolved to 

accomplish biological processes using simple organization and without energy 

requirement – many of these processes require multiple proteins and chemical energy 

in cellular realm of life. Enveloped viral proteins involved in cell entry are an epitome 

of the intricate design of viral molecular machines. In cellular form of life membrane-

membrane fusion and its regulation involves several proteins and cellular signals. 

Viruses achieve membrane fusion, and in a very regulated manner using one or two 

proteins from cell surface. Understanding structure-function relationships of viral entry 

proteins and explaining its mechanism has potential for designing therapeutic 

intervention.  

Despite several years of studies, structure-function relationships and 

understanding on mechanism of viral proteins is far from complete – especially in case 

of several reemerging viruses such as Chikungunya virus and Dengue virus. My Ph.D. 

thesis work focused on understanding the regulation of structural mechanism of CHIKV 

cell entry proteins. The surface proteins (E3-E2-E1 complex) of the enveloped virus 

undergo dynamic conformational changes to mediate fusion of virus and host cell 

membrane during cell entry. Cellular regulatory conditions such as receptor binding, 

acidic pH, membrane interactions etc. are known to regulate the conformational 

dynamics of each of these proteins that in turn govern their coordinated functioning 

during cell entry. I aimed to explain the regulatory mechanisms of CHIKV entry 

proteins by studying the mechanism of receptor binding-induced, and acidic pH-

induced conformational dynamics of the envelope proteins.  

I took biochemical and structural biology approach for my studies. I 

characterized viral protein - receptor interactions using biochemical functional assays, 

and studied conformational dynamics of the entry proteins using purified recombinant 
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proteins and different biophysical methods. A primary requirement for these studies is 

to express and purify these proteins in conditions that would allow folding of these 

proteins into their near native conformation. I prepared DNA clones for over-expression 

of CHIKV E1, E2, E3, E3-E2-E1 complex and full-length structural protein polypeptide 

in different expression systems (insect cells for E3-E2-E1 complex, bacterial system for 

E1, E2, E3-E2 and E3 proteins individually, and mammalian expression system for 

function studies). Results of these studies are discussed in Chapter 1 of the thesis. I 

optimized a bacterial expression protocol for expression of E1, E2, E3 and E3-E2 with 

good protein yield, required for biochemical studies. Proteins, thus purified, are folded 

to their native conformation (characterized using circular dichroism spectroscopy, gel-

filtration, fluorescence spectroscopy and single particle negative stain electron 

microscopy) and are functional (studied using heparan sulfate binding studies, 

liposome-based membrane fusion assays and pseudo-typed baculovirus infections in 

insect cells). However, bacterially expressed E2 and E1 did not form E2-E1 

heterodimers, as those would do when expressed in insect cells or in viral infected cells. 

A probable reason for this could be, that expression of E1, E2 and E3 as a single 

polypeptide (along with capsid protein) and posttranslational modifications may be is a 

requirement for E2-E1 heterodimer formation. As explained in chapter 1, even viral 

surface cleaved off SFV E1 protein cannot associate with E2 in vitro. Further, despite 

several optimization attempts, I did not get good protein yields from insect cell 

expression using a recombinant baculovirus expression method.  

In Chapter 2, results from characterization of CHIKV E2-HS interactions and 

concomitant conformational changes in E2 upon HS binding are presented. Using in 

silico docking, motif search and in vitro biochemical assays we identified a novel HBD 

with XBXXBX pattern in E2 sequence of alphaviruses and confirmed by mutagenesis 
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HS binding to this region on CHIKV E2. Receptor binding induced changes in E2 

conformational dynamics were predicted using MD simulations and then validated 

using in vitro biochemical assays. My results suggest allosteric domain movements in 

E2 may lead to E2-E1 dissociation. Further studies using heterodimer conformation of 

E3-E2-E1 proteins (insect cell expression systems are shown to produce these complex 

structures) can be tested for dissociation upon heparan sulfate binding using different 

assay systems. Prior to my study there was no detailed knowledge on receptor-E2 

interactions for any alphaviruses. Earlier studies depended on mutational analysis (with 

whole virion particles) to characterize E2-receptor interactions (96, 103). Hence, no 

precise mapping of the receptor binding site was possible. I fine mapped receptor 

binding site on E2 after thorough biochemical characterizations. Notably, many sites of 

receptor interactions on E2 mapped by others (using mutant viruses) overlapped with 

the site I proposed from my study, validating my observations. I also explained a 

possible mechanism of E2-E1 dissociation, upon receptor binding to E2. 

In Chapter 3, results from characterization of E1 conformational changes under 

acidic pH condition are presented. We generated and characterized a cysteine-stapling 

mutant and other negatively charged residues mutants at dI/dIII interface of E1 to 

understand E1 dI swiveling upon dIII over a flexible hinge that connects dI-dIII. We 

used in vitro lipid based assay systems for studying membrane interaction and fusion 

properties of these mutants and compared those to similar properties of the WT protein. 

Our results suggest that E1 indeed undergoes conformational changes over the dI-dIII 

hinge under acidic pH condition for membrane fusion function. Structural studies using 

other alphaviruses have reported E1 swiveling movements upon acidic pH trigger. 

Another study also supports E1 conformational change by suggesting role of the 

flexible dI-dIII hinge towards acidic pH triggered E1 post-fusion conformation. More 
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data on CHIKV E1 protein intermediate conformations at acidic pH condition may help 

in better understanding the nature of E1 conformational changes that drive membrane 

fusion during entry. 

In Chapter 4, results from characterizations on mechanism of E3 release from 

E2-E1 complex to understand its regulation on structure-activity of E2-E1 proteins are 

presented. We tested two possible mechanisms by which E3-E2 dissociation may be 

triggered: E3 interacting with membrane, and acidic pH of the endosome as a trigger 

for the dissociation. Using in silico predictions we identified a putative membrane 

interacting region at N-terminus of E3. But our results from in vitro biochemical assays 

suggest E3 does not interact with membrane. However further characterization of E3-

membrane interaction with E3-E2 protein or with different lipid composition liposomes 

is required to make a conclusion. Based on sequence and structure analysis we proposed 

a conserved ‘GYY’ motif in E3 from which the Y48 residue make interactions with an 

acid sensing HIS (H256) residue from E2, as a regulatory switch for E3-E2 dissociation. 

We hypothesize that E3 Y48 – E2 H256 interaction would break in the acidic pH of the 

endosome, initiating E3-E2 dissociation. Studies to test this hypothesis are going on in 

the laboratory.  

In Chapter 5, results from the development of a baculovirus pseudo virion 

system for use in functional entry assays are presented. Using the pRED/ET 

homologous recombination approach we successfully engineered the baculovirus 

genome as Δgp64 – Cm + GFP for making pseudo viruses. Using transposition method, 

we incorporated envelope protein coding sequences of BV gp64, VSV G and CHIKV 

E proteins into the engineered Δgp64 bacmid. Using these bacmids we purified pseudo 

viruses from sf9 cells. Through syncytia and cell transduction assays, we show 

successful pseudo-tying with BV gp64 and VSV G proteins. This proved the 
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functionality of the system. Further using immunofluorescence assay, we successfully 

checked the surface expression of CHIKV E proteins in sf9 cells. However, our trials 

of pseudo-typing with CHIKV E proteins were not successful so far. This could be 

because, while alphaviruses bud out of interactions between capsid protein and 

cytoplasmic domain of envelope proteins is required for packaging. In baculoviruses 

capsid protein may be required for pseudo-typing CHIKV envelope proteins onto 

baculovirus. In the future, optimizations on pseudo-typing of a class II or even a class I 

fusion protein complex, using this baculovirus system would be interesting to make it 

useful as a universal system for pseudo-typing of viral envelope proteins from all three 

classes. 

Overall, my thesis research work contributes towards understanding the 

regulation of structural mechanism of CHIKV cell entry proteins. Identification of the 

putative receptor binding site on CHIKV E2 protein has great potential in terms of 

therapeutic development by using receptor binding site blockers. Such approaches 

involving use of soluble heparan sulfate as blockers of receptor binding to E2 protein 

have been reported (102). Approaches leading to use of E1 domain regions (especially 

E1-dIII) that block E1 conformational changes have been tested (139). However, more 

structural information on the nature of extended intermediate conformation of E1 is 

expected to improve development of other similar strategies. To add to these, we 

developed thoroughly optimized protocols for utilizing the simple and convenient E. 

coli expression-purification methods to purify these difficult to express viral envelope 

proteins for structure-function studies. Also, our baculovirus pseudo virion 

development strategy can be improved in future as a universal system for pseudo-typing 

of different classes of viral envelope proteins. 
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Viruses as human, animal and plant pathogens have huge impact on public 

health and welfare. In recent past, several viruses have re-emerged in epidemic 

proportions: 2006-2010 chikungunya virus epidemic, 2009 swine flu pandemic, 2013-

2016 Ebola virus epidemic, and more recently Zika virus, Nipah, Hendra and Corona 

virus epidemics are glaring examples of the global health threat that viruses pose. 

Viruses are ubiquitous and infect multiple life forms including animals, plants and 

even microorganisms like bacteria and archaea. 

Viruses are quite distinct from other life forms with respect to structure—lack 

cellular architecture. In its most simplistic form, a virus particle is a mere 

supramolecular assembly of a nucleic acid (genome) and proteins (as a protective 

layer for nucleic acid, referred to as capsid). In some viruses, a lipid bilayer envelops 

nucleic acid and capsid assembly, as the outermost layer. Most of the animal viruses 

are enveloped. Envelope is acquired from host cell membrane, when new virus 

particles bud out of an infected cell. Such viruses with a lipid bilayer envelope are 

called enveloped viruses (1). As a result of this simple, non-cellular organization, a 

virus is an obligate parasite of the host cell, exclusively dependent on host ribosomes 

for protein synthesis, membranes and other metabolites. Hence, entry into the right 

host cell (a permissible cell type of a specific virus) becomes the most critical first 

step in virus infection biology. 

Of particular interest to the current study is entry of enveloped viruses into a 

cell. Several human pathogens, such as HIV, Influenza (flu), SARS, Ebola, Zika, 

Dengue and Chikungunya virus are all enveloped viruses. In case of both enveloped 

and non-enveloped viruses, cellular membrane is the first barrier that the virus has to 

overcome in order for the viral nucleic acid to gain access to cellular cytoplasm and 

ribosomes. An enveloped virus fuses its envelope with cell membrane, which 
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generates a lipid pore through which nucleic acid (and capsid and associated proteins 

in certain cases) can escape into cytoplasm. However, viral and cell membrane fusion 

cannot be a spontaneous event, as spontaneous fusion with an off-target cell (say, a 

human pathogen fusing with an amoeba membrane) would be futile. Instead, 

membrane fusion (viral cell entry, in general) is a highly regulated process. Enveloped 

viruses code for a specialized (both in terms of their structure and function) class of 

proteins that are anchored into viral membrane and presented on virion surface—

hence, called envelope proteins (for example Chikungunya virus E1, E2 proteins). 

Envelope proteins facilitate binding of an enveloped virus to a specific target cell, and 

viral-cell membrane fusion. Thus, viral entry is the primary function of envelope 

proteins. In an infected cell, envelope proteins coded by viral genome, mature through 

secretory pathway, and are presented on cell surface. When new viral particles bud 

out of an infected cell from plasma membrane, envelope (lipid membrane) along with 

envelope proteins is added to virion structure. While these proteins traverse through 

the secretory pathway of the infected cell, those get glycosylated and processed by ER 

and Golgi proteases. Almost all viral envelope proteins known so far are glycosylated; 

hence these are also referred to as viral envelope glycosylated proteins, gp (for 

example HIV gp120 and gp41).  

Enveloped viruses - envelope proteins mediate cell entry 

Enveloped virus cell entry follows two sequential steps (Figure 0.1): (i) 

attachment to a specific cell type (viral cell-tropism) by binding to a cell surface 

receptor followed by (ii) fusion of virus and host cell membranes to form a fusion-

pore through which the nucleocapsid can be released into a host cell (2–4). Viral 

envelope-anchored glycoproteins (one or more envelope proteins or E proteins) 

perform both these functions during viral cell entry (2–5).  
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Figure 0.1 Enveloped virus entry by receptor binding followed by virus-host cell 
membrane fusion. This figure is adapted from Granzow et al, J. Virol., 2005 (7). 
 

In several cases, such as influenza (flu), HIV and Dengue virus, a single 

protein performs both functions. The viral envelope protein in these cases has 

different domains/regions from a single polypeptide – one for receptor binding and the 

other for membrane fusion. In several other viruses (for example herpesviruses), 

multiple proteins (for example herpes simplex virus gB, gH/gL, and gD) are employed 

- few for receptor binding and others for membrane fusion function (6). Receptor 

binding protein and membrane fusion protein are associated by either covalent 

interactions or non-covalent interactions. In chikungunya virus (and other 

alphaviruses as well), though the envelope proteins (E1 and E2) are a result of 

proteolytic processing of a single polypeptide of structural proteins, these are referred 

to as receptor binding protein (E2) and fusion protein (E1). To maintain consistency 

with the literature, receptor binding and fusion domains/regions will be referred to as 

receptor binding protein and fusion protein, respectively, for the rest of the thesis.  

In case of influenza, envelope protein hemagglutinin (HA) has two 

polypeptides: HA1, the receptor binding part, and HA2 that is responsible for viral-

cell membrane fusion. HA1 and HA2 are proteolysis products from the precursor 

protein HA0 (8). After proteolytic processing, HA1 and HA2 (three of each) are held 

together in a single mushroom like structure on virion surface by both covalent 

(disulfide bridges) and non-covalent interactions (Figure 0.2). The three HA1 units 

receptor binding membrane fusion
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become ‘mushroom’ head, whereas HA2 trimer becomes the stalk of the ‘mushroom’. 

Similarly, in HIV, the receptor binding protein, gp120, and the membrane fusion 

protein, gp41, are proteolytic products of precursor protein, gp160 (9, 10). 

Polypeptides gp120 and gp41 are in a tight complex on virion surface, held together 

by covalent and non-covalent interactions (Figure 0.3). 

 
Figure 0.2 Influenza virus HA1 and HA2 envelope proteins are made from the HA0 
precursor. (A) Schematic of HA0 cleavage into disulfide linked HA1 and HA2 
subunits. The down facing arrow marks the protease cleavage site. FP is fusion 
peptide and TM is transmembrane region. (B) Crystal structure of complex of trimers 
of HA1 (blue color) and HA2 (cyan color) (PDB: 1HGG) (8). TM region is shown as 
vertical lines in cyan color and the membrane schematic is shown as orange colored 
horizontal bar.  

 
Figure 0.3 HIV gp120 and gp41 envelope proteins are made from the gp160 
precursor. (A) Schematic of gp160 precursor. Cleavage site for production of gp120 
and gp41 subunits are marked with a down facing arrow. FP is fusion peptide and TM 
is transmembrane region. (B) Crystal structure of complex of trimers of gp120 (blue 
color) and gp41 (cyan color) (PDB: 4CC8) (9). TM region is shown as vertical lines in 
cyan color and the membrane schematic is shown as orange colored horizontal bar. 
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A striking structural feature of all viral fusion proteins, studied so far, is that 

receptor binding domain is in tight association with membrane fusion protein. This 

association masks the region of the fusion protein responsible for membrane fusion 

(either a fusion peptide or fusion loop). Unless the fusion protein is unmasked, fusion 

protein cannot perform membrane-to-membrane fusion. Thus, receptor binding 

domain/protein and fusion protein association is a structural feature that has an 

important consequence in regulating viral fusion protein function, till virus binds to 

the right target cell. Virus binding to cellular receptor (for viruses that enter cell at 

plasma membrane) as well as the acidic pH of the cellular endosomal compartment 

(for viruses that take endocytic entry route) trigger conformational rearrangements in 

the complex structure of receptor binding protein and the membrane fusion protein. 

These changes allow exposure of a fusogenic region on the membrane fusion protein 

that is responsible for membrane insertion and initiation of virus to cell membrane 

fusion. After viral-cell membrane fusion, fusion protein and receptor binding protein 

association is not seen (4, 5, 11). 

Why fusion protein function has to be regulated? Virus-host cell membrane 

fusion like any other important cellular membrane fusion events involves exchange of 

contents between two membrane bound compartments without the loss of membrane 

integrity and leakage of trapped contents. This process requires bending and 

generation of local curvatures in lipid bilayers of fusing membranous compartments 

around the point of contact for subsequent lipid mixing followed by fusion pore 

formation. This makes the overall membrane fusion process an energy-dependent step 

(4, 12, 13). In eukaryotes a conserved family of proteins called SNAREs along with 

other accessory regulatory proteins perform this process, which involves external 

energy source in form of ATP and GTP hydrolysis. Moreover several proteins, 
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associate with SNARE proteins in a context dependent manner and in the presence of 

specific cellular signals, which would make membrane-membrane fusion a tightly 

regulated process in a cell. 

However, if such fusion protein activity were not regulated inside a cell, it 

may result in complete de-compartmentalization of the cell and loss of identity. In 

contrast to cellular membrane fusion, viral fusion proteins do not use chemical energy 

(as there is no access to chemical energy source until virus enters a cell). Instead, viral 

fusion proteins are ‘designed’ to bring about membrane-membrane fusion by 

spontaneous changes in their conformation. Viral fusion proteins, on virion surface 

are ‘locked’ in a metastable conformation. This is also called the pre-fusion 

conformation as the fusogenic region (either a fusion peptide or a fusion loop) that is 

present in the fusion protein structure is masked in this conformation by a domain of 

the receptor binding protein. Receptor binding protein association with the fusion 

protein is one factor that keeps the fusion protein in this metastable conformation (14, 

15). Thus, energy trapped in the viral envelope protein structure is proposed to drive 

the virus-cell membrane fusion reaction in the forward direction (4, 12, 13).  

Site of membrane fusion for viruses following endocytic pathway 

For viruses that follow endocytic route of entry, membrane fusion happens in 

the maturing endocytic vesicle. Endocytosis of virus starts upon signaling from the 

receptor, bound to viral protein. In viruses that follow endocytic pathway, membrane 

fusion protein is sprang into action only in the endosome. What triggers fusion protein 

in endosome? In most cases, acidic pH of endosome alone is enough to ‘trigger’ 

fusion-protein activation and conformational changes (4, 5, 11, 16). This proposal is 

supported by the observation that crystal structures of fusion proteins in acidic pH 

show a different conformation than the structure at neutral pH (pre-fusion structure). 
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Thus, for viruses that take endosomal pathway for entry, endosome acidification acts 

as another level of regulation. Based on viral fusion protein complex structures in pre-

fusion and post-fusion conformations it is proposed that receptor binding protein, in 

most cases, dissociates from membrane fusion protein as a pre-requisite for activation 

of the later protein in endosomes. 

Fusion protein activation and membrane fusion may take place in any one of 

the endosomal compartments. Among different endosomal compartments, early 

endosomes (Rab5 and ESCRT positive) have a pH range of ~6.0-6.5, maturing 

endosomes (Rab5, Rab7 and ESCRT positive) have a pH of ~6.0, late endosomes 

(Rab7, Rab9 and LAMP1 positive) have a pH range of ~5.0-6.0. Most of the acidic 

pH dependent viral fusion proteins function in the pH range of 5.0-6.5 (16–19). The 

acidic pH of these endosomes are maintained by function of the vacuolar ATP 

dependent proton pumps (19).  

Universal structural mechanism of viral membrane fusion protein 

All viral fusion proteins studied so far seem to follow a universal mechanism 

to facilitate membrane fusion (Figure 0.4) (4, 11, 20). Receptor binding brings the 

viral and cell membrane (endosome membrane, if the virus enters through endocytic 

route) to close proximity. The two apposing membranes fuse with each other, forming 

a fusion pore by the end of the membrane fusion process, through an unstable 

hemifusion intermediate (also referred to as hourglass intermediate) (12). In the 

hourglass intermediate of membrane fusion, only outer leaflets of both the membranes 

fuse (Figure 0.4).  
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Figure 0.4 Schematic representation of virus-cell membrane fusion mediated by viral 
envelope glycoproteins. Viral membrane (orange colored bilayer) and cell membrane 
(sky blue colored bilayer) are labeled. Trimers of receptor binding protein (blue 
colored elongated structure) and membrane fusion protein (three domains of the single 
protein are shown as cyan, magenta, and yellow colored oval shaped structures, and 
the fusion peptide or loop at tip of the yellow domain is marked with a red colored 
star) heterodimers on viral membrane are shown. The fusion of the two lipid bilayers 
through the hemifusion pathway is represented in A through E. (A) Virus approaches 
a cell (viral envelope glycoproteins are present in their pre-fusion state), (B) Closely 
apposed viral and cell membranes (receptor binding and or acidic pH triggers fusion 
protein extension to reach target membrane), (C) Local protrusion in both bilayers are 
induced because of minimization of hydration (acidic pH triggered membrane inserted 
fusion protein conformational change pulls both membrane close to each other), (D) 
Hemifusion state with mixing of lipids from outer leaflets of both membranes while 
inner leaflet remains to be mixed (significant rearrangement in fusion protein structure 
towards a low energy conformation), (E) Fusion of both leaflets leads to formation of 
a fusion pore for content exchange (fusion protein attains the stable post-fusion 
hairpin conformation that is a trimer) 

 
During the process of membrane fusion, viral fusion protein undergoes a 

conformational transition from pre-fusion state to post-fusion state. The pre-fusion 

conformation of fusion protein is triggered by receptor binding, which leads to 
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receptor binding protein dissociation from the fusion protein. Further, when the fusion 

protein is exposed to acidic pH, it adapts an extended intermediate conformation. In 

this conformation the fusion protein extends to insert either fusion peptides/fusion 

loops present in its structure into the outer leaflet of the cell membrane. This extended 

intermediate conformation of the fusion protein is an unstable structure and so it folds 

back onto itself to form the post-fusion hairpin like conformation. As a result, the 

fusion peptide anchored into the outer leaflet of the cell membrane, pulls the cell 

membrane towards the viral membrane. This results in formation of the hemifusion 

intermediate in membrane fusion. Pre-fusion conformation for some viral fusion 

proteins is a trimer (for example, influenza HA), whereas in few others (for example 

Dengue virus E) it is a dimer. Post fusion, all fusion proteins (studied so far) are 

homotrimers, irrespective of their pre-fusion conformation. Conformational change 

from pre-fusion to extended intermediate to post-fusion hairpin structure is proposed 

as a universal mechanism for all viral fusion proteins known so far (11, 21). This 

mechanism is proposed based on observation of pre- and post-fusion structures of 

several viral fusion proteins. However, extended intermediate structure is 

characterized only for a few viral fusion proteins (for example SINV (22), HA (23)). 

An estimate from cryo-electron microscopy studies shows an extension of 100Å-150Å 

for HA fusion protein (22, 23).   

Membrane fusion is not a spontaneous process (13). There is energy 

requirement to induce membrane curvature as well as to overcome the hydration 

barrier (that resists two bilayers coming into proximity, beyond 10-20Å distance) for 

initiating fusion pore formation. In viral-cell membrane fusion, energy cost of 

membrane-fusion is provided by conformational rearrangement of the fusion protein. 

Energy released upon viral fusion protein conformational changes supply the energy 
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and act as catalyst to cross the barrier and facilitates to bring two membranes close 

together — viral fusion proteins lower the kinetic energy barrier of membrane fusion 

(~40-50 kcal/mol) that leads hemifusion state to fused membrane state (Figure 0.5) (4, 

24–26). Further, Co-operative interactions between post-fusion protein homotrimers 

(two or more) may supply the energy required for initiation and expansion of the 

fusion pore. Cooperative interactions are reported for influenza virus HA where three 

or four HA trimers facilitate fusion pore expansion (27), lateral interactions among 5-

6 trimers forming ring-like structures are reported to facilitate fusion pore expansion 

for SFV (28).  

 
Figure 0.5 A hypothetical energy diagram (free energy vs. fusion progress graph) of 
membrane fusion process. The free energy barriers are depicted arbitrarily. 
Energetically favorable conformational changes in fusion proteins help overcome 
these barriers during virus-cell membrane fusion. This figure is adapted from 
Harrison et al, Nat Struct Mol Biol., 2008 (4). 
 

Structural architecture of viral fusion proteins  

Viral fusion proteins are grouped into three different classes based on their 

structural properties, class I, II and III (Figure 0.6) (21, 29, 30).  
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Figure 0.6 Structural organization of class I, II and III viral fusion proteins. From top 
to bottom – viral fusion proteins from class I, II, and III are shown in their pre-fusion 
(to the left) and post-fusion conformation (to the right). For class I, and III, fusion 
proteins are colored as cyan (the N-terminal region), yellow (the C-terminal region). 
For class II, cyan, magenta and yellow colored regions represent domains III, I, and II 
respectively. In all fusion proteins, FL is fusion loop (colored in red), and receptor 
binding protein (wherever present) is represented in blue color. 
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Characteristic features of a class I fusion proteins are: i. Central long coiled-

coil a-helices formed out of heptad repeats (HR) (typically two HR sequences, an N-

terminal coil and a C-terminal coil), ii. A short hydrophobic stretch at the N-terminus 

(preceding the N-terminal HR coil) called fusion peptide that would insert into the 

membrane during fusion, iii. Form homotrimers (both in pre-fusion state as well as in 

post-fusion state), and iv. Fusion peptides from three of the protomers, in the pre-

fusion trimer structure are buried in the trimer interface. Few examples of viral fusion 

proteins from class-I group are Influenza HA2 and HIV-gp41. 

The characteristics of class-II viral fusion proteins are: i. Have predominantly 

β-sheets, ii. Organized into three domains (named as domain I, II and III), iii. On 

virion surface (pre-fusion conformation) are either heterodimers (in complex with the 

receptor binding protein, as in alphaviruses E2-E1 heterodimer) or homodimers (as 

dimers of the fusion protein, as in Dengue virus E), iv. A loop connecting two strands 

in the domain II inserts into the cell membrane during membrane fusion (hence, called 

fusion loop), v. Form homotrimers in the post-fusion state (compared to their pre-

fusion heterodimer or homodimer conformations), and vi. The internal fusion loops in 

the pre-fusion structure is masked by the receptor binding protein/domain. Fusion 

proteins from alphaviruses (for example SFV, SINV or CHIKV E1 protein), and 

flaviviruses (for example JEV or DENV E protein) belong to class II group.  

The class-III group (for example VSV G, Baculovirus gp64) fusion proteins 

have features of both class-I and class-II: i. Have coiled-coils as central domains and 

also have b-sheet rich domains, ii. Have internal fusion loops similar to class II fusion 

proteins, and iii. Form trimers in both pre-fusion and post-fusion conformations, 

similar to class I fusion proteins. The structural features of class I, II and III viral 

fusion proteins are reviewed in references (21, 29, 30). In fusion proteins from all 
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three classes, post-fusion conformations are referred to as hairpin conformations 

because of their resemblances to a hairpin (N-terminal and C-terminal regions of the 

fusion proteins fold back onto each other, where both the regions resemble to both 

arms of a hairpin). Comparison of fusion protein structures in their pre-fusion and 

post-fusion conformations reveal that both the conformations share overall structural 

similarity but with altered domain reorganizations. The post-fusion hairpin lies 

perpendicular to the target membrane, where both the fusion loops and the trans-

membrane helices are present at the same end of the trimeric structure at the fused 

target membrane. 

Regulation of fusion activity of viral fusion proteins: 

Unregulated fusion activity of the fusion protein would be futile. Fusion 

activity should be triggered, only when the virus is attached to the host cell. Different 

viruses use different ways of regulating the fusion activity of their fusion proteins. 

Receptor binding protein (or domain) binding to a cell surface receptor and 

dissociating from the fusion protein (or domain) is seen as a regulation mechanism in 

many viruses. For example, in HIV the receptor binding domain, gp120, dissociates 

from the fusion domain, gp41, as a first step in viral entry (31, 32). Unless, gp120 

dissociates from gp41, membrane fusion does not go forward. On the contrary, in 

herpes simplex virus (HSV), the receptor binding protein, gD interacts with the fusion 

protein, gB, after binding to cognate receptor, triggering membrane fusion (6). 

 In viruses that take endocytic route of entry, acidic pH (pH 4.5-6.5) of the 

maturing endosome acts as a ‘trigger’ for fusion activity of the fusion protein. Acidic 

pH triggers conformational changes in the fusion protein, required for fusion function.  
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Receptor binding as a regulation mechanism  

As early events in viral entry, receptor binding to the receptor binding protein 

triggers conformational rearrangements leading to dissociation of receptor binding 

protein and membrane fusion protein. Specifically, upon binding to a cellular receptor 

allosteric structural rearrangements are observed in the receptor binding protein. 

These conformational changes in turn, either open up a conserved buried structure on 

the receptor binding protein for binding to another cell surface molecule (may be 

another receptor or a co-receptor) or induce concomitant conformational changes in 

the fusion protein. These receptor binding-induced conformational changes in receptor 

binding protein ultimately leads to rearrangement of key interactions between receptor 

binding protein and membrane fusion protein, leading to dissociation of membrane 

fusion protein from receptor binding protein and thus unmasking the membrane fusion 

protein structure (31, 33–37). 

Receptor binding determines viral tissue/cell tropism. Also, in several cases 

provides the initial trigger for cell entry by directly affecting receptor binding protein 

and membrane fusion protein conformational changes, and thereby regulating fusion 

protein activity. Significance of receptor binding triggering conformational changes in 

receptor binding protein, leading to unmasking of fusion protein structure is well 

established for several viruses. For example in HIV-1, binding to receptor (CD4) and 

co-receptor (CCR5 or CXCR4) induces conformational changes in receptor binding 

domain (gp120) (Figure 0.7) (32).  
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Figure 0.7 Receptor binding regulates fusion protein complex conformational 
changes and activity during cell entry of HIV1. Membrane fusion protein post-
dissociation from receptor binding protein, are triggered to form the homotrimeric 
post-fusion hairpin conformation essential for performing virus-cell membrane fusion. 
The top panel shows the HIV1 gp41+120 complex structure in pre-fusion and post-
fusion conformations. Bottom panel shows in schematic the conformation changes in 
these proteins and their regulation by receptor and co-receptor binding. Gp120 is 
shown in blue and gp41 in yellow (N-terminal half)+cyan (C-terminal half) in both 
crystal structure and the schematic. The orange colored triangle represents CCR5 
binding site and red colored star represents fusion loop. T-20 shown as a cyan colored 
helix in bottom schematic is an inhibitor to gp41 conformational transition. 

 

Interaction of gp120 with CD4 receptor (relatively weak interactions) and 

CCR5 or CXCR4 co-receptor (this interaction stabilizes the gp120 bound 

CD4+CCR5/CXCR4 conformation) leads to allosteric conformational changes in N- 

and C- terminal region as well as in the V3 loop region on gp120, which in turn 

affects relative positioning of helical regions on gp41. As a result of this the fusion 

peptide region on gp41 move to a closer distance to host membrane from where 
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membrane fusion takes place (32). 

In measles virus, binding of receptor binding protein (H) to its cognate 

receptor (CD46) results in movement of its head domains relative to each other, to 

trigger fusion activity of fusion protein (F) (36). Binding of CD46 on to H protein 

takes place at a site opposite to the H-dimer interface and this binding pattern induces 

domain movements in the head region of the H protein in relative orientation to each 

other. These resultant movements when translated onto the fusion protein (F) are able 

to trigger irreversible refolding of F-trimer and thereby membrane fusion by F (36). 

Another example is Ebola virus, where binding of an endosomal receptor (NPC1-C) 

to receptor binding protein (GP1) induces conformational changes that lead to change 

in the state of the fusion loop on the fusion protein (GP2), triggering membrane fusion 

(38). In case of Ebola virus, upon triggering through the endocytic pathway of entry, 

by binding to low affinity cell surface receptors (DC-SIGN, L-SIGN etc.), the virus is 

proteolytically primed by cathepsin L and B proteins. It is in this form the primed 

receptor binding protein (GP1) binds to its endosomal receptor NCP1-C, which leads 

to conformational changes in a short helical region that moves upward in GP1 

allowing exposure of the fusion peptide region on GP2, which in turn triggers 

membrane fusion (38). All these observations point to the fact that receptor binding is 

the first regulatory feature in viral cell entry. Receptor binding triggers dissociation of 

receptor binding protein and membrane fusion protein, unmasking the fusion protein. 

So, the specific triggers that induce dissociation of receptor binding protein 

from membrane fusion protein, and membrane fusion protein conformational 

rearrangements vary from virus to virus with some conservation. In paramyxoviruses 

(for example in Newcastle disease virus, parainfluenza virus 5), receptor binding in 

some cases (when HN and F are produced and transported to cell surface as a 
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complex) leads to dissociation of receptor binding protein (HN) from fusion protein 

(F) at the cell surface and in some other cases (when HN and F are produced as 

individual subunits and transported to cell surface individually) receptor binding by 

HN leads to transient association between HN and F, which triggers the later for 

fusion function (and eventually the HN protein dissociates from F protein) (39, 40). In 

HIV, receptor and co-receptor binding leads to dissociation of gp120 from gp41, and 

this is a key regulatory step for membrane fusion (31). In influenza virus (41) and 

avian sarcoma leukosis virus (42), receptor binding triggers entry through endocytic 

pathway where acidic pH triggers fusion protein activation for membrane fusion. 

In addition, role for a thiol exchange reaction post receptor binding-induced 

conformational changes is employed in certain viruses that have disulfide-linked 

receptor binding and membrane fusion protein subunits. Cysteines from motifs in 

receptor binding protein CXXC and membrane fusion protein CX6CC, where C is a 

cysteine and X is any residue form a disulfide bond. Upon receptor binding-induced 

conformational changes CXXC motif in the receptor binding protein gets exposed and 

undergoes a disulfide exchange reaction that leads to breaking of the covalent 

interaction and then dissociation of the receptor binding protein from the membrane 

fusion protein. Such mechanisms are studied for Moloney murine leukemia virus (43), 

HIV and SARS coronavirus (44), and Avian sarcoma leukosis virus as well (45). In 

Ebola virus, proteolytic priming at endosomal pH is essential before to binding to the 

endosomal receptor, which in turn triggers receptor binding protein membrane fusion 

protein conformation rearrangements for fusion activation of the later (33).  
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Regulation by acidic pH trigger 

Once the fusion protein is unmasked, it then extends (in most cases being 

triggered by the acidic pH of the endosome in the endocytic entry pathway) to reach 

the cell membrane (possibly by forming an extended intermediate structure), where it 

inserts its hydrophobic fusion peptide or loop into the outer leaflet of the host cell 

membrane (22, 23, 29, 46). For example, in case of influenza virus, the proteolytically 

processed membrane fusion protein remains in the metastable form by association 

with accompanying receptor binding protein until the virus is triggered by receptor 

binding for entry through the endocytic pathway. Once inside the endosome, acidic 

pH of the endosomal compartment triggers the HA2 fusion protein to undergo 

dramatic conformational changes to facilitate membrane fusion (47). The acidic pH 

regulations of HA2 conformational changes are represented in Figure 0.8. 

 

Figure 0.8 Regulation mechanism of IAV HA structural mechanism during cell entry 
of IAV. Sialic acid binding by HA1 initiates HA1 dissociation from HA2, followed by 
acid pH triggered HA2 conformational rearrangements from pre-hairpin to hairpin 
conformation, driving membrane fusion during cell entry. ‘Sia’ is sialic acid. 
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Several ‘acid sensing’ residues present in the viral fusion protein are likely to 

contribute to conformational change of the fusion protein once the protein is exposed 

to acidic pH environment (for example to endosomal acidic pH). Residues such as 

HIS (pKa 6.6), ASP (pKa 4.0) as well as GLU (pKa 4.4) is likely to play important 

role in induction of viral membrane fusion protein conformational rearrangements 

(21, 48). Specifically, HIS residues have been reported to be critical to induce 

conformational changes (relevant for membrane fusion) for different classes of viral 

fusion proteins. Role of HIS protonation change triggering of viral fusion protein 

conformational changes can be seen as two interesting events: At pH 7.0, in the pre-

fusion conformation of the viral fusion protein, these HIS residues make charge 

interactions with positively charged residues (primarily as hydrogen bond donors) that 

are present near to these HIS residues within an interacting distance (21, 48). 

However, at endosomal acidic pH, many of the histidines get bi-protonated (as pKa of 

HIS side chain is 6.0). HIS residues protonation at acidic pH destabilizes the pre-

fusion interactions (repulses nearby positively charged residues and by doing so 

induces structural changes), and lead to formation of new favorable interactions 

(hydrogen bonds or salt bridges) with negatively charged residues that stabilize the 

protonated form in post-fusion conformation of viral fusion proteins (21, 48). 

Importance of studying viral fusion protein regulation mechanisms 

Understanding the fusion protein regulation (by receptor binding and by acidic 

pH) is important for possible entry-inhibition kind of antiviral therapeutic strategy 

development. Knowledge on viral fusion protein regulation mechanisms of IAV HA 

and HIV gp (49), two of the well-studied examples in the field, contributed to 

development of therapeutics that target multiple steps of the viral cell entry process 

(50). For example, specific monoclonal antibodies that stabilize or prevent necessary 
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viral surface protein rearrangements can block virus-cell membrane fusion and entry. 

Blocking of Influenza virus HA binding to sialic acid receptor is a key antiviral 

strategy and liposomes coated with penta-saccharide of α2, 6-linked sialic acid is an 

example of a multivalent and safe drug against IAV that competes with receptor 

binding and prevents attachment to host cells (51). Receptor and co-receptor binding 

blockers (CD4 domain linked to HS molecule competes with both receptor and co-

receptor binding sites) have been shown to be successful as viral entry inhibitors for 

HIV-1 and developing such strategies for other class of viruses are of interest in the 

field at this moment (52). Several small molecule inhibitors are also developed that 

target conserved hydrophobic sites and prevent folding back of fusion protein to 

hairpin conformation, and thereby block fusion and entry (53–56). Selected peptides 

to prevent formation of the post-fusion hairpin structure have been used as well (57–

60). One example is the T-20 peptide that blocks HIV gp41 hairpin formation by 

binding and stabilizing an intermediate structure, which is now used as a licensed anti-

retroviral drug (50). Viral cell entry inhibitors summarized above constitute one of the 

important aspects of antiviral strategy and interestingly similar strategies are currently 

being explored for development of therapeutics for the less studied groups of 

enveloped entry protein complexes of enveloped viruses from alphaviruses and 

flaviviruses as well. 

To that end, there are several other enveloped viruses (specifically several 

critical pathogenic animal viruses from the alphavirus and flavivirus genus that 

mainly constitute the less explored class-II enveloped virus fusion protein group) for 

which the regulation mechanism that governs the viral entry protein complex 

conformational rearrangements remains poorly understood (even though both receptor 

binding and acidic pH trigger are believed to play a role in viral membrane fusion 
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triggering process (61, 62) of these viruses). Further exploration of these important 

aspects of class-II fusion protein complex may serve as useful for development of 

antiviral strategies including viral entry inhibitors for enveloped viruses from these 

groups.  

Chikungunya virus - an enveloped alphavirus 

Chikungunya virus (CHIKV) is a mosquito-transmitted virus that has re-

emerged as a critical human pathogen of global importance (Figure 0.9).  

 
Figure 0.9 CHIKV is a mosquito-transmitted virus, which causes CHIKV fever and is 
spread globally. 

 

Countries and territories where chikungunya cases have been reported* 
(as of September 17, 2019)  

 http://www.cdc.gov/chikungunya	
http://www.who.int/mediacentre/factsheets	

Transmitted primarily by aedes mosquitoes and 
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CHIKV is primarily transmitted by aedes mosquitoes, with global spread of 

the virus attributed to adaptation of the Indian Ocean isolates of the virus to a new 

vector species, Aedes albopictus (63, 64). There are four lineages of Chikungunya 

virus – West African, East/Central/South African (ECSA), Asian and the Indian 

Ocean Lineage; the later emerging from the ECSA lineage. Since its re-emergence, 

CHIKV has caused epidemics in several South East Asian countries in recent past, 

including millions of infections in India alone during the 2006-2010 epidemic. From 

then, CHIKV has spread to many different parts of Europe and Americas, where it had 

never been seen before (64–66). 

CHIKV infection leads to onset of fever in ~95% of the infected individuals. 

The acute symptoms of CHIKV infection include joint pain, rash, high fever, nausea, 

myalgia etc. and the chronic symptoms can be serious (seen in ~12% of infected 

individuals), which includes persistent joint pain (arthritis) that can last for months to 

years (65, 67). The disease effects are severe amongst younger and older populations 

(68). In neonates the disease is associated with encephalitis (69). In older individuals 

(>65 years) the disease mortality rates are 5 times higher compared to those under 45 

years of age (70). Poly-arthralgia is seen in 30-90% of the cases of infection and in 

chronic phases joint pain is debilitating (65, 67, 71, 72). In rare cases the disease 

symptoms are shown to be associated with ophthalmic diseases (73), encephalitis (74) 

and even circulatory symptoms (75). In current scenario no vaccines or antiviral 

treatments are available for CHIKV infection. Antiviral strategy that includes 

inhibition of viral entry is a potential and proven approach and can be utilized to 

target CHIKV cell entry process.  

CHIKV is an alphavirus. It is grouped in Togaviridae family, which includes a 

number of viruses (~31 different viruses) that are critical human pathogens. Few of 
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the viruses from alphavirus genus other than CHIKV are Semliki forest virus (SFV), 

Sindbis virus (SINV), Venezuelan equine encephalitis virus (VEEV), Eastern equine 

encephalitis virus (EEEV), Ross river virus (RRV) etc. Alphaviruses are generally 

~70 nm in diameter sized virus particles. These viruses have positive sense single 

stranded RNA genome (~11.8 Kb) (Figure 0.10). The alphavirus genome is 

transcribed and translated to produce polyproteins that are processed later to 

individual non-structural (nSP1-nSP4) and structural (Capsid-E2-E1-6K-E1) proteins 

(Figure 0.10). The non-structural proteins are mainly responsible for viral genome 

replication and structural proteins are mainly responsible for the structural makeup of 

the virus as well as play roles during exit and entry of the virus particle from/into a 

host-cell.  

 
Figure 0.10 CHIKV virus particle structure and genome organization. (A) Virus 
particle structure with diameter in nanometers is shown. (B) The positive sense RNA 
genome of CHIKV is shown in a schematic with relative positions of non-structural 
and structural protein coding regions. The 26S sub-genomic RNA transcription start 
site is marked with a forward arrow at the beginning of capsid coding region. The path 
to non-structural and structural polyproteins production is shown. 
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structural polyprotein complex, which subsequently undergoes proteolytic maturation. 

The maturation process produces a companion protein (the regulatory protein/receptor 

binding protein, E2), which chaperones the folding of the fusion protein and remains 

associated with it on virion surface, masking and stabilizing the fusion protein 

metastable pre-fusion structure. 

Alphaviruses follow the endocytic entry pathway for cell entry. Binding or 

early attachment to a cell-surface receptor triggers these viruses to follow clathrin 

coated endocytic pathway, where either in early endosomes (pH = ~6.0 – 6.5) or in 

late endosomes (pH = ~5.5 – 6.0), the acidic pH triggers fusion protein 

conformational rearrangements essential for virus-cell membrane fusion during entry 

(62, 76, 77). While the role of acidic pH in triggering dissociation of receptor binding 

protein and membrane-fusion protein as well as acidic pH triggered conformational 

changes in the alphavirus membrane-fusion proteins are studied to some extent, 

several questions remain to be answered with respect to understanding the role of 

receptor binding and triggering of receptor binding protein and membrane-fusion 

protein dissociation because of receptor binding trigger as well as the exact nature and 

path of alphavirus fusion protein conformational rearrangements upon acidic pH 

trigger. CHIKV constitutes a good model to address and advance our understanding of 

the cell entry protein regulations, of CHIKV and in general of class-II fusion protein 

containing group of viruses as well, by both ‘receptor binding’ and ‘acidic pH’ 

triggers during cell entry. 

Cell entry of CHIKV – role of cell entry proteins 

Based on our current understanding of viral entry protein structures from 

different alphaviruses, a fairly informative path for alphavirus cell entry process is 

known (62). Cell entry of CHIKV, like other alphaviruses, follows two sequential 
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steps: 1. Binding to cell surface receptor – triggering entry through endocytic 

pathway, and 2. Fusion of virus-host cell membrane – leading to opening a fusion 

pore for nucleocapsid release. Envelope glycoproteins E1 (the membrane fusion 

protein) and E2 (the receptor binding protein) perform these functions during viral cell 

entry (62, 77). The regulatory role of the third smaller protein E3, which is present 

through its interactions on E2, in cell entry, is not known.  

Biogenesis of CHIKV E3-E2-E1 protein complex: 

In an infected cell, structural proteins of Chikungunya virus – capsid, E3, E2, 

6K and E1 that make up the structure of the virus are produced by transcription and 

translation of a sub-genomic RNA (Figure 0.11). The 26S sub-genomic RNA is 

transcribed from an internal promoter present preceding the structural protein coding 

region in the 3’-end of the genome (77). This sub-genomic transcript codes for a 

single polypeptide (Figure 0.10). On the polypeptide of structural proteins, capsid, E3, 

E2, 6K and E1 are arranged in N-terminus to C-terminus order. The polypeptide is 

proteolytically processed (by viral and host proteases) into individual components in a 

complex maturation process (78). In the first step of the process, auto-proteolytic 

activity of the capsid protein clips itself from the rest of the structural polyprotein. 

The remaining polypeptide, guided by E3 secretory signal sequence, translocate into 

the ER lumen (79). E3 and transmembrane regions of E1 and E2 are likely to arrange 

in the ER membrane, as shown in the schematic in figure 0.11 (80). Subsequent to 

capsid protein cleavage from the polypeptide, the new N-terminus of the remaining 

polypeptide (N-terminus of E3) is glycosylated at an early stage of transport through 

the secretory pathway (81). Based on this observation, Garoff et al proposed that E3 

would retract out of the ER membrane soon after the remaining polypeptide 

translocate into ER. E3 would become the new N-terminus protein of the remaining 
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polypeptide. In the crystal structure (PDB: 3N42) using drosophila expressed protein 

complex two glycosyl moieties could be seen (Figure 0.11). However, extent and 

pattern of glycosylation in host cells is not known. 

 
Figure 0.11 Scheme of alphavirus structural polyprotein production from sub-
genomic RNA followed by processing through secretory pathway to heterodimer 
conformation. End product is an envelope anchored folded E3-E2-E1 heterodimer 
conformation (functional ectodomains protrude outside from viral envelope bilayer) 
(PDB: 3N42) (82). N-glycosylation sites are shown in sticks and labelled. NAG - N-
ACETYL-D-GLUCOSAMINE, NDG - 2-(ACETYLAMINO)-2-DEOXY-A-D-
GLUCOPYRANOSE. 
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The polypeptide is further cleaved into p62 and E1 by cellular signalases, 

(please refer to the schematic in figure 0.11).  The p62 protein is an immature 

precursor form of E2 where N-terminal E3 is not proteolytically processed. The p62 

and E1 traverse the ER and the Golgi as a heterodimer complex, where p62 plays a 

chaperone role for E1 during Golgi processing and presentation onto cell surface, as 

indicated by the following reports. When E3 is replaced with a cleavable signal 

sequence (no E3 in the premature E2-E1 complex) in SFV, E1 is retained in the ER 

and not presented onto the infected cell surface (79). In another study, Uchime et al 

(83) noted that when E3 and E2 interaction is disturbed by specific mutations of the 

residues at the E3-E2 interface (in p62), then E1 is not presented onto the plasma 

membrane. Similar observations were also made by Fields and Kielian (84). Both 

these studies suggested that E3 (as part of p62) prevents E2-E1 dissociation and pre-

mature triggering of E1 fusion function in the acidic pH environment of trans-Golgi 

(in the secretory pathway). Trans-Golgi resident furin protease cleaves E3 from p62 

(refer to the schematic Figure 0.11). Post E3-E2 cleavage, E3 is retained on the E2-E1 

heterodimer, through weak interactions with E2. A comparison between the immature 

(p62, furin un-cleaved form) and the mature (E3 and E2, furin cleaved) protein 

structures of E3-E2 are presented in figure 0.12. Both the structures show overall 

similarity, expect the structural details of few residues from either side of the furin 

cleavage site remain missing from the furin cleaved mature E3 and E2 structure 

(Figure 0.12). Further, the furin cleaved E3 that is held on E2 through weak 

interactions is eventually released from the E2-E1 heterodimer in few alphaviruses 

(for example SFV, and SINV) (85–87), probably because of altered interactions 

between E3 and E2 at neutral pH of the cell surface. One mechanism that is studied 

for E3 release from E2-E1 complex at neutral pH is by breaking of interactions of 
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conserved tyrosine residues from a mildly conserved “GY47Y48” motif on E3, at the 

E3-E2 interface. These tyrosine residues from E3, Y47 that forms cation-pi interaction 

with K254 of E2, and E3 Y48 interactions with E2 H256 and E166 stabilize the un-

cleaved E3-E2 interface in p62, and thereby prevent dissociation of p62/E1 

heterodimer in acidic pH of the trans-Golgi during biogenesis (83, 84). The transition 

to the extracellular neutral pH environment is proposed to change the protonation 

states of the conserved K254 or H256 residues on E2 impacting the E3-E2 interface 

stability towards E3 release from E2 (83, 84). 

 

 
 
Figure 0.12 Comparison of the immature (pE2) and mature (E3-E2) structures. The 
E2 precursor structure pE2 (extracted from PDB: 3N40) (82) and the mature E2 
structure (extracted from PDB: 3N42) (82) are represented as cartoons, E3 is shown in 
gray and E2 is shown in blue color. The position of the furin cleavage site (top arrow 
points to this region) at the E3-E2 junction is marked in red. ASR stands for acid 
sensitive region (bottom arrow points to this) in E2 upon which E3 is situated. 
 

Structure and organisation of CHIKV cell entry proteins 

Structures of E2-E1 (or E3-E2-E1) from few alphaviruses are published. This 

section describes the domain organization and different structural features seen in 

CHIKV E1, E2 and E3. Pre-fusion and post-fusion conformation changes in the 
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CHIKV E1 is not available. Hence, post-fusion (acidic pH structures) conformation of 

SFV E1 (88) is discussed.  

Membrane fusion protein, E1 

E1 domains (from viral membrane proximal to distal; dIII-dI-dII) constitute an 

elongated E1 molecule (Figure 0.13). The E1-dI lies in between dIII and dII and 

connects to each of these domains through flexible hinge regions. Two long insertions 

(E1-residues 38-130 form insertion 1, and E1-residues 169-273 form insertion 2) that 

arise from dI form the elongated dII. Two loops connect β-stands at the tip of each of 

these insertions - the cd-loop and the ij loop.  

 

Figure 0.13 Domain organization of CHIKV E1 protein. The structure is extracted 
from CHIKV E3-E2-E1 heterodimer structure in pre-fusion state (PDB: 3N42). 
Domain organization and position of dI-dIII linker and fusion loop (FL) are shown as 
cartoon representation in different colors. The dIII connects to the stem, and 
transmembrane (TM) region in the viral membrane. 
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connects to the E1-stem region, which in turn, connects to the E1 trans-membrane 

anchor. Domain III is arranged, bending back onto domain I. E1 dI-dIII interactions, 

primarily through charge interactions hold the bent conformation. The interaction at 

dI-dIII and the dI-dIII connecting region called ‘linker’ hold this bent conformation of 

E1.  

E1 domain I - domain III linker 

An important structural feature, essential for dIII bending back onto domain I, 

and forming hairpin structure, is a linker connecting domains I, and IIII (dI-dIII 

linker). The linker does not have any regular secondary structures, either in pre-fusion 

conformation or post-fusion structure (as seen in structures of alphavirus E1 proteins) 

(Figure 0.13). Zheng et al (89) studied importance of dI-dIII linker in E1 pre- to post-

fusion conformation change and found that the linker region plays critical role during 

acidic pH trimerization of E1 in SFV. 

Receptor binding protein, E3-E2 

E3 remains associated with E2 through non-covalent interactions in the mature 

E3-E2 protein (Figure 0.14). The mature E2 protein has three-immunoglobulin like 

domains (from viral membrane proximal to distal; dC-dA-dB) (Figure 0.14). E2-dA is 

sandwiched between E2-dC and E2-dB. An elongated β-ribbon connector is also part 

of the E2 structure, and runs alongside E2-dA connecting E2-dB with E2-dC. The β-

ribbon connector has three distinct structural parts (arch1 at the interface between dA 

and dC, arch2 at the interface between dA and dB, and the central arch that has an 

acid sensitive region (ASR), which runs alongside dA and makes most of the contacts 

with E3 on side and with E1-dII on the other side). Finally, the E2-dC connects to E2-

stem region, which is linked to the E2 trans-membrane anchor. 
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Figure 0.14 Domain organization of mature CHIKV E2 protein. The structure is 
extracted from CHIKV E3-E2-E1 heterodimer structure in pre-fusion state (PDB: 
3N42). Domain organization and b-ribbon connectors are shown as cartoon 
representation in different shades of blue and are labeled. The dC region connects to 
stem, and transmembrane (TM) region in the viral membrane. 
 

The smaller E3 protein 

The first structure of alphavirus E3 protein came from the chikungunya virus 

E3-E2-E1 complex (PDB: 3N40 and 3N42) (82). In this complex structure, E3 is 

positioned on E2 in the E3-E2-E1 complex, covering domain A and B of E2, which in 

turn covers fusion loops of E1 (Figure 0.15). The core of E3 structure is like a 

horseshoe of three α helices, and all three helices of the core make several contacts 

with E2. E3 interactions with E2 is at an acid sensitive region (ASR), a region of E2 

b-ribbon arch that has rigid conformation with regular structure in neutral pH, but 

becomes disordered at acidic pH. E1 interacts on the opposite side of this ASR.  
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Pre-fusion conformation 

E3-E2-E1 heterodimer 

The elongated E2 molecule remains tightly associated with E1 on virion 

surface through non-covalent interactions throughout the E2-E1 interface (Figure 

0.15A). E1 is positioned in oblique orientation to viral membrane and E2 is positioned 

in such a manner that it masks most of the E1 structure. Major interactions that 

stabilize E2-E1 structure are between E2 domain C, β-ribbon connector and E1-dII. 

E2-dB also makes key interactions around the E1-fusion loops at dII tip. This E2-E1 

arrangement stabilizes E1 in its metastable pre-fusion conformation. Importantly, E2 

masks the hydrophobic fusion loop present on E1, at the tip of its dII, by forming a 

clamp around it by its dA and dB. From the crystal structure of CHIKV E3-E2-E1, E3 

presence on E2 forms a brace that stabilizes E2 dA-dB clamping around E1-FL. 

Since, in chikungunya virus E3 is retained on virion surface through its tight 

interaction with E2, the name E3-E2 will be used for the rest of the chapter, as the 

CHIKV receptor binding protein. At the E3-E2 interface, E3 Y47 forms a hydrogen 

bond with E2/K254; E3 Y48 forms a hydrogen bond with E2 E166 and a p-p 

interaction with E2 H256. 



General introduction 

 33 

 

Figure 0.15 Pre-fusion conformation of CHIKV E3-E2-E1 heterodimer and trimer of 
E2-E1 heterodimer in CHIKV surface spike. (A) Domain organization of E3-E2 and 
E1 structures are shown. (B) CHIKV trimeric spike organization from viral surface is 
zoomed and shown. The trimeric spike structure is prepared in PyMol using the PDB: 
6NK7, which is a cryo-EM structure of CHIKV in complex with a CHIKV receptor, 
MXRA8 (MXRA8 is not shown here for clarity) (90). 
 

Virion surface ‘spike’, trimer of E3-E2-E1 heterodimers 

Cryo-EM reconstructions of the alphavirus envelope with E2-E1 (available for 

CHIKV, SINV, SFV, VEEV etc.) show that heterodimers of E2-E1 arrange into spike 

like structures, where trimers of E2-E1 heterodimers are present in a manner, 

wrapping around a hypothetical central trimeric spike axis (80, 82, 88, 91, 92). 

CHIKV and other alphaviruses follow a T=4 icosahedral shape of the capsid (because 

of E2-capsid interactions) and hence, 80 of these spikes on the entire virion surface 

(240 copies each of E2-E1 heterodimers). In the spike, three peripherally positioned 

E1 molecules (in their pre-fusion bent conformation) surround three centrally 

positioned E2 molecules (Figure 0.15B). E2-dA interactions among three E2 

molecules in the spike further stabilize the intra-spike interactions, while inter-spike 

interactions are mediated through E1. The smaller E3 protein is held on to E2 through 
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weak interactions at the ASR region on E2. This positioning of E3 in the virion 

surface is at the apex of the spike, in a way protruding outwards from spike center. 

Post-fusion conformation – E1 homotrimer 

The post-fusion hairpin conformation of alphaviruses is a homotrimer of 

fusion protein E1. Post-fusion structure is known for SFV E1 (88) (Figure 0.16). For 

CHIKV and other alphaviruses the post fusion structure is not available.  

 

Figure 0.16 SFV E1-homotrimeric structure in post-fusion state from SFV (PDB: 
1RER) and CHIKV (model structure). E1-domains follow the same color-coding as it 
is shown for E1 in the pre-fusion state (Figure 0.11). The post-fusion hairpin 
schematic refers to the hairpin conformation of E1 in post-fusion state. 
 

We modeled the post-fusion structure of CHIKV E1 using homology modeling 

using the SFV post-fusion E1 homotrimer structure (PDB: 1RER) as template. The 

modeled structure of CHIKV E1 homotrimer (HT) showed good overlap with the 

template structure (homology modeled structure is discussed in detail in chapter 3). 

The post-fusion trimer reveals hairpin conformation of E1 with E1-dI and E1-dII 
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constituting the central trimeric part (majorly contribute to interactions that stabilize 

the trimer interface), and E1-dIII and the connecting stem region forming the outer 

trimeric part (E1-dIII+stem pack into the groove formed between adjacent E1-dI-dII 

rods from the central trimeric structure) (figure 0.16).  

In the post-fusion conformation, all three domains of E1 maintain their original 

fold. Major change is in interactions between E1-domains and overall domain 

positions. With respect to the pre-fusion conformation, in this structure E1-dII rotates 

by ~15° around the dI-dII connecting hinge, and forms a straight continuous rod shape 

structure composed of E1-dI-dII. Also, E1-dIII moves from its original position in the 

pre-fusion state by ~37 Å towards the fusion loop in the post-fusion state. This lead to 

breaking of existing interactions at domain I-dIII interface from the pre-fusion 

structure to formation of new interactions in the post-fusion structure. A highly 

conserved histidine, H331, in dIII interacts with K16 (also conserved) in dI of E1 at 

the dI-dIII interface, in the pre-fusion state. In post-fusion conformation this 

interaction is not present. In post-fusion conformation, H331 from one E1 protomer 

interacts with N149 from another protomer in the E1 trimer structure. Another 

conserved histidine, H3 is in dI (not at dI-dIII interface), which also has altered 

interactions between pre-fusion and post-fusion conformations.  

Extended intermediate structure 

Very recently, a low-resolution (~14.5Å) extended intermediate structure (after 

acidic pH trigger) of alphavirus E1 was described. Cao et al (22) in a cryo-EM based 

study analysed the structural details of extended bridge kind of connections between 

SINV envelope and liposomes (Figure 0.17). At pH of 6.4, density for three of the E2 

molecules at the center of the trimeric spike remain unaltered. However, densities for 

three of the E1 molecules at the periphery of the trimeric spike were missing. The 
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authors have discussed and proposed a model that the extended bridge kind of 

connections seen between the fused SINV and liposomes at the point of contact are 

extended conformations of the E1 protein. From their model (Figure 0.17), three E1 

molecules arrange in a domain-linearized manner (dIII-dI-dII in a linear extended 

form), where they extend to insert the fusion loop (present at dII tip) into the liposome 

membrane and are present in their membrane bound forms. The distance calculations 

between the fused virion and liposomes are measured to be ~150Å, which is similar to 

the distance of alphaviruses E1 while all three domains are present in a linearized 

form. 

 

Figure 0.17 Acidic pH induced fusion of SINV-liposome fusion. (A) A cross-section 
of the EM map shown in B-panel. (B) Surface rendering of the EM reconstruction 
map (EMD-2374) of SINV fused with a target liposome membrane. The arrow in both 
A and B panel points to the position of the liposomal target membrane, which is 
calculated to be ~150Å away from the outer leaflet of the viral membrane. (C) Model 
proposed by the authors of the study for E2-E1 arrangement at the point of fusion 
between SINV and liposome. The figures are adapted from the study by Cao et al, 
PNAS, 2013 (22). 
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Regulation of alphavirus entry proteins during cell entry 

Receptor binding – Alphaviruses receptors known 

Alphaviruses are mosquito-transmitted pathogens and infect wide range of 

species like insects, birds, and mammals. The wide host range may be attributed to 

binding of different receptors on different cell-types. Earlier studies have shown that 

alphaviruses bind to cell surface, binding is saturable and through E2 protein, and 

bound viruses can be removed by proteolytic digestion of cell surface molecules 

without affecting virus surface proteins. Several cell surface molecules have been 

proposed as alphavirus attachment factor/receptors that mediate cell entry of these 

viruses. Some of these molecules are high-affinity laminin receptor, integrin, heparan 

sulfate (HS), DC-SIGN and L-SIGN (34). All the molecules reported to function as 

receptors for CHIKV and other alphavirus are detailed below. 

Reported receptors for CHIKV 

Like other alphaviruses, CHIKV shows broad tissue tropism and infects 

multiple tissue and cell types (77). Examples of such cell types include skin 

keratinocytes, muscle and joint fibroblasts, liver endothelial cells, macrophages and 

dendritic cells from the lymphoid tissue, brain epithelial and endothelial cells etc. (65, 

77). In absence of a cognate receptor of CHIKV, several cell surface molecules are 

proposed as CHIKV entry partners. Cell surface proteins, Prohibitin (93), T-cell 

immunoglobulin mucin domain 1 (94), ATP synthase b-subunit (95), matrix 

remodeling-associated protein 8 (MXRA8) (96), and cell surface glycosaminoglycans 

such as heparan sulfate (HS) molecules are reported to mediate cell entry of CHIKV. 

Wintachai et al (93) through two dimensional virus overlay assay showed that 

Prohibitin binds to CHIKV in microglial cells. Through co-localization, co-
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immunoprecipitation, infection blocking using antibody and siRNA-mediated 

approach the author confirmed a role for Prohibitin in CHIKV entry (93). Moller-

Tank et al (94) through pseudo virion binding and transduction assays showed that 

TIM-1 may play a role in entry of alphaviruses including CHIKV. Using exactly 

similar approach as that used for identification of Prohibitin (through virus overlay 

protein binding assays), C. Fongsaran et al suggested role of a 50kDa protein, named 

ATP synthase b subunit to be a cell entry mediator of CHIKV in insect cells (95). 

Through co-immunoprecipitation and co-localization studies they showed CHIKV and 

ATPS-b co-localization both at cell-surface and intracellular regions. Using targeted 

antibody mediated inhibition and siRNA-mediated down regulation of ATPS-b, they 

showed significantly reduced viral cell entry (95). However, none of the above studies 

characterized the exact receptor binding site/sites on E2 or studied the nature of 

conformational changes on viral envelope upon receptor binding. In contrast, Zhang R 

et al (96) recently identified MXRA8 as a receptor for multiple alphaviruses. Through 

mutational studies they showed that multiple residues on surface of E2-dA and E2-dB 

regions are responsible for MXRA8 receptor binding. They also showed inhibition of 

CHIKV infection in different cell types (including primary human synovial 

fibroblasts, chondrocytes osteoblasts, and skeletal muscle cells), when anti-Mxra8 

monoclonal antibodies were used for blocking. In a very recent study (while this 

thesis was in preparation) by Song et al (97) and Basore et al (90), cryo-EM data on 

MXRA8 in complex with CHIKV trimeric spike shows the binding site of MXRA8 to 

be at the groove between two adjacent E2 protomers in the trimeric spike, where 

residues from E2-dB and E2-dA mediate most of the contacts with MXRA8. This is 

the first-ever structural data of a receptor with any alphavirus envelope so far and was 

published very recently in parallel to our work. 
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Heparan Sulfate as receptor of CHIKV 

Of all the receptor molecules (proteins as well as glycosaminoglycans), HS is 

widely used as an attachment factor or receptor for many different viruses (98). This 

is mainly because of its presence on almost all the cell types as part of heparan sulfate 

proteoglycans of the extracellular matrix. The nature of HS/Heparin-protein 

interactions are studied and reported earlier. Studies with HS/Heparin binding proteins 

has lead to identification of consensus HBDs in these proteins through which they 

interact with HS/heparin molecules. Among few of the consensus HBD motifs 

proposed so far, i. XBBBXXBX and ii. XBBXBX are two of them, where X is any 

residue and B is a basic residue (R/K) (99), among others XBBBXXBBBXXBBXBX 

and TXXBXXTBXXXTBB (T defines a turn, B is a basic residue, X is a hydropathic 

residue) were proposed for Von Willebrand factor, and α- and β-fibroblast growth 

factors (αFGF, βFGF), respectively (100). These studies not only identified such key 

sequence factors for interactions with HS/heparin, but also have given insight into the 

nature and mode of such interactions between proteins and HS/heparin molecules. 

Similarly, viruses bind to these molecules at cell surface and utilize them for 

attachment and entry into host cells. Several Arboviruses (including the alphavirus, 

CHIKV (101–103)) among many other viruses enter into cells using HS/Heparin 

(104). Multiple reports suggest role of HS in cell entry of alphaviruses. For example 

SINV, SFV, and EEEV can use heparan sulfate to trigger cell entry (78, 101–103, 

105).  

Receptor binding induced conformational changes in E3-E2-E1 is the earliest 

event in alphavirus cell entry 

E3-E2-E1 dissociation is an essential step for alphavirus membrane fusion (as 

it is for cell entry of many other enveloped viruses) is evident from comparison of 
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pre- and post-fusion structures of fusion proteins from alphaviruses (80, 82, 88, 92) 

(Figure 0.18). 

 
Figure 0.18 CHIKV envelope proteins pre- to post-fusion conformation switch. Top 
(left to right) - Image from 3D reconstruction of CHIKV E1-E2 into CHIKV VLPs 
(EMDB id: 5577), surface view (labelled CHIKV), is shown. One trimeric spike 
structure is shown in circle. Zoomed in image of one E2-E1 trimeric spike is shown to 
the left (PDB: 3J2W). Top view of E1 (different shades of gray) and E2 (blue) are 
shown in surface representation. Three protomers of E1 and E2 are labelled, 1E1, 2E1 
and 3E1, and 1E2, 2E2 and 3E2, respectively. A single monomer of E1 (from PDB: 
3N42), in cartoon representation, is shown to explain the pre-fusion hairpin 
conformation, with the three domains (dI, dII and dIII) and fusion loops (FL) labelled. 
dI-III linker is marked with a left black arrow. Top view of the post-fusion E1 homo-
trimer (PDB: 1RER) is shown to the right. Bottom: shows side view of the trimeric 
spike in the left, schematic of a possible extended intermediate in the middle (dIII, dI, 
dII and fusion loops depicted in cyan, magenta and yellow ovals and a red star, 
respectively), and post-fusion E1 homo-trimer conformation in the right. VM, CM and 
FM refer to viral membrane, cell membrane and fused membrane, respectively. 
Dashed lines connecting protein structure figures with VM, represent stem and TM 
region that anchor the proteins into VM or FM. 
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Similar to what is observed with many other viruses, receptor binding protein 

and fusion protein dissociation in alphaviruses may be initiated with the virus binding 

to the cell surface receptor. This proposition came from the work of Flynn et al (35). 

They observed that the monoclonal antibody epitopes on E1 and E2 are altered on the 

virion surface, while the virus is still on the plasma membrane surface. The mAb 

epitopes, that are not accessible on virion surface, are accessible for mAb binding 

after the virus attached to the cell surface, but not endocytosed. One possible 

explanation for this, as explained by the authors, is that the E3-E2-E1 undergoes 

conformational changes upon receptor binding, and possibly by dissociating from 

each other or a change in trimeric spike conformation. In another study by Abell et al 

(106), the authors suggest that SINV membrane fusion can be achieved by reduction 

of exposed disulfide bridges at cell surface, and this exposure could be triggered by 

receptor binding induced conformational changes in viral surface proteins. Also, Voss 

et al (82) have proposed role of receptor binding in induction of E2-dB movements 

that may lead to fusion loop exposure on E1 at neutral pH. Li et al (80) have 

speculated E2-dC rearrangements as a possible mechanism for E2–E1 conformational 

changes and dissociation. They discussed that both receptor binding and/or acidic pH 

could play a role in this process.  

Acidic pH-induced conformational changes in E3-E2-E1  

Alphaviruses enter cell through endocytic pathway (16, 77, 78). Alphaviruses 

follow the clathrin-mediated endocytic pathway (107) and membrane fusion is 

triggered either in early endosomes (108) or late endosomes.  SFV membrane fusion 

is in early endosome, at ~pH 6.2 (109), whereas SINV fusion is at ~pH 5.6 in late 

endosome (110). For CHIKV membrane fusion trigger is at ~pH range 5.6-6.2 (111). 

Alphaviruses are endocytosed immediately post cell surface attachment (112). 
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Endosomal acidification blockers such as inhibitors of vacuolar ATPase (110, 113), 

weak bases (114–116) and proton ionophores (109, 117) prevented nucleocapsid 

release, possibly by preventing membrane fusion by viral fusion protein.   

Acidic pH of the endosome leads to E3-E2-E1 dissociation, and triggering of 

E1 for fusion. Crystal structure of E2-E1 heterodimer of SINV at acidic pH (~pH 5.6) 

condition, show partial E2-dB dissociation from E1 and disordering of ASR of E2-b-

ribbon connector (80). Several cryo-EM based studies with alphaviruses at acidic pH 

have been reported (22, 28, 88). These studies reveal that interactions between virus 

and target membranes occur only at acidic pH condition. In a study by Cao et al (22) 

the authors have studied fusion between SINV and liposomes at a mildly acidic pH 

(pH 6.4) and based on their study proposed an extended intermediate conformation of 

E1 that has dissociated from E2 in the trimeric spike (refer to details under extended 

intermediate structure description, and Figure 0.17). However, since these studies 

were done without considering the receptor binding event, the contributions from 

receptor binding and moving away of the three E2 molecules from the trimeric spike 

center (where these are still present as shown in the same study by Cao et al (22)) to 

allow moving in of all three E1 molecules to the center of spike to form the E1 

homotrimeric post-fusion structure (PDB: 1RER) (88), is not explained in these 

studies. Gibbons et al (88) proposed that the extended conformation of E1 observed at 

acidic pH could possibly arise by swiveling of dI-dII around the connecting dI-dIII 

linker region, or by rotation around the dI-dII hinge, or by changes in stem region or 

by combinations of all these events. Fuller et al (118) suggested that E1, through 

centripetal movement, would move to the center of the spike (while E2, through 

centrifugal movement may escape from the center of the spike), upon triggering by 

acidic pH. Voss et al (82) suggested that E1, post acid sensing, would swivel over the 
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dI-dIII linker to the center of the trimeric spike. Further, this extended structure may 

subsequently proceed to the folded back hairpin conformation (post-fusion 

conformation) that is essential for driving virus-cell membrane fusion. Like other 

enveloped viruses, alphavirus fusion proceeds through a hemifusion state. Subsequent 

formation and expansion of fusion pore for content exchange between effector and 

target cells has been shown to occur specifically at acidic pH with simultaneous 

conformational rearrangements in viral envelope fusion protein E1 (28, 119). E1-

homotrimers show cooperative associations among each other (either through dI-dII, 

dIII or FL interactions) at acidic pH and form rosettes of E1-homotrimers, 

simultaneously driving virus-cell membrane fusion (28, 119, 120). 

Role of conserved histidines  as sensors of acidic pH in alphavirus fusion protein 

Fusion protein E1 in alphaviruses facilitates viral–endosome membrane fusion 

in the maturing endosome. As endosome gets matured in the cytoplasm, vacuolar 

proton pumps drive H+ ions into the vesicle leading to acidification. When endosome 

acidification reaches to a threshold pH, E1 undergoes changes in conformation. 

Following the universal mechanism of membrane fusion by viral fusion proteins, E1 

changes from pre-fusion hairpin (monomer), to an extended intermediate, to post-

fusion hairpin homotrimer conformation as the membrane fusion proceeds (Figure 

0.18, bottom panel).  

Several key charged residue protonation/interaction changes are likely to 

regulate alphaviruses E1 conformational rearrangements (Figure 0.19). Several 

important interactions (for example H3, H125, H230, D188, G91 etc.) including the 

interactions of conserved histidines that affect membrane fusion pH threshold 

(requires more acidic pH for fusion) and stability of the E1 post-fusion trimer 

structure are reported (89, 121, 122). These residues posses highly conserved 
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interaction partners (different interaction partners observed in both pre-fusion and 

post-fusion conformations) are likely to contribute to the stability of both these 

structures (the pre-fusion state seen at neutral pH, and the post-fusion state seen at 

acidic pH). Change in protonation of the histidine residues, in general, has been 

shown to trigger viral fusion protein conformational changes.  

 
 
Figure 0.19 Interactions known to affect HT formation. (A) Post-fusion homotrimeric 
E1 structure from SFV (PDB: 1RER). The three E1 monomers in the trimer structure 
are colored distinctly and labeled. The interaction networks of the important residues 
that affect homotrimer formation and stability are shown (represented as sticks and 
each interaction network is assigned with a number). (B) Each of the interaction 
networks numbered in panel-A are zoomed and labeled. Interactions among the 
residues from different E1 protomers are shown by labeling the name of the residue 
with a starting super scribed number that corresponds to the E1 protomer in panel A. 
1, 3, 4 are top views and 2, and 5 are side views of position in panel A. 
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membrane even at neutral pH could be tested for triggering of class II fusion protein 

into its post-fusion trimeric conformation. These studies can significantly contribute 

to our understanding of time, location and the very role of E1 trimerization in the 

membrane fusion process during cell entry.  

E3 as a brace to ‘lock’ E2 dA-B clamp over the E1 fusion loop – a possible fusion 

regulation mechanism 

The first structure of E3 is known from the crystal structure of chikungunya 

virus E3-E2-E1 (PDB: 3N42) (Figure 0.15) (82). In this structure, E3 protein is 

positioned like a brace on E2 at the apex of the E2-E1 complex structure. In this way, 

E3 keeps the domain A and B of E2 in place that clamp around the E1 fusion loops. 

Implying from this, Voss et al (82), suggested that E3 might, act as a ‘brace’ to keep 

domain B of E2 in position, covering fusion loops of E1 until E2-E1 dissociation at 

acidic pH of endosome takes place. As described earlier, Lobigs et al (79) proposed 

that E3 has N-terminal signal sequence for translocation of structural polyproteins into 

ER. Garoff et al (81) proposed that E3 would anchor and then retract out of the ER 

membrane soon after the structural polypeptide translocate into ER. Based on this, it 

can be hypothesized that the free N-terminus of E3 on the virion surface spike may 

interact with a target membrane, to which virus approaches for attachment and cell 

entry. 

Unanswered questions: 

Because of lack of structural data on alphaviruses E2 at different stages of 

entry pathway, extensive rearrangements of the E2 protein leading to E2-E1 

dissociation remains to be visualized. In addition to this, further heterodimer 

rearrangements should occur in order for E1-homotrimer formation, but the triggers of 
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these rearrangements and their exact nature remains elusive.  

Thesis research hypothesis:  

For understanding the regulation mechanism of CHIKV cell entry proteins, I 

propose the following hypothesis based on the available information from published 

literature and based on our current understanding of the subject; 

• Receptor binding to CHIKV E2 may lead to its dissociation from E1 

• Acidic pH triggers CHIKV E1 conformational changes, dI-dIII linker region is 

the hinge for swiveling of E1 

• E3 has a regulator function in viral entry 

Objectives of thesis research work: 

I propose the following set of objectives based on my thesis hypothesis to be 

characterized, for addressing the key questions with respect to understanding of the 

CHIKV entry protein complex regulation mechanism, as part my thesis research 

work; 

• Optimization of over-expression of CHIKV E1, E2, E3 proteins using insect 

cell and E. coli expression system 

• Characterization of CHIKV E2-HS interactions to understand receptor binding 

trigger of membrane fusion 

• Characterization of E1-dI/dIII cysteine stapling mutant to understand acidic pH 

triggered conformational changes in E1. 

• Characterization of E3-membrane interactions to explain a plausible 

mechanism for E3 release from E2. 

• Development of a functional pseudo virion system for entry assay. 

 



 

 

 

 

 

CHAPTER 1 

EXPRESSION AND PURIFICATION OF CHIKV CELL 
ENTRY PROTEINS FOR STRUCTURE-FUNCTION 

STUDIES 

 

 

 

 

Bacterially expressed Chikungunya virus cell entry proteins, E1, E2 and E3, are 
structurally and functionally similar to insect cell expressed or virion surface 
‘cleaved-off’ proteins. Sahoo B and Chowdary TK (In preparation) 
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1.1 INTRODUCTION: 

Viral envelope proteins undergo complex maturation steps through the secretory 

pathway of the infected cell. In general, it is observed that several viral envelope proteins 

depend on a chaperone for proper maturation. In majority cases, receptor binding protein 

or a product of proteolytic processing of pre-mature envelope protein, acts as a chaperone. 

However, in few cases fusion protein and receptor binding protein chaperone each other. 

In such cases, co-expression of both the proteins is required. For example in flaviviruses, 

prM protein chaperones E, the fusion protein, for proper folding, assembly and surface 

presentation (123). Another example of co-expression of envelope protein along with its 

chaperone protein is that of HSV gH/gL. In a cell expression study, when gL is not co-

expressed along with gH, antigenic conformation and surface representation of the gH 

protein is affected and the protein is retained inside the ER (124). In case of HIV-1, co-

expression of the envelope glycoprotein subunits, gp120 and gp41, has been reported to be 

necessary for generation of antigenic conformation (125) and normal fusogenic function 

(126). Similarly, in case of Ebola virus, surface co-expression of GP1 and GP2 subunits of 

the GP protein has been reported to be essential and the level of their expression is reported 

to regulate production and infectivity of virus particles (127). The antigenic properties of 

Influenza A and B viruses were retained and were of similar levels as that of the WT virus 

when envelope glycoprotein subunits - HA1 and HA2 or recombinant HA were expressed 

and tested in insect as well as mammalian expression systems (128).  

Necessity of co-expression of a companion protein, which in many cases functions 

as a chaperone for proper folding of the viral fusion protein makes expression and 

purification of viral fusion proteins for high-resolution structure-function studies very 
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challenging. In fact, despite several attempts by various research groups to obtain 

practically usable protein yields, HIV gp41 and gp120 recombinant expression proved to 

be very difficult (129). Moreover, complex post-translational processing, such as 

glycosylation and Golgi resident protease cleavage of viral envelope proteins necessitates 

use of insect or mammalian expression hosts for recombinant viral envelope protein 

production. 

Bacterial expression systems have also been used for viral envelope protein 

expression and purification. Functional form of HIV-1 envelope glycoproteins in gp160 

(gp120 plus gp41 subunits) form were expressed and characterized in E. coli cells (130) as 

well. E. coli expressed influenza HA1 and HA2 proteins have been tested in functional 

assays successfully (131, 132). Bacterial expression systems for recombinant protein 

production are simple, cost effective and produce better protein yields. However, bacterial 

expression systems lack the post-translational modification machinery (such as 

glycosylation and proteolytic maturation), required for proper maturation and native 

folding of the viral envelope proteins. Hence, bacterial expressed recombinant viral cell 

entry proteins have to be thoroughly characterized for their folding and functional activity.  

So far, structure-function studies on alphavirus entry proteins (including CHIKV) 

are limited to use of either the entire virion particle or proteins cleaved off, proteolytically, 

of viral surface (22, 28, 88, 133, 134). However, there are major caveats in using these 

proteins for high-resolution structure studies. For example, with the proteins cleaved-off of 

viral surface or of cells expressing these proteins on their surface after viral infection, the 

yield is too low that they can be studied using biochemical and biophysical approaches. 

Also, in a previous study by Kielian et al (135), the authors have shown that viral surface 
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E2-E1 proteins (the ectodomains) when proteolytically cleaved and detergent isolated, they 

dissociated from each other even at neutral pH and did not retain the E2-E1 heterodimer 

conformation that is seen on the virion surface. 

Several studies also reported recombinant over expression of alphavirus E1, E2 and 

E3 proteins in insect and mammalian cells. Voss et al (82) used S2 drosophila cells for 

over-expression of CHIKV E3-E2-E1 soluble ectodomain protein complex. The proteins 

were expressed as secreted out proteins using a native secretory signal. The first crystal 

structure of E3-E2-E1 complex was solved using this purified protein. Crystal structure 

(PDB: 3N42) revealed that the protein complex, expressed and purified using S2 cells, 

folded to its native conformation and processed correctly – formed a heterodimer complex 

of E2-E1, and E3 was held through interactions with E2.  On the contrary, SINV E2-E1 

complex purified by Li et al (80) in a similar manner (using  S2 cells and expressing only 

soluble ectodomains) formed a trimer (three E2-E1  molecules surrounding a central  axis, 

similar to trimeric spike organization on virion surface). Moreover, in this case, E2-E1 

complex were not dissociable in a buffer solution with pH range of 5.5-9.5 (even below the 

pH threshold of fusion, pH 6.0~6.5, which is believed to trigger E2-E1 dissociation in 

alphaviruses). It is possible that the difference in structural organization of recombinant-

expressed and purified proteins could be because of differences in sequences between 

CHIKV and SINV. Most importantly, in both these reports (CHIKV E3-E2-E1 expression 

and SINV E2-E1 expression), authors have discussed about the difficulties with 

purification, and have mentioned requirement of multiple purification steps (further to 

affinity purification, use of double strep-tag/6His-tag for CHIKV and SINV proteins, 

respectively). Other insect cell expression trials in sf9 cells (using the baculovirus 
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expression system) were done but limited to small scale expression studies only (136). For 

structure-function studies using biochemical assays, typically, more amount of protein than 

what is possible with the methods used in the literature cited above is required. And, it is 

desirable to have a method to express these proteins independently, if one wishes to 

characterize conformational dynamics in receptor binding protein and membrane fusion 

protein. Studying such dynamics for each protein in a complex would be difficult.  

Liao et al (60), expressed SFV E1 protein domain III in E. coli expression system, 

purified the protein from inclusion bodies and used the refolded protein domain  in 

membrane fusion assays. The refolded protein domain inhibited SFV membrane fusion 

with liposomes, implying that the bacterial expressed E1 domain III is functionally active. 

In another study by Weber et al (102), E. coli expressed CHIKV E2 protein (or its domains), 

competed with CHIKV virus particles for HS binding on cell surface. Bacterially expressed 

alphavirus E1 and E2 are used for serodignosis (137) (138) and viral-host cell interaction 

studies (102, 139). Sánchez et al (139) have used the E. coli expression-purification system 

to produce different domain regions of SFV E1 protein and have successfully studied trimer 

formation using these purified proteins in in vitro biochemical assays. Thus, E. coli purified 

proteins can be utilized for structure-function studies. 

Advantages of using bacterial expression system are: easy adaptability and 

generally, higher protein yields (required for biochemical assays) compared to insect cell 

expression system or mammalian cell expression system. I intended to develop protocols 

for expression of E2-E1 complex using insect cell expression system, and in parallel, 

optimize protocols for bacterial expression of E2 and E1 proteins, independently. My 

rationale for adapting both the expression method is, E2-E1 complex expressed in insect 
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cells, as reported in the earlier literature, would fold into a native conformation. But, if I 

fail to get good protein yield (as has been the case in earlier studies from others), bacterial 

expression system should serve as an alternative source.  

In this chapter, I described cloning, expression, and purification protocols for 

expression of E2, E1 and E3 in insect cells, mammalian cells and E. coli expression 

systems. Briefly, I optimized over-expression and purification protocol for CHIKV E3, E3-

E2, E2 and E1 proteins using E. coli expression system. I did a thorough characterization 

of these proteins for their structure and function using different biochemical and 

biophysical approaches. I also developed antibodies against E2 and E1 peptides, which 

served as good resources for optimizing the protein expression trials. My attempts to purify 

E3-E2-E1 complex using Sf9 insect cells using recombinant baculovirus method, did not 

give desirable results – very poor protein yield and purity. I was not successful with 

mammalian expression system as well. At the end, I discuss results of expression and 

purification trials in comparison with expression attempts of others.  
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1.2 MATERIALS AND METHODS: 

1.2.1 Chikungunya virus envelope protein sequence 

CHIKV envelope protein coding sequences used are from LR2006_OPY1 strain of 

the virus and details of the protein sequences (protein_id="ABD95938.1") are available at 

https://www.ncbi.nlm.nih.gov/protein/90654094/. The ectodomain coding regions were 

confirmed using the virus pathogen resource database at 

https://www.viprbrc.org/brc/viprStrainDetails.spg?ncbiAccession=KT449801&decorator

=toga. PCR amplicons of CHIKV E2 and E1 full-length coding sequences were a kind gift 

from Prof. Scott C. Weaver, UTMB-Galveston. 

1.2.2 Chikungunya virus E3-E2-E1 structure coordinates used for analyses  

We analysed the crystal structure of CHIKV E3-E2-E1 furin cleaved mature protein 

complex (PDB ID: 3N42) for percent secondary structure calculations and crystal structure 

of CHIKV E3-E2-E1 immature protein complex (PDB ID: 3N40) for identification of a 

conformation specific epitope at E3-E2 junction for polyclonal antibody development. 

1.2.3 Preparation of constructs for mammalian, insect cells and E. coli expression 

The constructs for recombinant protein expression of CHIKV envelope structural 

proteins were generated by PCR amplifying the coding sequences of E3, E2, 6K, and E1 

full-length and ectodomain regions (full-length without the trans-membrane part) for 

cloning. For cloning into pCDNA3.1 for surface expression in mammalian cells, first E3 

and 6K coding regions were synthesized by using multiple small oligonucleotide fragments 

(a set of 17 primers for E3 and 12 primers for 6K, Appendices Tables, a1.1 and a1.2 

respectively, were generated using E3 sequence from DRDE-07 strain of CHIKV, 
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GenBank: EU372006.1 and 6K sequence from LR_2006_OPY1 strain of CHIKV, 

GenBank: ABD95938.1 as inputs in Gene2Oligo server) in an overlapping PCR method, 

using a published protocol (140). The coding regions for full-length E2 and full-length E1 

are PCR amplified from pUC19+E1-fl/pUC19+E2-fl constructs. The final clone 

(pcDNA3.1 + E3-E2-fl-6K-E1-fl) was prepared in two sequential steps. First, E3 and E2 

coding regions were cloned in a three-point ligation into pcDNA3.1 vector. This was 

followed by in frame cloning of 6K and E1 coding regions into the previously cloned 

pCDNA3.1 + E3-E2 construct to prepare the final mammalian cell expression construct of 

full-length forms of CHIKV envelope structural proteins. We used this construct for cell-

surface expression of CHIKV envelope structural proteins for packaging into pseudo 

lentiviruses using a 3rd generation lentivirus packaging system (discussed in detail in 

chapter 5).  

For making the insect cell expression construct, we PCR amplified the E3-E2-

ectodomain, E2-ectodomain, and E1-ectodomain regions for cloning. The coding regions 

(from LR_2006_OPY1 strain of CHIKV, GenBank sequence accession no. DQ443544) for 

E2-ectodomain (CDS: 8542-9810) and E1-ectodomain (CDS: 9811-9993) sequences were 

PCR amplified from CHIKV-E2-fullength and CHIKV-E1-fullength sequences from an 

intermediate pUC19 based clone (pUC19+E1-fl and pUC19+E2-fl clones) as explained 

previously. The CDS for E3-E2-ectodomain was generated by cloning E2-ectodomain 

coding region in frame with E3 coding region (CDS: 8350-8541). The insect cell expression 

construct (Mel-E3-E2-GS-E1-ectodomain complex) was prepared in a multistep process 

using multi-intermediate clones. The final ectodomain expression construct has Honeybee 

melittin (at N-terminus), E3, E2-ectodomain, Glycine-Serine (GS) linker 
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(‘GSGSHRQRRSTGSGS’ - replaces the E2-TM and E1-TM regions and connects end of 

E2-ectodomain with beginning of E1-ectodomain), E1-ectodomain and a C-terminal 6X-

His tag. A similar GS-linker (size and composition) was used by Voss et al (82) for 

expressing E3-E2-E1 in drosophila cells and determining the crystal structure. All the 

coding regions for expression of these proteins as a complex were cloned in the order of 

sequences mentioned above (from left to right) into pFastBac1 insect cell expression vector 

(please refer to results section).  I used these clones to generate recombinant bacmids in E. 

coli DH10Bac cells following a standard Bac-to-BacTM protocol. These recombinant 

bacmids were purified and used for transfections into Spodoptera frugiperda (sf9) cells for 

recombinant baculovirus generation for protein expression and purification studies.  

Coding sequences for each of the CHIKV envelope structural proteins: E3, E3-E2-

ectodomain, E2-ectodomain, and E1-ectodomain regions were PCR amplified and cloned 

into pET24b expression vector with a C-terminal 6His-tag for E. coli expression-

purification purposes. Since bacterially expressed E3-E2 can not be proteolytically 

processed, as it would be in insect cell expression or mammalian cell expression, E2 

ectodomain alone is also cloned into pET24b. For dual expression in E. coli the dual 

expression vector pET-Duet1 was used. E3-E2-ectodomain coding region was cloned into 

MCS1 and E1-ectodomain coding region was cloned into MCS2 of this vector for dual 

expression purpose. All the final expression constructs are sequence verified and the details 

about primers and restriction sites used for each of the cloning’s are listed in Appendices 

Tables, a1.1, a1.2 and a1.3. 
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1.2.4 Mammalian cell expression and purification 

We used the pcDNA3.1 based pBS002 construct (pcDNA3.1 + E3-E2-fl-6K-E1-fl) 

for cell-surface expression of full-length structural envelope proteins of CHIKV in 

HEK293T, and Hela cells. Cells were grown in DMEM media with 10% FBS and 1X PSA 

antibiotic at 37°C inside a humidified temperature incubator with 5% constant supply of 

CO2. Cells were grown as adherent cultures and trypsin-EDTA (0.05%) solution was used 

for cell detachment during sub-culturing. 12 hrs prior to transfection, cells were seeded at 

~0.5X106 cells (with >95% viability)/well of a 6 well plate so as to have ~70% confluency.  

Cells were transfected with expression plasmids using Lipofectamine 3000 reagent 

following a standard suppliers protocol (in DMEM media without any antibiotic and FBS). 

Transfection mixture used was removed from the treated cells ~6hrs post transfection and 

replaced with 10% FBS and 1X PSA antibiotic containing fresh DMEM media. For 

expression analysis, cells transfected pBS002 expression construct was lysed in 1X RIPA 

buffer and whole cell lysates were run in a 12% SDS-PAGE gel for further analysis by WB 

using E1 polyclonal antibody. 

1.2.5 Insect cell expression and purification 

Recombinant bacmids used for transfections into sf9 cells for expression studies 

were prepared by transposing (in between the Tn7L and Tn7R flanking sites) the CHIKV 

ectodomain expression ORF from pBS001 vector (pFB1 + Mel-E3-E2-GS-E1-6XHis 

ectodomain complex) inside E. coli DH10Bac cells. Insect (sf9) cells were grown in sf900II 

SFM with 1X PS antibiotic at RT both as semi-adherent and suspension cultures. Cells 

were transfected with recombinant bacmids using Cellfectin II reagent (purchased from 

InvtrogenTM) following a standard supplier’s protocol. Post transfection, recombinant 
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baculoviruses positive for expression of CHIKV envelope structural proteins were 

collected from the supernatant fraction of transfected cells. P1 viral stock was collected 6 

d.p.t, and P2 viral stocks were collected 6 d.p.i, with P1-viral stocks. P3 viral stocks were 

generated in suspension cultures after infection with P2 viral stocks. These P3 stocks are 

collected at 6 d.p.i, and used for infection of sf9 cells (at a cell density of ~2-3X106 cells/ml 

with >95% viability) at 10-20ml of P3 stock/1ltr of suspension culture for protein 

expression-purification purpose. 

For checking expression and purification of CHIKV Mel-E3-E2-GS-E1 protein 

complex, sf9 cells transfected with recombinant bacmids were assessed (both cellular and 

media fractions were checked at 6 d.p.t.) by SDS-PAGE and WB analysis. Once expression 

was confirmed, 1liter batch cultures were set for expression-purification purposes. At 

optimum expression conditions (72hrs post infection with P3), culture medium was 

collected from recombinant baculovirus infected sf9 cells. These media containing the 

secreted-out proteins were concentrated and buffer exchanged to TN (20mM Tris pH8.0, 

150mM NaCl) buffer using Akta Flux - tangential flow concentrator with a 5kDa MWCO 

membrane filter. The concentrated fraction was loaded onto the Ni-NTA column for His-

tag affinity purification. Specifically, bound proteins (after washing with 10 column 

volumes of wash buffer, containing 25mM imidazole in TN buffer) were eluted at 150mM 

and 300mM imidazole concentrations in TN buffer along with some contaminants. The 

elution fractions were pulled together and used in another round of purification step using 

anion exchange chromatography (Mono-Q column used was purchased from GE 

Healthcare) to remove contaminants. The different elution peaks from this purification step 

containing protein of interest were concentrated together. As a final purification step, size 
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exclusion chromatography (Superdex 200 10/300 GL column used was purchased from GE 

Healthcare) was used. Aliquots at different elution volumes of size exclusion 

chromatography were concentrated using 10kDa MWCO amicon ultra centrifugal filter 

units and stored at 4°C (with cOmpleteTM protease inhibitor cocktail from Roche purchased 

from Sigma) till further use in western blotting with anti-His antibodies. 

Concentrations of the purified proteins were estimated, by taking absorbance at 280 

nm with protein specific molecular weight and molar extinction coefficient parameters as 

inputs, using NanoDrop machine. We also used SDS-PAGE and WB methods for 

qualitative analysis of the purified CHIKV envelope protein complex. 

1.2.6 Bacterial expression and purification 

Bacterial expression-purification of each of the recombinant envelope proteins of 

CHIKV E3, E3-E2-ectodomain, E2-ectodomain and E1-ectodomain were optimized using 

BL21 (DE3) strain of E. coli. For this, expression plasmid transformed cells were grown as 

primary cultures in LB medium supplemented with 50 µg/ml of kanamycin at 37°C 

overnight with shaking at 220 rpm. The secondary cultures (inoculated with 1-2% of 

primary culture) were induced at 0.8 OD600 with 1mM IPTG for over-expression of these 

proteins. Optimum expression conditions for each of the proteins are summarized in Table 

1.1.  

At optimum expression condition, recombinant protein expressing cells were 

harvested by centrifugation at 4°C for 5 minutes at 7000 rpm. We performed expression 

analysis by running the samples in either 12% or 15% SDS-PAGE gels in SDS-loading 

dye. For purification studies, cells were first lysed in lysis buffer (TN buffer + 0.2mg/ml 

lysozyme and 100µM PMSF) followed by sonication at 40% amplitude with 10sec on, 



Chapter 1 

 58 

10secs off pulse cycle for 15 minutes. Following cell lysis, the total bacterial proteins were 

fractionated into soluble and insoluble fractions by centrifugation at 4°C for 40 minutes at 

12,000 rpm. Both cytoplasmic and cell-membrane fractions were analysed by SDS-PAGE 

and WB to check for the presence of over-expressed viral envelope proteins in soluble 

(supernatant) and/or insoluble fraction (pellet). All the proteins found to be in the insoluble 

inclusion bodies fraction after cell lysis were then solubilized using optimum urea 

concentration for a period of 3hrs-5hrs at RT. The expression conditions were optimized 

by varying the temperature of the growth, IPTG concentration, IPTG induction time. 

Similarly, protein extraction from the inclusion bodies, and subsequent purification steps 

were optimized. Different urea concentrations, and incubation time in with urea were 

tested. Optimal condition for expression and purification were determined based on the 

final protein yield and purity. Optimal conditions of expression and solubilization, for E3, 

E3-E2, E2 and E1, are listed in Table 1.1. 
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Table 1.1: Optimum conditions for E. coli expression and solubilization of CHIKV cell 
entry proteins. 

 

Protein Secondary reaches 
OD600=0.8 

Secondary growth 
condition in E. coli 

Bl21 (DE3) 

Solubilization buffer 

E3 Inoculate with 1% 
primary for 31/2 hrs 

1mM IPTG induction 
for 3hrs at 16°C, 220 

rpm,  
TN pH7.6+6M urea 

E3-E2 Inoculate with 2% 
primary for 51/2 hrs 

1mM IPTG for 4hrs at 
37°C, 250 rpm 

TN pH8.0+6M urea or 
TN pH10.0+2M urea 

(equally efficient) 

E2 Inoculate with 1% 
primary for 21/2 hrs 

1mM IPTG for 3hrs at 
25°C, 220 rpm 

TN pH8.0+8M urea 

E1 Inoculate with 1% 
primary for 3 hrs 

1mM IPTG for 3hrs at 
37°C, 220 rpm 

TN pH7.6+4M urea 

 

The urea solubilized protein fractions were subjected to batch purification under 

denaturing conditions using 6His-tag affinity chromatography. Briefly, 10 ml of urea 

solubilized His-tag fusion protein containing supernatants were loaded onto 4ml of the 

buffer (TN+6-8M urea buffer) equilibrated Ni-NTA resin in a gravity flow column and 

incubated for 30 minutes at RT. The column was washed with 10-column volumes (CV) of 

wash buffer (TN + 6-8M urea + 25mM-35mM imidazole). Specifically, bound protein was 

then eluted with 1 CV of elution buffer (TN + 4-8M urea and 300mM imidazole). The 

eluted protein fractions were analysed by SDS-PAGE for assessing the purity of the 

purified proteins.  

The fractions that are reasonably pure, from affinity purification, were mixed 
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together and then the protein was refolded by slow removal of urea. We used the slow 

dilution method in ice cold refolding buffer (TN pH 8.0 + 1mM EDTA and 100µM PMSF) 

for refolding of each of these proteins. Proteins were refolded by first diluting the samples 

into ice-cold refolding buffer so as to have a final 1M urea concentration. This process was 

done rapidly by adding the protein samples into ice cold refolding buffer under constant 

stirring on a magnetic stirrer. Followed by this a 30 minutes incubation of the diluted 

protein samples (diluted to ~50µg/ml of protein) was done on ice. 

As final step of purification, the protein was exchanged into ice cold refolding 

buffer (TN pH 8.0 + 1mM EDTA and 100µM PMSF) with several buffer exchanges, and 

concentrated using ultrafiltration. Slow refolding by removing the urea at a very slow rate 

is critical for the proper refolding of the protein, as rapid exchange into buffers without 

urea resulted in precipitation of the protein. Care was taken that the protein does not 

precipitate out of solution during the buffer exchange and concentration step. In final step, 

post concentration, protein samples were spun at 14000 rpm for 30 minutes at 4°C to 

remove any aggregated proteins from the concentrated protein samples. These protein 

samples were then stored either at -80°C or 4°C till further use. The final protein samples 

(after concentration step) did not contain any urea (TN pH 8.0 + 1mM EDTA and 100µM 

PMSF). 

Concentration of the purified proteins were estimated, by taking absorbance at 280 

nm for each of the individual proteins with protein specific molecular weight and molar 

extinction coefficient parameters as inputs, using NanoDropTM. All these parameters were 

obtained by using the protparam program of ExPASy available at 

https://web.expasy.org/protparam/. SDS-PAGE and WB analysis was performed for 
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qualitative analysis of the purified proteins. 

1.2.7 Size exclusion chromatography 

We performed size exclusion chromatography on purified E1 protein for structural 

analysis. We loaded ~200µg of purified E1 protein per run in TN buffer (with 150mM 

NaCl) by loading the samples onto buffer pre-equilibrated FPLC column (Superdex 200 

10/300 GL). At 0.5ml/min flow rate, protein elution was detected using 280nm detection 

wavelength. The peak fractions for purified proteins were then verified by SDS-PAGE and 

WB analysis. Gel filtration standard markers (Alcohol dehydrogenase – 200kDa, Beta 

amylase – 150kDa, Bovine serum albumin – 66kDa, Carbonic anhydrase – 29 kDa, 

Cytochrome C – 12 kDa) ran in Superdex 200 column under similar parameters were used 

for generating a standard curve for accurate molecular weight calculations of purified 

proteins. Molecular weight calculations were performed using the formula Kav (B) = {Ve 

(B)-V0}/(Vc-V0), where Ve (B) is the retention volume of unknown samples, Vc is the 

total column volume (23.56ml), and V0 is the void volume (8.34ml). 

1.2.8 Anti-E1 and anti-E3-E2-epitope specific pAb generation 

We used the commercial service of Abgenex for polyclonal antibody development. 

The protocol is as follows: E. coli purified E1 protein and an epitope of E3-E2 protein were 

used for generation of custom polyclonal antibodies. For anti-E1 pAb development E. coli 

purified, refolded and concentrated recombinant E1-ectodomain protein was used as an 

immunogen. Similarly, for E3-E2-ectodomain junction specific pAb development, a 15 

amino acid peptide – “CSPHRQRRSTKDNFN” from the E3-E2 connecting region was 

chosen as an epitope and synthesized with N-terminal Cysteine residue for KLH 

conjugation for immunization. 6-month-old New Zealand white rabbits were used for 
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immunization. At intervals of 15 days, three booster doses were given with respective 

antigens. 3 days after the third booster, a final intravenous booster dose was also given. 

Animals were bled for 3 days after the final booster. Serum was separated; purified 

antibody concentration was measured using Bradford assay. Specificity of the antibodies 

was assessed by WB analysis on ~100ngs of purified E1-ectodomain and E3-E2-

ectodomain protein samples. Optimum dilutions as standardized for E1-pAb are 1:250000 

and 1:10000 for WB and immunofluorescence analysis, respectively. Similarly, optimum 

dilutions as standardized for E3-E2 epitope specific pAb are 1:25000 and 1:1000 for WB 

and immunofluorescence analysis, respectively. 

1.2.9 CD spectroscopy 

Far-UV CD spectra for each of the E. coli purified protein samples were recorded 

with 0.2mg/ml protein concentration in TNE buffer at RT. A 0.1 cm path length quartz 

cuvette was used for taking CD spectral recordings. The representative spectra in figures 

are average of three readings each/sample, and blank-corrected. The percentage secondary 

structural content calculations from far-UV CD spectra were performed using CDPro 

available at https://sites.bmb.colostate.edu/sreeram/CDPro/ and also using K2D3 software 

available at http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/. 

1.2.10 Fluorescence Spectroscopy 

Intrinsic tryptophan fluorescence spectra for each of the proteins were recorded 

with 0.2mg/ml protein concentration in TNE buffer at RT. A 1cm path length quartz cuvette 

was used for taking fluorescence spectral recordings. The representative spectra in figures 

are average of three readings each/sample, and blank-corrected. The spectra recorded for 
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unfolded proteins were taken in presence of 8M urea in TNE buffer. The excitation 

wavelength was set to 295nm and emission spectra were recorded from 300nm to 450nm. 

The excitation and emission slit widths were set to 5nm. The highest intensity points in the 

emission spectra were used to select the λ-emission max values for each of the proteins, 

either in presence or absence of urea, for comparison.  

1.2.11 Glutaraldehyde cross-linking assay 

We performed glutaraldehyde (GA) crosslinking (25% glutaraldehyde solution in 

dH2O was purchased from Sigma, USA) to capture E1 oligomeric conformations as well 

as E3-E2-ectodomain plus E1-ectodomain heterodimeric conformation. 0.01% GA was 

used for cross-linking of purified protein samples. For E1 cross-linking ~5µg of total 

protein was used (in a 25µl reaction volume). Crosslinking was performed in sodium 

phosphate buffer pH 7.4 and pre-calibrated volume of sodium acetate was used to bring 

down the pH to 5.5 during acidic pH triggering. Crosslinking reaction was stopped, by 

adding SDS-PAGE loading buffer. Samples (without boiling) were loaded onto 7-10% 

SDS-PAGE gels for analysis. For E3-E2-E1 heterodimer conformation crosslinking, both 

E3-E2 and E1 samples were used at 0.2 mg/ml concentration to have ~2-4µg of total protein 

in a sample reaction buffer of 25µl. Both the proteins were mixed at 1:1 molar ratios for 1 

minute at RT. Crosslinking was performed in sodium phosphate buffer pH 7.4. 

Crosslinking reaction was stopped by adding SDS-PAGE loading buffer and heating the 

samples to 95°C for 5 minutes before cooling and loading the samples onto 7-10% SDS-

PAGE gels for analysis. 
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1.2.12 Lipid co-floatation assay 

We used lipid-protein co-floatation assay for studying E1-membrane interactions. 

LUVs were prepared by adding individual lipids at PC: PE: PA: Cholesterol = 1: 1: 0.3: 2 

molar ratios. 4 µmoles of total lipid were dissolved in 1ml of chloroform and vacuum 

evaporated in a round bottom glass container. The flask was kept under continuous rotation 

to allow for thin layer film formation. 4hrs of further vacuum drying was performed to 

remove any residual chloroform left. Then overnight solvation was performed in TN buffer 

pH 7.4. The solvated cloudy mixture was extruded through 0.1µm filter at least 11 times or 

till the mixture become almost transparent. LUV samples prepared were used immediately 

at 0.5 mM working concentration for co-floatation assay. For the same assay, ~100µg of 

E1 protein was used in TN + 0.01% SDS buffer, either at pH 7.4 or pH 5.5. We verified 

that even in presence of 0.01% SDS LUVs/SUVs structures were intact using EM. Also, 

we verified using Far-UV CD analysis that 0.01% SDS did not alter the secondary structure 

of the E1 protein. Samples (~100µg of E1 protein plus 0.5mM LUVs in TNE buffer, either 

at pH 7.4 or pH 5.5) for the experiment were layered over 40% sucrose cushion in a step 

gradient formed by 4ml each of 40% sucrose, 20% sucrose, and 5% sucrose (in order from 

bottom to top). The sucrose solutions for the experiment were also prepared in the sample 

buffer with appropriate pH values. The gradient layering’s including the protein samples 

were done inside a transparent 12 ml ultra-centrifugation tube. All the tubes were properly 

balanced up to three digits beyond the decimal point. Samples were run using SW 41 Ti 

rotor for 3 hrs at 35000 RPM (~2 lakh X g), 4°C in a Beckman ultracentrifuge. Post 

centrifugation samples from respective tubes were collected carefully without disturbing 

the gradient. Three equal volume fractions corresponding to top, middle and bottom 
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fractions of the tube were collected and analysed by WB. Percentage of E1 floating along 

with liposomes was calculated by quantifying band intensities of proteins in top fractions 

over band intensities of total amount of protein (top+bottom fractions) using ImageJ 

software. 

1.2.13 Pyrene based lipid association assay 

We studied E1-membrane destabilization properties using pyrene-based 

fluorescence assay. In this case, the LUVs prepared were labelled from outside with 40µM 

pyrene (purchased from Sigma-Aldrich, USA). The labelled LUVs were separated from 

free dyes using a PD10 desalting column (purchased from GE Healthcare, USA). Final 

experiments were performed with freshly prepared pyrene-labelled LUVs (at 0.5mM 

working concentration) and bacterially purified recombinant E1 WT protein (at 0.2mg/ml 

concentration). TN buffers were used for assays either at pH 7.4 or pH 5.5 (pre-calibrated 

volumes of sodium acetate pH 4.6 were added to bring down the pH to 5.5).  

For the experiment, we took spectral readings of pyrene labelled LUVs in presence 

or absence of E1 WT protein. The excitation wavelength was set to 340nm and emission 

spectra were recorded from 350-550nM. The excitation and emission slit widths were kept 

to 5nm. The emission spectra from different samples were obtained, as accumulations of 

three spectral readings each. All recorded spectra were blank corrected and normalized by 

setting pyrene emission monomer peak at 397nm as constant. Effect on lipid membrane as 

percent dilution of lipids were indirectly calculated by measuring the drop in pyrene 

excimer peak values at ~475nm, in presence of E1 WT protein. The percent lipid dilution 

calculations were performed by considering the difference between the pyrene excimer 

peak values of pyrene-labelled LUVs in absence of any protein (taken as 0%) or in absence 
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of any protein plus 0.5% TX-100 (taken as 100%). The effects of presence of E1 WT 

protein towards percent lipid dilutions were calculated over this range. The experiment was 

repeated thrice with similar trends observed in each case. Representative spectra and 

percent lipid dilutions calculated from a single experiment are plotted and shown in the 

results section. 

1.2.14 Fluorescein based liposome content mixing assay 

We studied E1-membrane fusion properties using fluorescein based fluorescence 

assay. In this case, the LUVs prepared were labelled from inside with quenching 

concentrations (100mM) of carboxyfluorescein (purchased from Thermo Scientific™, 

USA). The labelled LUVs were separated from free dyes using a PD10 desalting column 

(purchased from GE Healthcare, USA). Final experiments were performed with freshly 

prepared fluorescein-loaded LUVs (at 0.5mM working concentration) and bacterially 

purified recombinant E1 WT protein (at 0.2mg/ml concentration). TN buffers were used 

for assays either at pH 7.4 or pH 5.5 (pre-calibrated volumes of sodium acetate pH 4.6 were 

added to bring down the pH to 5.5). 

For the assay, first E1 WT protein labelled DGS-LUVs (LUVs were prepared as 

mentioned above, in this case with an extra component - DGS-NTA at 0.4 molar ratio) were 

prepared by incubating E1 WT protein at 0.2mg/ml concentration for 30 minutes with 0.5 

mM DGS-LUVs at RT. Then the fluorescein-labelled LUVs (loaded from inside) were 

added to the E1 WT protein labelled DGS-LUVs. Following this, we took fluorescein 

emission fluorescence recordings by setting the excitation maximum for the experiment to 

490nm and emission maximum to 520nm (emission maxima of fluorescein). The excitation 

and emission slit widths were set to 5nm. The emission spectral readings in this case were 
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collected as kinetic readings for the fusion assay. All readings with different samples were 

taken as: 15 minutes at pH 7.4, followed by 15 minutes at pH 5.5 (by addition of pre-

calibrated volumes of sodium acetate pH 4.6), and finally 10 minutes in presence of 0.5% 

TX-100 detergent. The total duration of each reading was kept to ~30 minutes (including 

the steps where halts were taken for addition of acidic pH buffer and TX-100 detergent). 

Each individual spectrum represented in figures is accumulations of three spectral readings 

each and blank corrected. Normalization of effect of acidic pH on fluorescein fluorescence 

was done in the following manner. The drop-in fluorescein emission fluorescence value at 

acidic pH was normalized to the level of neutral pH values. Similar normalization was also 

performed when TX-100 was used, and the fluorescein emission fluorescence values at 

acidic pH+TX-100 were normalized to the level of fluorescein emission fluorescence 

values at neutral pH+TX-100. The fluorescein emission fluorescence values for all other 

samples in presence of E1 WT protein at acidic pH was normalized accordingly. The 

experiment was repeated thrice with similar trends observed in each of the cases. 

Representative spectra from one single experiment are plotted as final kinetic spectral 

readings and shown in the results section. The fluctuations in spectral readings for all the 

samples were smoothened similarly by using the moving average functions in excel before 

final representation. 

Percent membrane fusion as an indirect measure of increase in fluorescein 

fluorescence because of its dilution below quenching concentration was calculated in 

presence of E1 WT protein sample. The average of last few data points from only LUV 

sample towards the end of pH 5.5 reading was considered as base line of fusion (considered 

as 0% liposome content dilution). The average of last few data points towards the end of 
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0.5% TX-100 reading (post-acidic pH treatment) of the same sample (only LUV sample) 

was considered as end point dilution (considered as 100% liposome content dilution). 

Effect of LUV anchored E1 WT protein on inducing membrane fusion/liposome content 

dilution was calculated as percent value (percent liposome content dilution) in the range of 

above-mentioned values obtained with the control samples (between 0%-100%). 

1.2.15 Negative stain electron microscopy 

We analysed the liposome samples alone in TN+0.01% SDS buffer and E. coli purified 

E1-ectodomain protein (0.1mg/ml) along with LUVs (at 0.5 mM concentration) in 

TN+0.01% SDS buffer triggered to pH 5.5. The sample was incubated at RT for 30 minutes 

before it was applied to glow-discharged continuous carbon-coated grids. Staining was 

performed using UranyLess EM stain (cat. no. 22409) from electron microscopy sciences. 

The grids were imaged on TEM microscope at 40K-45K magnifications. Images collected 

were analysed using EMAN2.1 software.  
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1.3 RESULTS: 

1.3.1 Mammalian cell expression of CHIKV cell entry proteins 

We tested expression of full-length forms of CHIKV envelope proteins for cell 

surface expression in mammalian cells. Our construct included E3, full length E2 and E1 

proteins including the trans-membrane regions and also included the native 6K sequence 

that joined E2 end and E1 beginning coding sequences (Figure 1.1).  

 
Figure 1.1 Mammalian-cell expression construct of full-length CHIKV envelope proteins. 
Restriction enzyme sites used at the junction between two protein-coding sequences are 
shown with down faced black arrows. At the bottom, the base numbering of the expression 
ORF is shown. 

 
This entire ORF was kept in frame with the cytomegalovirus (CMV) promoter for 

expression in mammalian cells. We transfected the CHIKV envelope protein expression 

construct into both HEK293T cells as well as Hela cells for checking expression of these 

proteins in these mammalian cell lines. We performed expression analyses on both the 

transfected cell lines using western blotting method as detailed in the materials and methods 

section. I did not find expression of E3, E2, E1 in the conditions tested, neither in HEK293T 

nor in Hela cells. Though CHIKV envelope proteins are used earlier for production of VLPs 

(141), lentiviral packaging of CHIKV envelope proteins that requires expression in 

mammalian cells was not established thoroughly. In a recent study, CHIKV envelope 

proteins were used towards packaging into lentiviral system (102), where the authors have 
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reported use of complex and multiple constructs with IRES sites for successful expression 

in mammalian cells for packaging of CHIKV envelope proteins into lentiviruses. 

1.3.2 Insect cell expression and purification of CHIKV cell entry proteins 

We used the Bac to BacTM protocol for insect cell expression and purification of 

CHIKV envelope entry protein complex ectodomain regions only. Initial expression check 

following transfection with recombinant bacmids (prepared by transposing the expression 

construct shown in Figure 1.2a into baculovirus bacmid genome) was done at different time 

points, and 72 h.p.t was found to be optimum for CHIKV envelope protein complex 

expression. Sf9 cells grown to 2-3X106 cells/ml in suspension culture with >95% viability 

was infected initially with different volumes (10/15/20 ml) of P3 viral stock for expression 

and purification studies. However, we did not observe any significant increase in the level 

of protein expression at optimal expression conditions when varied volumes of P3 viral 

stocks were used for infection for expression-purification of secreted out CHIKV envelope 

ectodomain protein complex in the media fraction. We followed the Bac-to-BacTM manual 

for generation of p3 stock. Assuming the titer to be ~1 × 108 pfu/mL as suggested in the 

manual, we tested the above-mentioned volumes of p3 stock for protein expression trials 

keeping in mind that more volume of p3 may add more number of defective viral particles 

and may hamper expression. 
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Figure 1.2 Insect cell expression and purification of CHIKV envelope proteins. (A) 
Baculovirus expression construct. Restriction enzyme sites used at the junction between 
two protein-coding sequences are shown with down faced black arrows. At the bottom, the 
base numbering of the expression ORF is shown. (B) SDS-PAGE and WB analysis (both 
E3-E2 and E1 pAb were used for testing) on insect (sf9) cell purified E3-E2-GS-E1 
complex are shown. (C) Specificity of antibodies (developed in this study, refer to materials 
and methods section) used to detect insect cell purified E3-E2-GS-E1 complex proteins are 
shown. Bacterially purified individual E3, E2, E3-E2, and E1 ectodomain proteins were 
used for testing specificity of these antibodies. 

 
The secreted out protein from media were buffer exchanged and concentrated. 

Purification attempts using Ni-NTA affinity chromatography, followed by ion exchange 

chromatography (using Mono-Q column), followed by a gel filtration step did not yield the 

pure fractions of the protein, as desired. SDS PAGE followed by Coomassie brilliant blue 

staining and western blotting with anti E1 polyclonal antibodies showed that the protein is 
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expressed, but in small amounts that the protein purity could not be achieved (Figure 1.2b). 

We used the polyclonal antibodies (both E1-pAb or E3-E2-junction specific pAb), which 

were developed in this study and have specific activity against E3-E2 and E1 proteins for 

our WB analysis (Figure 1.2c). 

Using the insect cell expression approach, the yield (~50-100ug per litre of culture 

after final-purification step) and purity (~70% based on visual observation from SDS-

PAGE analyses) that we observed are extremely poor for further characterizations. 

1.3.3 Bacterial expression and purification of CHIKV cell entry proteins  

Using the sequence verified constructs, we optimized over-expression of CHIKV 

E3, E3-E2-ectodomain, E2-ectodomain, and E1-ectodomain proteins in E. coli BL21 (DE3) 

cells (similar or low level of expression were also observed in Rosetta™ (DE3) and BL21 

(DE3) pLysS strains of E. coli). Expression profile analyses for each of the proteins 

expressed as C-terminal 6X-His fusion proteins were performed by SDS-PAGE. Since, 

proteins were found to be expressing in the insoluble fractions (Figure 1.3), we used urea 

for solubilization and also for purification under denaturing conditions. After purification 

proteins were refolded by slow buffer exchange to remove urea. Optimized expression and 

solubilization conditions for each of the proteins and are summarized in Table 1.1. 
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Figure 1.3 Bacterial expressions of CHIKV envelope proteins in E. coli BL21 cells. Left 
to right – expression profiles after lysis of E. coli cells expressing E3, E3-E2, E2, and E1 
respectively are shown. All four proteins expressing in insoluble fractions (labeled as 
pellet) are shown. 15% SDS-PAGE gel was run in case of E3, all other samples were run 
in 12% SDS-PAGE gels. Molecular weights of these proteins are shown in Figure 1.4.  
 

All the ectodomain proteins from sequence verified constructs were affinity purified 

using the C-terminal 6X-His tag (Figure 1.4a). Briefly, the urea solubilized protein 

fractions were affinity purified using Ni-NTA resin under denaturing condition. The pure 

fractions (as assessed by SDS PAGE) from this step were used for refolding. Proteins were 

refolded using a slow dilution method as detailed in the experimental section. The purity 

of each of the proteins was assessed by SDS-PAGE, which shows that each of the proteins 

showed >95% purity after a single step affinity purification process (Figures 1.4b and 1.4c). 

All the purified proteins except E3-E2-ectodomain protein could be concentrated up to 

~1mg/ml and are stable at this concentration at 4°C.  

14 

kDa 
total c

ell l
ysate 

soluble 

Marker 

pelle
t 

soluble 

Marker 

pelle
t 

pelle
t 

Marker 

soluble 

soluble 

Marker 

pelle
t 

E3 E3-E2 E2 E1 

kDa kDa kDa 

47 
43 

47 



Chapter 1 

 74 

 

Figure 1.4 Bacterial expression and purification of CHIKV envelope proteins. (A) E. coli 
expression constructs for individual envelope protein ectodomains. Restriction enzyme 
sites used at the junction between two protein-coding sequences are shown with down faced 
black arrows. At the bottom, the base numbering of the expression ORF is shown. (B) SDS-
PAGE and (C) WB analysis (penta-HIS-HRP antibody was used for WB testing) on E. coli 
purified E3, E3-E2, E2, and E1 ectodomain proteins are shown. (D) Molecular weights of 
each of the purified proteins as predicted using ProtParam and as observed in our SDS-
PAGE and WB analysis are reported. 
 

The E3-E2-ectodomain could be concentrated up to ~0.8mg/ml at maximum. We 
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for E3 is 4845 M-1cm-1) and used it along with their molecular weight values (Figure 1.4d) 

for protein concentration measurements using UV-visible absorption spectroscopy. E3 

does not contain any tryptophan residues, hence the low molar extinction coefficient value. 

All the proteins were used freshly for further characterizations after purification. 

While the E. coli expression and purification conditions are simple and robust, the 

yield (~3-5mg per litre of culture) and purity (>95% based on visual observation from SDS-

PAGE analyses) are better in comparison to insect cell expression and purification of 

CHIKV E3-E2-GS-E1 complex. To validate that these proteins are usable, we further 

characterized these proteins for their structure and function, and compared it to insect cell 

expressed and viral surface cleaved proteins from CHIKV and other alphaviruses.  

1.3.4 Structural characterization of E. coli purified CHIKV cell entry proteins 

I recorded far-UV CD spectra for E. coli purified proteins and then analysed the CD 

spectrum for each of the proteins using both CDPro as well as K2D3 servers for prediction 

of percentage of secondary structural content from far-UV CD data (Figures 1.5a-1.5c, and 

Table 1.2).  

All four structural protein forms of CHIKV, as E3, E3-E2-ectodomain, E2-

ectodomain, and E1-ectodomain proteins that were purified from E. coli expression system 

were characterized for secondary structure. All these proteins showed similarity in terms 

of their percent α-helix and β-sheet content predicted from far-UV CD data, when 

compared to the percentage of α-helix and β-sheet content calculated using the CHIKV E3-

E2-E1 crystal structure (PDB: 3N42, this crystal structure was obtained with S2 insect cell 

line expressed protein complex) data. The detailed values for secondary structure 

estimation and comparison thereof are listed in Table 1.2. 
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Figure 1.5 Far-UV CD spectra analysis on E. coli purified CHIKV envelope ectodomain 
proteins. Experimentally recorded far-UV CD spectra of CHIKV envelope protein with 
corresponding structure as inset are shown. ‘θ’ is mean residue ellipticity. Far-UV CD 
spectra of (A) E3 (B) E3-E2, E2 and (C) E1 ectodomain proteins are shown. 
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Table 1.2: Comparison of percent secondary structural content from far-UV data and 
crystal structure. 

 
 

Secondary 
structure 

E3 E3-E2 E2 E1 

 
Far-UV CD data  

a-helix 38 3.09 1.76 6.0 

b-sheet 13.9 36.41 47.42 40.96 

PDB: 3N42 
structure 

a-helix 40 7.07 2.36 4.62 

b-sheet 13.3 37.70 47.9 45.74 

 

As expected from the crystal structure, E3-E2-ectodomain, E2-ectodomain and E1-

ectodomain proteins showed CD signature of predominantly β-sheet structure, while E3 

protein showed predominantly α-helical structure. This indicated that right amount of 

secondary structures are present in these E. coli purified and refolded CHIKV envelope 

structural proteins. 

Intrinsic fluorescence spectra of E3, E3-E2, E2 and E1 are presented in Figure 1.6. 

Our results from intrinsic tryptophan fluorescence spectra analyses revealed that these 

proteins have λ-emission maximum in the range of ~333nm-334nm for E3-E2-ectodomain, 

E2-ectodomain and E1-ectodomain proteins (E3 does not have a tryptophan residue). This 

suggests that all these proteins have their tryptophan residues, present in buried 

environments, which is indicative of folded conformations of these proteins. When we 

recorded intrinsic fluorescence spectra in presence of 8M urea, the λ-emission maximum 

observed was in the range of ~351nm-352nm for these proteins. This large red shift seen 
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in presence of a denaturant indicates transition from folded to unfolded forms of these 

proteins (Table 1.3) further validating proper folding of E. coli expressed and urea unfolded 

and refolded proteins. 

 

 
Figure 1.6 Intrinsic Tryptophan fluorescence spectra analysis of E. coli purified CHIKV 
envelope ectodomain proteins. Experimentally recorded fluorescence spectra of folded 
proteins (colour coded solid lines) and urea-unfolded proteins (colour coded dashed lines) 
are shown. 

 
Table 1.3: Intrinsic fluorescence spectra analysis on E. coli purified CHIKV cell entry 
proteins. 
 

Intrinsic Trp 
fluorescence 

(λ - excitation max 
= 295 nm) 

λ – emission 
max (nm) 

E3 E3-E2 E2 E1 

Refolded No Trp 334 334 333 

+8M urea No Trp 352 352 351 

 

+8M UREA 
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All together these results strongly suggest that these proteins, which have the right 

amount of secondary structural content, have folded properly into their native tertiary 

conformations that is essential for their function. More results on structural and functional 

characterizations are explained in respective chapters on structure-function studies of each 

of these proteins. 

1.3.5 Functional characterization of E. coli purified CHIKV envelope proteins 

We studied CHIKV envelope structural proteins, the receptor binding protein - E2 

or E3-E2, in in vitro receptor binding assay to show that these E. coli purified proteins can 

bind to their cellular receptor heparan sulfate/heparin. Detailed characterizations on this are 

presented in the next chapter, chapter 2. For structure function studies or characterization 

of CHIKV E1-ectodomain protein, we first purified the protein using E. coli expression-

purification approach. None of the alphavirus E1 proteins in their full ectodomain forms 

were previously purified using bacterial expression-purification approach. We observed 

high amounts of purified proteins (~3-5mg/1ltr of culture) from the bacterial expression-

purification approach. To make sure that the E. coli purified E1 protein possesses similar 

structural and functional properties as that of its native counterparts, we characterized its 

structure and function as detailed further.  

We did size exclusion chromatography experiment using the E. coli purified 

CHIKV E1 protein for analysing its quaternary structure (Figure 1.7). The gel filtration 

profile of the E1 protein alone showed a large peak near the void volume (in addition to 

smaller peaks near regions that would correspond to monomer, dimer, and trimer 

populations of E1) suggestive of higher order oligomeric forms of the protein. Because of 

the inherent nature of the protein for oligomerization, it is expected that E1 could form 
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oligomeric conformations when it is free in solution even at neutral pH, and especially 

when triggered with low pH.  Similar results (smaller and larger oligomeric populations 

were observed even at neutral pH) were obtained with viral surface cleaved and detergent 

isolated (0.5mM Triton-X100) SFV E1 protein (135).  

 

Figure 1.7 Quaternary structure analyses of E. coli purified CHIKV E1 WT ectodomain 
protein. (A) Gel filtration profile. Positions of the gel filtration standards are marked with 
down faced black arrows above the chromatogram, red arrows mark the position peaks 
from E1 gel-filtration profile, which are also marked with numbers 1-6. (B) Gel filtration 
standard curve prepared using known molecular weight markers. (C) Estimated mass of E1 
from each peak fraction and respective oligomeric states are mentioned. RV – retention 
volume, M.W. – molecular weight. 
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We further checked the gel filtration profile of E1 in presence of 0.01% SDS to see 

if this mild detergent could affect the larger oligomeric populations of E1 protein. In fact, 

smaller amounts of detergents are earlier reported to stabilize alphavirus fusion protein E1 

conformations in solution (142) without affecting its biological activity (143). We also 

tested by far-UV CD spectra analysis that 0.01% SDS does not affect the LUVs/SUVs 

stability and does not alter the secondary structure of the E1 protein in solution (Figure 

1.8). In addition, we noticed that addition of this mild amount of detergent (0.01% SDS) in 

our E1 sample buffer actually increased the stability of the protein at RT.  

 
Figure 1.8 Analysis of liposome integrity and E1 secondary structure in presence of SDS. 
(A) TEM analyses on negatively stained liposome samples in TN plus 0.01% SDS buffer. 
(B) Far UV-CD spectra of E1 WT protein in presence and absence of 0.01% SDS in TNE 
buffer is shown. 
 

In any case, from the gel filtration profile of E1 ran at neutral pH in presence of 

0.01% SDS sample we calculated molecular masses of different peaks (Figure 1.7a). 

Comparison of molecular masses of E1 from each of these peaks with a standard curve 

prepared from known molecular weights of gel filtration standard proteins (Figure 1.7b) 

ran under similar experimental conditions indicated these peak fractions of E1 to be closely 

matching to sizes of different E1 oligomeric forms (Figure 1.7c). The peaks corresponding 

A B 
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to monomers, dimers, trimers, tetramers, trimer of trimers and a peak corresponding to 

higher order oligomeric form of E1WT protein, in mild detergent containing neutral pH 

buffer, can be seen clearly (Figure 1.7a). Biological significance of dimer and tetramer 

conformations are not known. Further, predominant higher order oligomeric forms of E1 

at neutral and acidic pH conditions were also observed. This property of E1 can possibly 

be attributed to increased interactions between E1 homotrimers through exposed fusion 

loops as well as through lateral interactions. Similar oligomeric conformations (144, 145) 

and interactions among homotrimeric conformations with SFV viral surface E1 protein 

were reported previously (28, 88).  

In presence of 0.01% SDS, the equilibrium of E1 oligomeric conformations shifted 

more towards smaller oligomeric populations (for example monomers, dimers, and trimers) 

at neutral pH. We expected this pattern to be more effective at acidic pH since acidic pH 

triggers formations of E1 homotrimer structures (88), and these structures are reported to 

interact among themselves to arrange into larger oligomers at acidic pH (28). Hence, we 

checked the gel filtration profile at acidic pH in presence of 0.01% SDS. However, though 

we saw a peak corresponding to larger oligomeric populations of E1 (as expected), we did 

not see more of the smaller oligomeric populations. We observed that while similar amount 

of proteins (equal to protein amount loaded in presence of 0.01% SDS at neutral pH) were 

loaded on to the gel-filtration column, lesser amount of protein passed through the column. 

The remaining proteins (likely larger oligomers) that were retained in the column could be 

recovered when running buffer was allowed to back flow in the column.  

In addition to this, we took an alternative approach to see if lower oligomeric 

populations can be observed at a higher proportion at acidic pH condition in comparison to 
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neutral pH as we hypothesized. We did acidic pH triggering followed by glutaraldehyde 

crosslinking (within a short time frame of 5-15 minutes) at room temperature to test our 

hypothesis (Figure 1.9). 

 

 
Figure 1.9 Crosslinking of E. coli purified CHIKV E1 WT ectodomain protein. Left – 
SDS-PAGE analysis on glutaraldehyde cross-linked E1 WT protein sample. Right - WB 
analysis on glutaraldehyde cross-linked E1 WT protein sample. ** and *** represent dimer 
and trimer populations of E1 in SDS-PAGE gel and in WB image. 
 

For this, we checked formation of E1 oligomer conformations by acid pH (pH 5.5) 

triggering of the recombinant protein, and then running it on SDS-PAGE (after cross-

linking) (Figure 1.9). In fact, like seen with other alphavirus surface proteins, the 

recombinant E1 protein formed dimer and trimer forms as well. Such conformations 

formed by several other alphavirus E1 proteins has been reported previously (144, 145). 

As part of the functional characterizations, we tested both membrane interaction as 

well as membrane fusion properties of the purified recombinant E1 protein of CHIKV. 

150 
100 

kDa 

50 

Time (min) 0    0    5   15 0    0    5   15 

** 
*** 

pH 5.5 

SDS-PAGE WB 

pH 7.4 

pH 5.5 

pH 7.4 

M 



Chapter 1 

 84 

Results from our lipid-floatation assay (Figure 1.10a) showed, ~32-38% of total protein 

floated along with LUVs, when triggered with pH 5.5 buffer. This association pattern of 

E1 at acidic pH is ~24% more than what is observed at neutral pH (~4-8%) (Figures 1.10b, 

1.10c). The neutral pH association of E1 WT protein with LUVs is probably because of 

accessibility of the hydrophobic fusion loops in free E1 protein. Such observations have 

been reported earlier with homologous fusion proteins from flaviviruses (146). However, 

further pH triggering might induce formation of slightly bent conformation of fusion loops 

dramatically increasing E1 membrane interaction properties (88).  

Similar trends were also observed when we studied E1-LUV interactions using 

pyrene-labelled LUVs mixed with free E1 proteins in a pyrene-based fluorescence assay 

(Figure 1.11a). Significant increase in membrane interaction property (~15-17%) at acidic 

pH was observed compared to that at neutral pH (Figures 1.11b, 1.11c). Similar role of 

acidic pH, in triggering E1-membrane interactions has been reported with SFV viral surface 

cleaved E1 protein as well. BSA was used as the non-specific experimental control, and no 

significant membrane interaction was observed.  
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Figure 1.10 Lipid-floatation analysis of E. coli purified CHIKV E1 WT ectodomain 
protein. (A) Schematic representation of the experiment. Sucrose gradient layering is 
shown on the left. Schematic view of protein samples in top and bottom fractions from the 
sucrose gradient centrifugation step are shown. E1 WT protein domains (dIII-dI-dII) are 
colour coded and labelled. (B) WB analysis on top and bottom fractions from the lipid-
floatation assay. T is top fraction and B is bottom fraction. (C) Quantitative analysis of E1 
WT protein lipid-association pattern. Average values for each sample from three 
experiments with error bars are shown. One-way ANOVA was used to calculate statistical 
significance – **** represent p ≤ 0.0001 level of significance. 
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Figure 1.11 Lipid association analysis of E. coli purified CHIKV E1 WT ectodomain 
protein using Pyrene based fluorescence assay. (A) Schematic representation of the 
experiment. Schematic view of protein samples in membrane inserted (inserted into 
liposomes) forms is shown. E1 domains (dIII-dI-dII) are colour coded and labelled. Pyrene 
excimer and monomers in the bilayer of the liposome membrane are shown as double and 
single bent black lines, respectively. (B) Normalized pyrene fluorescence emission spectra 
of different samples with respective line format (solid and dashed lines) are shown. (C) 
Quantitative analysis of E1 WT protein lipid-destabilization pattern. Average values for 
each sample from three experiments with error bars are shown. One-way ANOVA was 
used to calculate statistical significance – **** represent p ≤ 0.0001 level of significance. 
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C B 

His 

E1WT 

II 
I III 

His 

E1WT 
II 

III 

Pyrene labeled LUV 

I 

A 

**** 



Chapter 1 

 87 

homotrimer formation like the full length E1 protein (134) suggesting that the E1 

ectodomain could independently have a folded and functional conformation. In addition, it 

is also reported that due to absence of the transmembrane anchor, E1 does not carry out 

membrane fusion function (28, 134).  

 
Figure 1.12 Membrane fusion analysis of E. coli purified CHIKV E1 WT ectodomain 
protein using fluorescein based liposome fusion assay. (A) Schematic representation of the 
experiment. LUV populations – fluorescein loaded LUV is shown with green colored 
center and Ni-NTA tagged LUV is shown bilayer inserted with black colored lines Ni-NTA 
tagged lipids with black colored lines. E1 WT protein domains (dIII-dI-dII) are colour 
coded and labelled. (B) Normalized fluorescein fluorescence emission spectra of different 
samples from the liposome-liposome fusion kinetics experiment. Down faced arrows 
represent point of acidic pH trigger and point of TX-100 detergent addition. (C) 
Quantitative analysis of E1 WT protein membrane fusion activity. Average values for each 
sample from three experiments with error bars are shown. One-way ANOVA was used to 
calculate statistical significance – **** represent p ≤ 0.0001 level of significance. 
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To add to this, fusion loop interactions with the trans-membrane proximal region of 

the fusion protein, in the post-fusion conformation, is discussed in earlier literatures to be 

critical for the fusion active hairpin structure formation. When compared, our results on 

~43% fusogenic property of E. coli purified CHIKV E1 protein (Figure 1.12c), is at a 

similar level of fusogenic property (~40-60%) obtained with alphaviruses fusion proteins 

that were reported previously (133, 147). 

We also studied the recombinant CHIKV E1 protein using transmission electron 

microscopy on a negatively stained E. coli purified E1 protein sample (Figure 1.13). Our 

results show predominant trimeric protein populations and some pentameric and hexameric 

arrangements (Figure 1.13a-c). From visual observations these structures looked like 

homotrimers. In fact, studies on fusion between SFV E1 and liposomes have reported 

similar structural patterns using electron microscopy (28, 88). In these studies different 

starting protein concentrations led to difference in the formation of multimers of E1 

homotrimers (larger multimers with higher protein concentration can be seen). Higher 

starting protein concentrations lead to formation of homotrimer lateral interactions forming 

hexameric forms of trimers, which further interact to form larger 2D lattice like 

arrangements. Also, through fusion loop interactions five-six homotrimers, forming rosette 

like structures have been observed as well. 
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Figure 1.13 TEM analyses on negatively stained E. coli purified CHIKV E1 WT 
ectodomain protein. (A), (B), and (C) represent EM micrographs of E1 protein sample. 
Scale bar is shown at the bottom right. Oblique black arrows point to the trimeric 
homotrimer structures, and white arrows point to pentameric or hexameric homotrimer 
structures. Red arrows point to the zoomed in structures from respective micrographs. (D) 
Models of E1 trimer structure, trimer of homotrimer, and hexamer of homotrimer structures 
prepared in PyMol are shown with size calculations. HT is E1-homotrimer. 

 

Å 

Å Å 

CHIKV E1  
post-fusion HT 

~1
55

Å E1-HT 

E1-HT 

E1-HT 

CHIKV E1 rosette 
(trimer of HT) 

A 

~160Å 100 nM 

CHIKV E1 rosette 
(hexamer of HT) 

~200Å 
~70Å 

~210Å 

~69Å 

HT-pentamer HT-hexamer 

100 nM 

100 nM 

HT-pentamer 

HT-trimer 

B C 

D 



Chapter 1 

 90 

On the contrary, lower starting protein concentrations have lead to formation of 

uniform homotrimeric structures and other lower oligomeric forms (dimers) and monomers 

as well. Similarly, our size estimation on EM micrographs using >50 such trimeric 

populations reveal ~160Å length in size of one arm of a triangle, if that triangle covers the 

entire trimeric structure with three E1-HT present at three vertexes (Figure 1.13b). This led 

us to believe that these structures are closer to trimer of homotrimeric forms (like rosettes). 

We used the published EM data available on alphavirus E1 structures (28) for comparison 

and found that each E1-HT has a size of ~5nm in diameter. Using the available SFV E1-

HT crystal structure (PDB: 1RER) (Figure 1.13c) we build the trimer of E1-HT structure 

using PyMol (Figure 1.13d). Our size calculations from the trimer of homotrimer model 

corroborated our EM analysis indicating the oligomeric form of CHIKV homotrimer seen 

in our case to be a rosette of trimer of homotrimers. To further strengthen my analysis, 

calculations on few of the hexameric E1 homotrimers observed in our EM micrographs 

showed inner and outer diameters of ~69Å and ~210Å, respectively. This matched 

significantly to our size calculations from model hexameric-HT structure (inner and outer 

diameters of ~70Å and ~200Å, respectively) and also to earlier proposed reports of ~70Å 

inner diameters for these hexameric-HT rosettes (28). 

In absence of E2, E1 readily forms the homotrimeric conformation upon triggering 

by acidic pH. Oligomeric forms of E1 (that includes multimers of E1 homotrimers and in 

our case predominantly a trimer of homotrimer) also called as rosette structures can be seen 

under such conditions of acidic pH trigger. These conformations that are reported to be 

SDS resistance (144) can be seen with free protein as well. Rosette structures are also 

proposed earlier with other alphavirus E1 proteins for example with SFV E1 (28, 88). 
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1.3.6 Testing E3-E2 and E1 heterodimer formation with E. coli expressed CHIKV cell 

entry proteins 

We have also tested if the E. coli expressed E3-E2-ectodomain and E1-ectodomain 

proteins can form a heterodimeric conformation (the E3-E2-E1 conformation in which they 

are present on the virion surface) as seen in the crystal structure (PDB: 3N42). Though it is 

believed that these proteins require a complex processing and maturation step in order to 

attain the E3-E2-E1 heterodimeric conformation, it has also been shown that these proteins 

can successfully be processed into their individual forms, as in E3-E2-ectodomain as one 

protein and E1-ectodomain as another protein (proteolytically cleaved forms from viral 

surface) and still retain their function (135). We used purified E3-E2-ectodomain and E1-

ectodomain proteins and tested heterodimer complex formation through crosslinking 

approach. However, from our SDS-PAGE analysis it is clear that these proteins upon cross-

linking did not show any specific band corresponding to E3-E2-E1 protein population 

rather monomeric E3-E2-ectodomain and E1-ectodomain populations were observed 

(Figure 1.14a). 

We also tried co-expressions of E3-E2-ectodomain and E1-ectodomain proteins 

inside E. coli from a dual expression vector. However, in this case also we did not observe 

any significant amount of protein population corresponding to molecular weight of E3-E2-

E1-ectodomain region. Our SDS-PAGE analysis of co-expression trials showed expression 

of both E3-E2-ectodomain and E1-ectodomain proteins in insoluble fractions as opposed 

to soluble expression of the heterodimer if complex formation occurred inside E. coli 

expression host cells (Figure 1.14b).  
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Figure 1.14 Heterodimer formation analysis on E. coli expressed and purified CHIKV E3-
E2 and E1 ectodomain proteins. (A) Purified protein tested for complex formation by 
crosslinking with glutaraldehyde (GS). 1X is ~2µg of total protein and 2X is 4µg of total 
protein. (B) Dual expression in E. coli. I – induced, UI - un-induced, Sup – supernatant, 
and M - marker. 
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heterodimers even when the expression construct did not contain coding sequences for the 

transmembrane region of either of these proteins. Further supporting this, neutral pH crystal 

structure (PDB: 3J2W) also did not show any interactions between transmembrane regions 

of E2 and E1.  

However, as mentioned earlier these proteins do posses’ full functionality in their 

individual forms. In fact dissociation of E3-E2 from E1 is one of the essential steps in 

triggering activation of the later – the key protein that performs membrane fusion during 

entry (upon dissociation from E3-E2 followed by acidic pH triggered conformational 

changes in its structure). Taken together, our results suggest that the E. coli purified CHIKV 

E1 ectodomain protein behaves more or less likely as its native counterpart and can 

definitely be used for various structure-function studies. 

 

1.4 DISCUSSION: 

CHIKV enters into host cells through the endocytic route. Its envelope proteins E3-

E2 and E1 mediate cell entry. E3-E2 binding to receptor triggers entry through endocytosis 

and dissociation from E1, then E1 performing membrane fusion (62). Conformational 

dynamics in these proteins remain poorly understood because of unavailability of more 

amount of each of these proteins in their purified and functional forms. We, using E. coli 

expression-purification system, purified these proteins and characterized these for their 

structure and function. Here, we discuss our results in line with other available data on 

expression-purification as well as on structure-function studies of these proteins/of similar 

alpha viral envelope proteins.  
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Our expression-purification results suggest that these proteins can definitely be 

over-expressed in E. coli cells and these purified proteins can be refolded back to their 

structurally and functionally relevant forms. This is beneficial over insect cell expression 

approaches for isolating these proteins for studies that involve understanding their 

conformational dynamics. So far, the insect cell expression-purification of these proteins 

was only shown to be successful when performed using drosophila cell-line (80, 82). 

However, even in S2 cell expression studies there were variations among similar expression 

trial results. While SINV E3-E2-E1 was produced as trimers of E2-E1 heterodimers (80), 

CHIKV E3-E2-E1 was produced as E3-E2-E1 heterodimers only (82). In addition, the 

protein complex obtained in SINV did not dissociate into E2 and E1 individual forms in a 

pH range of 5.5 to 9.5 (80), even below the pH 6.4 threshold in SINV at which E2 has been 

shown to dissociate from E1 on virion surface (22). Moreover, such trials were limited to 

structural studies only and resulted as mentioned previously in functionally un-dissociable 

forms of these proteins. Also, similar trials in sf9 cells were limited to small-scale 

expression studies only indicating selective nature of expression hosts and a particular lab 

environment for purification of these proteins. However, use of bacterial expression system 

has been used (102, 139) to produce high amounts of relevant proteins (purified and 

refolded to their functional forms) in comparison to insect cell (sf9 cells) expressed 

proteins. 

Our structural and functional characterizations of E. coli purified CHIKV envelope 

proteins, E3-E2 or E2 or E1 has revealed similarity both in terms of structural and 

functional properties to their native counterparts. All these proteins have similar secondary 

structural content as that of an insect cell expressed-purified and crystalized E3-E2-E1 
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protein complex from CHIKV (82). Our results from quaternary structure analyses on 

CHIKV envelope E1 protein also match to earlier proposed analyses on viral surface E1 

protein from SFV (144). Our thorough analysis on the E. coli purified CHIKV E1 protein 

that was previously not done, shows very much similar structural (as seen from our 

quaternary structure analysis and TEM analysis) and functional (from lipid-floatation and 

liposome-liposome fusion assays) properties to many of the earlier studies. Especially the 

rosette structures that were observed with SFV E1 proteins (both in viral surface cleaved 

form and when used as part of the whole virion structure) match (size calculations based 

on EM data) to the rosette structures that we observed using the E. coli purified CHIKV E1 

protein (28, 88). These studies have used either the whole viruses or viral surface cleaved 

E1 protein in similar structural and functional characterization methods and reported 

similar results (28, 88, 133, 134, 144, 145, 150). 

Our co-expression analysis of E3-E2-ectodomain and E1-ectodomain proteins both 

inside and outside of the E. coli cell showed no heterodimer conformation formation from 

functionally individual forms of these proteins. Role additional post translational 

modification; N-glycosylation as reported for CHIKV E3 (at N12 position), E2 (N263) and 

E1 (at N141) (82), to form the heterodimeric conformation might be necessary, as seen in 

insect cell expression studies. As seen in case of both CHIKV (82) and SINV (80), both 

E2-E1 could be expressed and purified as heterodimers even when the expression construct 

did not contain coding sequences for the transmembrane region of either of these proteins. 

Further supporting this, neutral pH crystal structure (PDB: 3J2W) also did not show any 

interactions between transmembrane regions of E2 and E1. The transmembrane regions of 

the envelope proteins though are reported to be essential for fusion function (148, 149) of 
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the virus, these regions does not contribute to heterodimer conformation. Once dissociated 

from each other, it seems like these proteins have inherent structural features that prevents 

re-association between them to form the heterodimer conformation (135). However, these 

proteins have been shown to be functional in their individual forms (28) and it looks like 

the oligomeric forms are a way of regulating individual proteins function in a specific 

manner in in vivo condition. Dissociated forms of these proteins performing their respective 

functions are also essential part of their functioning mechanism during entry. So, this study 

generates useful resources for structure-function studies for understanding different steps 

during viral-cell entry. 

 



 

 

 

 

 

 

CHAPTER 2 

CHARACTERIZATION OF CHIKV E2 - HS 
INTERACTIONS TO EXPLAIN RECEPTOR BINDING 

REGULATION OF ENTRY 

 

 
 

 

 

Conformational changes in Chikungunya virus E2 protein upon heparan sulfate 
receptor binding explain mechanism of E2-E1 dissociation during viral entry. Sahoo 
B and Chowdary TK, Bioscience Reports, 2019, 39(6), BSR20191077 (published) 
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2.1 INTRODUCTION: 

As it is with many other enveloped viruses, cell entry of alphaviruses also requires 

dissociation of receptor binding protein from membrane fusion protein. E2 and E1 interact 

tightly through weak interactions - majorly between domain C and b-ribbon connector of 

E2 and domain II of E1. E3-E2-E1 dissociation requires breaking of intra-heterodimer 

interactions. In the trimeric spike structure on virion surface, three E2 molecules present at 

the center of the spike, whereas the three E1 protomers are to the periphery (refer to figure 

2.1). Inter E2 protomer interactions hold the trimeric spike. Apart from E3-E2-E1 

dissociation, receptor binding may also be triggering breaking of inter E2 protomer 

interactions in the trimeric spike.  

Receptor binding on the trimeric spike (on E2) leads to conformational changes in 

the E3-E2-E1 proteins (please refer to the General introduction chapter). Based on the 

epitope changes in E2 and E1 proteins, upon receptor binding, it was proposed that E2 and 

E1 dissociate from each other. However, the nature of conformational changes and the 

structural mechanism of E3-E2-E1 dissociation, after receptor binding, are not known. 

Also, Voss et al (82) have proposed role of receptor binding in induction of E2-dB 

movements causing fusion loop exposure on E1 at neutral pH. In another study, Li et al 

(80) have speculated E2-dC rearrangements as a possible mechanism for E2–E1 

dissociation. They discussed that both receptor binding and/or acidic pH could play a role 

in this process. 

Several receptors have been proposed for chikungunya virus. MXRA8, Prohibitin, 

ATP synthase b-subunit, TIM1 and heparan sulfate have been shown to act as 

receptors/attachment factors for chikungunya virus (discussed in detail in General 
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introduction chapter). However, if the virus can use any of these receptors as cognate 

receptors for entering into multiple cell types has to be determined. Heparan sulfate 

(HS)/heparin is known to act as a receptor for several arboviruses (104). Multiple reports 

suggest role of HS in cell entry of alphaviruses. For example SINV, SFV, and EEEV can 

use heparan sulfate to trigger cell entry (78, 101–103, 105). Multiple reports also suggest 

HS as an entry receptor of CHIKV (101–103). Biochemical studies on HS binding on 

alphaviruses envelope proteins, and mapping mutant data that effect HS-binding on to E3-

E2-E1 structure (101–103), suggest that E2-dA, E2-β-ribbon connector and E2-dB are 

putative receptor binding regions on E2. However, the exact type and nature of receptor 

binding induced conformational rearrangements in receptor binding protein that in turn 

governs the fusion protein structure and activity remains poorly understood. Going by the 

literature that many alphaviruses including CHIKV use HS as a receptor for cell entry, and 

that HS is present on multiple cell types; it would be pertinent to find out the exact binding 

site of HS on E2 and study the concomitant conformational changes in E2 structure (if any 

present) upon HS receptor binding. 

In following sections, I discuss the results on characterization of E2 and HS 

receptor, and conformational changes in E2 upon receptor binding. I also discussed, based 

on the results, a possible mechanism of E2-E1 dissociation in alphaviruses upon receptor 

binding. Using in silico molecular docking, biochemical and molecular dynamics 

simulation studies, we characterized heparan sulfate (HS) receptor binding site on CHIKV 

E2 and concomitant conformational changes in E2 upon HS binding. I identified HS 

binding site on E2 at a structurally conserved positively charged pocket. Also, through 

published literature survey and sequence analysis we discovered a novel HS-binding motif 
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(HBD) with XBXXBX pattern (X can be any residue and B is a basic residue) that is present 

on E2 sequences of almost all alphaviruses. Further, we expressed and purified the 

functional ectodomain (without the transmembrane region) of CHIKV E2 protein using E. 

coli expression system and confirmed that E2 binds to HS in in vitro condition, through 

specific charge-charge interactions. I also checked the strength of HS binding to CHIKV 

E2 using microscale thermophoresis assay and found that the binding strength is weak 

(Kd=1.8±0.6µM) but the strength of binding is comparable to the strength of binding by 

other known heparin/HS-protein interactions. Then I generated charged residue mutants in 

the predicted HBD (R104A, K107A and R104A+K107A) and studied their HS binding 

properties, which showed significant level of reduction in binding property to HS, 

suggesting our prediction of HS binding site on E2 to be true. Further we studied E2 

conformational changes upon HS binding using MD simulation approach, and found out 

that upon HS binding to E2, dramatic tertiary but not secondary structural changes are 

observed in E2. I then validated the MD simulation predicted model of E2 conformational 

changes by studying E2 conformational changes upon HS binding using in vito far-UV CD, 

intrinsic tryptophan fluorescence spectroscopy and smFRET experiments, which 

corroborated our MD simulation predictions. Based on these data I propose a mechanism, 

where HS receptor binding on E2-dA induces allosteric E2-dC movements that may push 

E1 away, breaking E2-E1 interface interactions and may ultimately lead to E2-E1 

dissociation.  
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2.2 MATERIALS AND METHODS: 

2.2.1 Molecular docking studies 

We used AutoDock Vina (151) to perform docking of heparan sulfate disaccharide 

(ZINC id. 85551958) on to the trimeric spike structure E2-E1 proteins (PDB: 2XFB). We 

processed the PDB files prior to docking by adding polar hydrogens, removing water 

molecules and heteroatoms (if any present in the structure). We used Autogrid program to 

assign grid dimensions of 0.375 Å along XYZ axes. We then used the default docking 

protocol to perform a global search of HS on E2-E1 trimeric spike structure. We analysed 

the docking results, where resultant docking modes of HS disaccharide were listed based 

on their free energy of binding (least to most). We selected the HS docking pose with lowest 

ΔG value for further analysis. The docking process was performed using the PyMol GUI 

version of AutoDock Vina plugin from https://pymolwiki.org/index.php/Autodock_plugin.  

We performed all the protein-protein docking as well as docking of a heparin tetra-

saccharide on to the CHIKV E2-E1 trimeric spike structure using the ClusPro (152) 

docking server available at https://cluspro.bu.edu/login.php. HS/Heparin possess 

disaccharides as repeating units and the length of the repeating unit (for example either 

disaccharide or tetra-saccharide) as a functional unit of receptor binding varies. So we 

tested docking of both disaccharide and tetra-saccharide binding onto CHIKV E2-E1 

trimeric structures. For protein-protein docking, we used the trimeric spike structure 

(extracted from PDB: 3J2W) as receptor and ATP synthase b-subunit (5FIL), TIM1 (PDB: 

2OR8), and Prohibitin (PDB: 1LU7) as ligands. We used the default heparin tetra-

saccharide (PDB: 3QMK) as ligand for performing protein-heparin docking using the 

advanced heparin-docking mode in the ClusPro server. We used the E2-E1 spike 
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conformation from PDB: 3J2W in ClusPro, which is the trimeric structure of CHIKV E2-

E1 proteins obtained from a CHIKV VLP using cryo-EM data. 2XFB.pdb that we used for 

docking HS disaccharide in AutoDock Vina is 3D reconstruction of CHIKV E1-E2 crystal 

structure in to SINV cryo-EM map, where density of E3 could not resolved. Using ClusPro, 

we performed global search of ligand binding sites on the receptor using all default docking 

parameters. We used this 3J2W.pdb in this case instead of the earlier used 2XFB.pdb, as 

this was the recent structure available on CHIKV envelope (even though based on a VLP 

structure) at the time of this study. However, in both these cases the overall organization of 

E2-E1, as trimeric structures are highly similar. To add to this, the HS-disaccharide binding 

site on spike from 2XFB was similar (interacting residues from both the spikes were 

overlapping) to binding site of HS-tetra-saccharide docked onto spike from 3J2W. We 

chose the best docking pose from the top ranked cluster, sort-listed based on the balance 

mode of analysis. The balanced energy terms in ClusPro documentation are described with 

weight co-efficient values as E = 0.40Erep + -0.40Eattr + 600Eelec + 1EDARS, in the 

equation E = w1Erep + w2Eattr + w3Eelec + w4EDARS, where Erep denote the repulsive 

and Eattr denote the attractive contributions to van der Waals interaction energy. Eelec is 

an electrostatic energy term and EDARS is a pairwise structure-based potential constructed 

by the decoys as the reference state (DARS) approach. It primarily represents contributions 

from desolvation i.e., change in free energy due to removal of water molecules from the 

interaction interface. The w1-w4 coefficients define the weights of the corresponding 

terms. 

2.2.2 Search for HBDs on E2 sequence of alphaviruses 

Our final HBD prediction on alphaviruses E2 sequences was performed using the 
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MEME (Multiple Em for Motif Elicitation) server (153) available at https://meme-

suite.org/tools/meme. We began our analysis by compiling all the available alphaviruses 

E2 sequences from UniProtKB site available at https://www.uniprot.org/.  All together we 

identified 16 full length alphaviruses E2 sequences and used these for finding out the 

presence of any canonical HS/heparin binding sites or HBDs on ScanProsite server 

(https://prosite.expasy.org/scanprosite/). Our analysis did not show any significant/relevant 

matching pattern for canonical HBDs on alphaviruses E2 sequences.  We reasoned that 

HS/heparin binding on E2 could be through a noval binding motif. Prompted by this idea, 

we compiled all the biochemical data where mutations in E2 sequences from different 

alphaviruses were shown to affect HS binding.  We selected 11 amino acids sequence 

stretches from alphaviruses E2 sequences, where the centric residue is responsible for 

affecting (either increase or decrease) binding to HS. These sequences, along with linear 

amino acid sequence from HS docking site on E2, identified from our docking studies, is 

then used for finding a consensus motif in MEME server. A consensus motif with the 

pattern, XXBXXBXX (X is any residue, B is basic residue) emerged out of this motif 

search. However this is not a canonical HBD motif. Hence, we searched XXBXXBXX 

motif in other alphavirus E2 sequences. Altogether, we analysed 110 input-sequence 

stretches from 16 alphaviruses E2 sequences through the MEME server. We used the 

parameters such as site distribution - one occurrence per sequence, number of motifs to find 

= 1, motif width = 6 to 10 residues, background model = 0-order for finding the presence 

of a consensus motif. The final motif generated, which has 4 similar matching regions on 

CHIKV E2 sequence is described in results section. 
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2.2.3 Cloning, expression and purification of CHIKV E2, E3-E2 and E3-E2 mutant 

proteins 

All the mutant proteins used for this part of the study (E3-E2 HBD site mutants: 

R104A, K107A, R104A+K107A mutant proteins as well as the S154C+S296C mutant used 

for FRET study) are expressed and purified exactly in the same manner as that of the WT 

protein (detailed in chapter 1). 

2.2.4 HS/HEP binding assays 

We used in vitro heparin affinity binding assay to characterize CHIKV E2 or E3-

E2 binding to heparin/HS. Briefly, a gravitational flow column was packed with ~ 500 µl 

beads/ ~1000 µl of 50% slurry of heparin sepharose resin (HiTrap heparin HP, GE 

Healthcare Life Sciences, USA) and recombinant proteins (~ 10 µg) were then applied on 

to the column in TNE buffer containing 150 mM NaCl. The loaded protein was incubated 

for 15 minutes at RT and then the unbound fraction was collected. After an intermediate 

wash step with TNE buffer (5X of loading volume) the bound protein was eluted with 

increasing NaCl concentrations (1X loading volumes of 0.3 M, 0.6 M and 1 M NaCl 

elutions each). Equal volume aliquots from each of the load/input, unbound and elution 

fractions were analysed by SDS-PAGE. A non-specific binding control (BSA) was also 

included in the experiment and specific binding (through charge-charge interactions) by E2 

was calculated by considering the amount of protein eluted with 0.3 M or higher NaCl 

concentrations. We also performed a competition-binding assay by pre-incubating E2 with 

soluble HS (heparan sulfate sodium salt from bovine kidney purchased from Sigma-

Aldrich, USA) before loading on to the heparin column, to further prove the specificity of 

CHIKV E2-HS binding. 



Chapter 2 

 104 

We also tested E3-E2 WT and R104A, K107A, R104A+K107A mutants as well as 

the S154C+S296C mutant in heparin affinity binding to estimate their extent of heparin 

binding property. For this purpose, we performed the heparin binding experiment as 

detailed above expect that elution was performed in a single fraction with 1M NaCl 

containing TNE buffer. The extent of protein binding to heparin (fraction bound) was 

calculated as percent of protein loaded (taken as/normalized to 100%), by quantifying band 

intensities using imageJ software. Three independent experiments were performed and 

Mean ± SD values form these experiments were represented in a bar graph. The comparison 

between different protein groups for statistical significance of differences was calculated 

using one-way ANOVA analysis in GraphPad. 

2.2.5 Microscale thermophoresis assay  

We analysed the strength of CHIKV E3-E2 protein binding to HS using MST 

experiment. For the experiment, purified recombinant E3-E2 protein was labelled with NT-

547, Amine reactive green fluorescent dye, which was supplied as part of the MonolithTM 

NT Protein GREEN-NHS labelling kit. The labelling was performed for 30 minutes at RT 

in dark followed by separation of free dyes from the labelled protein using a PD-10 

desalting column. While performing the experiment, E3-E2 at a concentration of 0.2 mg/ml 

or ~ 5 µM was kept constant and the concentration of interaction the partner (non-labelled 

HS) was varied from 0.03 µM to 15 µM. The complex mixtures were incubated for 30 

minutes at RT. Then the individual sample mixture (with different E3-E2 to HS ratio) was 

loaded in to individual MST standard coated capillaries and reading was taken at 40% MST 

power using MonolithTM NT.115 instrument. The default MO. Affinity Analysis (version 

2.2.7; Nano Temper) software was used for analysis of binding affinities. Final curve fitting 
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was performed with data points (each data point represents mean value from three 

independent readings) using GraphPad prism software. 

The basic principle of the MST assay states that during an MST experiment, 

recording of sample fluorescence is performed at RT for a 3 second starting period to 

monitor fluorescence at steady-state followed by activation of the IR-laser for a short time 

period (MST-on time). Upon IR-laser activation, the change in fluorescence is calculated 

by taking ratio between fluorescence values obtained after MST-on time (F1) versus 

fluorescence value obtained prior to IR laser activation (F0). The following formula 

represents the measured fluorescence: 

	"#$%& = 	"(")
 

Fnorm = normalized fluorescence, F0 and F1 = fluorescence values before and after IR laser 

activation, respectively. 

The final Kd (binding dissociation constant) value is calculated by plotting Fnorm 

versus ligand concentration followed by a dose-response curve data fitting process. The Kd 

value is calculated using the following formula: 

*+ =
[-] × [0]
[-0]  

[A] = Free fluorescent molecule concentration, [L] = free ligand concentration, and [AL] = 

A and L complex concentration. 

2.2.6 Molecular Dynamics simulations of E2 in presence or absence of HS 

We performed MD simulation experiment to study HS binding induced E2 

conformational changes. The experiment was done using a workstation with 12 cores Intel 



Chapter 2 

 106 

Xeon processor. We used GROMOS96 (43a1) force field as part of the GROMACS 5.1.4 

9 package (154) for carrying out energy minimization, simulations and trajectory analyses 

on HS-docked E2 complex as well as the E2 (without HS) structure. The HS ligand 

parameterization was performed using the PRODRG server available at 

http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg/submit.html. We used explicit SPC 

water molecules for simulations. Briefly, using periodic boundary conditions within a cubic 

box solute molecules were added around the water molecules, and counter ions were 

incorporated for system neutralization. Energy minimization was performed using steepest 

descent algorithm and LINCs algorithm was applied to constrain the bonds. We set solvent 

density of 1 atm at 300K and used coupling time of 0.1 ps for independent coupling of 

solute and solvents to a modified Berendson bath at 300K. Cut-offs of 1.4 nm for Coulomb 

and 1.4 nm for van der Waals was used as part of the PME method for calculations of 

electrostatic interactions. During MD the integration time steps were set to 2 fs, and 10 ps 

intervals were used for updating output coordinates. The system equilibration was 

performed twice prior to production MD, 100 ps under NVT and 100 ps under NPT. Final 

MD run was performed at 300K for a time scale of 10 ns. 

PyMol was used for calculation of change in center of mass of domain structures as 

well as for preparing all other structure figures. 

2.2.7 Far-UV CD, and intrinsic tryptophan fluorescence spectroscopy 

We used far-UV CD and intrinsic tryptophan fluorescence spectroscopy (procedure 

detailed in chapter 1) to study HS-protein interactions and conformational changes. Both 

Far-UV CD and intrinsic tryptophan fluorescence spectra of E3-E2 or E2 proteins were 

recorded in presence or absence of HS. Prior to spectral recordings the sample mixtures 
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(1:50 molar ratio of protein to HS was used) were incubated for 30 minutes at RT. The 

concentration of protein used was 0.2 mg/ml and the experiment was performed in TNE 

buffer at neutral pH.  

2.2.8 Fluorescence resonance energy transfer (FRET) to monitor domain movements 

in E3-E2 upon HS binding 

For studying E3-E2 conformational changes upon HS binding the E3-E2 double 

cysteine mutant (S154C+S296C) was labeled with a FRET fluorophore pair. We first 

performed Ellman’s assay and tested the availability of free cysteines before labeling with 

FRET fluorophores. We chose Alexa FluorTM 488 and Alexa FluorTM 594 C5 Maleimide 

(Thermo Fisher Scientific, USA) as FRET pairs for labeling the double cysteine E3-E2 

mutant protein through cysteine thiol-reactive maleimide chemistry using manufacturers 

protocol. FRET fluorophores at a 20 molar excess concentration were used for labeling the 

protein by incubating the mixture in dark at RT for 2 hrs. We then purified the labeled 

protein by separating it from free dyes using a PD-10 desalting column (GE Healthcare 

Life Sciences, USA).  

For FRET study we set the excitation at 493 nm (lmax abs. for Alexa FluorTM 488) 

and emission spectra were recorded for a wavelength range of 500-700 nm. E3-E2 protein 

was incubated with HS at 50 molar excess concentrations for 30 minutes at RT prior to 

taking spectral recordings, which were performed both in presence and absence of HS. 

Excitation and emission slit width settings were fixed to 5 nm.  
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2.3 RESULTS: 

2.3.1 Heparan sulfate binds to a positively charged pocket on CHIKV E2 at the 

interface between domain A and arch 1 of β-ribbon connector 

To predict HS binding site(s) on CHIKV E2-E1 trimeric spike surface, we 

performed molecular docking of heparan sulfate disaccharide on to the E2-E1 trimeric 

spike structure. We assessed the best mode of HS binding by considering the docking pose 

with lowest Gibbs free energy score (DG = -7.6 kcal/mol) and selected this docking pose 

for analysing the binding site interactions of HS on E2-E1 trimer structure. Detailed crystal 

structure annotations of CHIKV E2-E1 heterodimer and the best-docked pose of HS on E2-

E1 trimeric structure are represented in Figure 2.1a and Figure 2.1b, respectively. All the 

docked poses of HS are shown in figure 2.1c, which shows two major clusters of HS-

docked sites on E2 (both sites are similar and on E2-dA region), and another small cluster 

of HS docked site at E2-E1 dimer interface, which may not be accessible in actual scenario 

(figure 2.1c). 

HS bound at the apex of the spike on E2 domain A, towards the interior of the 

groove formed at the interface between dA structures from adjacent E2 protomers in the 

spike. The HS binding site on E2-dA is a positively charged pocket at a cleft formed 

between E2-dA and arch 1 of β-ribbon connector (Figure 2.1b, right top) with Lys and Arg 

residues lining the binding site, as expected of a HS binding site on a protein (100). HS 

binding at this pocket is through charge interactions between side chains of R104 and K107 

with sulfates of HS (Figure 2.1b, right lower).  
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Figure 2.1 Docking of HS onto CHIKV E2-E1 trimeric spike using AutoDock Vina. (A) 
Domain organization of E2-E1 heterodimer structure. (B) Top: HS (shown as ball and 
sticks) docked trimeric spike surface. Bottom: top panel shows the electrostatic potential 
surface at HS binding site. Middle and bottom panels show E2-HS interactions. Hydrogen 
bonds as ….. and electrostatic interactions as <--->) in 2D plot generated using BIOVIA 
Discovery studio, and polar interactions as yellow dashed lines as generated using PyMol 
are shown in middle and bottom panels (both HS and HS interacting E2 residues are shown 
in sticks), respectively. (C) All docked poses of HS on E2, in the E2-E1 trimeric spike 
structure are shown. Spike is shown in cartoon representation and HS in sticks. 
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The two HS interacting residues, R104 and K107, are part of a linear stretch of 

amino acids and are part of the EF loop that connects E and F β-strands in the E2-dA β-

barrel like structure. The third residue, R144, which makes backbone interactions with HS, 

is from the arch1 of β-ribbon connector (Figure 2.1b). While this thesis was in preparation, 

a new study by Chen et al (155) using cryo-EM reconstruction on HS bound eastern equine 

encephalitis virus (EEEV), also identified HS binding pockets that match to the HS binding 

site on CHIKV E2 protein that we identified in this study. 

Further, we compared our HS-binding motif on CHIKV E2, which we predicted 

from docking analysis, with consensus HBDs reported for other proteins that possess and 

interact through these HBDs, with HS/heparin molecules. Interestingly, the docking site 

HBD sequence (AR104CPK107G) on CHIKV E2, did not match to any of the known HBDs 

(Figure 2.2a). Then based on available published literature (from CHIKV and other 

alphaviruses) we mapped mutations on CHIKV E2 that affect (either increase or decrease) 

HS binding. From our analysis, most of these reported mutations congregated to a region 

close to our HS binding site predictions on CHIKV E2. Based on this observation we asked 

a question, does alphavirus E2 have a minimal and unique HS-binding motif? To answer 

this, we performed motif search combining knowledge on mutations affecting HS-binding 

(in alphaviruses) and also from results of our docking studies (refer to material and 

methods) (Figure 2.2b and 2.2c). A consensus minimal HS binding sequence emerged as 

HBD pattern in E2 sequences of alphaviruses (Figure 2.2). Based on this we infer that 

XBXXBX motif sequence pattern is a novel HBD in alphaviruses (Figure 2.2c). We also 

observed presence of sequence patterns matching to our motif sequence pattern on almost 

all the alphaviruses E2 sequences that we included in our analysis (Figure 2.2b). The 
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conservation patterns from structural alignment of the EF-loop region that contains the 

docking site HBD is shown in figure 2.3. 

 
Figure 2.2 Search for Alphavirus E2-HS binding consensus motif using MEME. (A) 
Published HBD consensus motif on HS/HEP binding proteins. (B) Local alignment of HS 
binding linear sequences in E2 protein of alphaviruses (full forms of viruses are detailed in 
abbreviation section). (C) Consensus alphavirus E2-HS binding motif logo with XBXXBX 
pattern. Level of positional conservation is represented as bit score on y-axis. 
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Figure 2.3. Structural analysis of HS-binding motif (HBDs) regions on E2 structure from 
CHIKV. (A) Four red-ovals represent four similar HBDs (with XBXXBX pattern) on E2 
structure. The HBD highlighted by a black dashed box, is the docking site HBD. (B) 
Structural conservation of the loop regions (EF-loop) on E2 structure of alphaviruses, that 
makes contact (interactions through positively charged residues) with bound HS/HEP 
molecule. 
 

We also performed docking and analysed the binding sites of other protein receptors 

as well as a heparin tetra-saccharide receptor on CHIKV E2-E1 trimeric spike structure. 

The binding sites of Prohibitin, TIM1, ATP synthase β-subunit as well as the heparin tetra-

saccharide (R104, K107 side chains of E2 protein interact with sulfates from heparin tetra-

saccharide) all mapped to the same region on E2-dA and β-ribbon connector (Figure 2.4) 

overlapping with predicted HS-binding site. This is suggestive of presence of a consensus 

receptor binding pocket on CHIKV E2. 
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Figure 2.4 Docking of protein receptors and heparin tetra-saccharide onto CHIKV E2-E1 
trimeric spike using ClusPro server. (A) Binding site of Prohibitin (PHB), (B) T-cell 
immunoglobulin mucin domain 1 (TIM1), (C) ATP synthase β subunit (ATPS-β), (D) 
Heparin (HEP) are mapped on the CHIKV E2-E1 trimeric spike structure. Each receptor 
structure, with E2-binding interface colored in yellow, is shown in open book orientation 
to the right of the spike.  
 

2.3.2 HS binds to CHIKV E2 at predicted HBD 

To experimentally test our docking predictions of HS binding site on E2, and to 

study E2 conformational changes upon HS binding, we cloned, expressed and purified 

CHIKV E2 or E3-E2 proteins (refer to chapter 1). Alphaviruses E3-E2 and E1 proteins fold 

together as heterodimers when produced and processed in infected cells and earlier studies 

expressing these proteins using insect cells have shown formation of irreversible E3-E2-
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and E3-E2 functional ectodomain proteins using bacterial expression system and then 

tested if these proteins have folded like their native E3-E2-E1 heterodimer counterparts. 

Our secondary and tertiary structural characterizations on E2 (refer to chapter 1) showed 

that purified CHIKV E2 protein is folded properly. 

In the heparin-binding assay, more amount of CHIKV E2 remained bound to 

heparin column at 0.3 M and 0.6 M NaCl concentrations (Figure 2.5a, lanes 4-6), 

suggesting that the binding is through electrostatic interactions. Further, 1 M NaCl elution 

was required for complete release of bound E2 from heparin column. Soluble form of HS, 

when pre-incubated with E2, lead to reduced E2 binding to heparin column (Figure 2.5a, 

lane 8-10). This confirmed the specific nature of binding between E2 and heparin. To add 

to this, heparin bound fraction of E2 (32.6%) is significantly higher than BSA bound (7.4%) 

fraction (Figure 2.5b).  

The HBD pattern XBXXBX, that we predicted earlier has four similar matching 

sites on CHIKV E2. All four of these sites are probably available on the purified E2 protein. 

When we mapped these sites on E2, in the CHIKV E3-E2-E1 heterodimer crystal structure, 

we observed that two out of these four sites are present at E3-E2 interface and would be 

masked on virion surface (Figure 2.3). Hence, we purified E3-E2 protein, confirmed its 

folding to native conformation (refer to chapter 1), and checked its binding to heparin. If 

the HBDs in the E3-E2 interface also contribute to HS binding, then E3-E2 protein should 

have lesser binding to HS than E2 alone. In our heparin-binding assays, E3-E2 binding to 

heparin (Figure 2.6a) is (fraction bound 32.9 %) very much similar to heparin binding by 

E2 alone, suggesting that the HBDs present at E3-E2 interface does not contribute to HS 

binding.  
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Figure 2.5 Characterization of E2-HS/HEP interactions. (A) Left: Schematic of HS/HEP 
binding assay. Right: Elution of E2 from heparin sepharose column. E2 (SDS gel image, 
lanes 4-6) and E2 pre-incubated with HS (SDS gel image, lanes 8-10). Lane labels: M - 
mol. wt. marker, UB - unbound, NaCl EL - bound fraction protein that eluted with NaCl. 
(B) Quantification of percent (%) bound protein fraction. E2+HS is E2 pre-incubated with 
HS in competition assay. ** and *** represent P≤0.01 and P≤0.001, respectively, ‘ns’ is 
non-significance. 
 

B 

(A) E2 only (B) E2+HS 

Input 

Heparin 
column 

unbound 
wash 

NaCl-elution 

1 2 3 

A 
E2 

kDa 

47 
66 

E2+HS 
NaCl EL NaCl EL 

43 



Chapter 2 

 116 

 

Figure 2.6 Characterization of E3-E2-HEP interactions. (A) SDS PAGE analysis on 
elution fractions of E3-E2 protein from heparin sepharose column. Lane EL: 1 M NaCl 
elution fraction. (B) All four HBDs including the two red ovals at E3-E2 interface are 
shown for reference. 

 
From the predicted docking site HBD on E2, “AR104CPK107G”, R104 and K107 

make electrostatic interactions with sulfates of HS. We generated E3-E2 R104A/ K107A/ 

R104A+K107A mutants, purified these mutant proteins, characterized their structure by 

far-UV CD and intrinsic tryptophan fluorescence, and confirmed that these mutants have 

folded in the same way as that of the WT protein (Figures 2.7a and 2.7b).  
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Figure 2.7 Characterization of CHIKV E3-E2 docking site-HBD mutant proteins. (A) 
Intrinsic tryptophan fluorescence spectra. (B) Far-UV CD spectra of E3-E2 mutant 
proteins, purified in a similar manner as E3-E2 wildtype protein. 

 
Then we tested the heparin binding property of these mutants, which is significantly 

reduced/less compared to the WT protein (Figure 2.8). However, we did not observe 

complete loss of binding because of mutations in HBD of E2-dA (Figure 2.9). As 

mentioned earlier, there are three other HBDs in E2 structure and two of those three sites 

are not contributing to heparin binding by E2. However, one more predicted HBD present 

at the base of E2-dB would still be available for heparin binding on E2 or E3-E2 proteins. 

This site might be contributing to the remaining heparin binding observed with E3-E2 HBD 

mutants. But, this HBD that is very close to the E2-E1 interface may not be available on 

virion surface for HS binding (would be masked at E2-E1 interface on virion surface) 

(Figure 2.9). To add to this, our docking studies used a virion surface trimeric spike 

structure of E2-E1 and no HS docking poses were observed in E2-dB HBD.  
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Figure 2.8 Characterization of HEP binding property of CHIKV E3-E2 mutant proteins. 
(A) SDS PAGE analysis on elution fractions of E3-E2 WT and mutant proteins from 
heparin sepharose column. Lane EL: 1 M NaCl elution fraction. (B) Comparison of E3-E2 
WT and E3-E2 R104A, K107A and R104A+K107A proteins in heparin binding assay. 
Mean ± SD (n=3) of percent (%) fraction bound to heparin is presented for each protein, 
with statistical differences calculated to E3-E2 WT protein. *** and **** represent 
P≤0.001 and P≤0.0001 level of significance, respectively. 
 

 
Figure 2.9 Analysis of HEP binding property of CHIKV E3-E2 mutant proteins. (A) 
Comparison of E3-E2 WT and E3-E2 R104A, K107A and R104A+K107A proteins in 
heparin binding assay. Loss of fraction bound to heparin is presented for each protein as 
percent (%) values. Binding of WT E3-E2 protein was normalized to 100% and binding of 
mutant E3-E2 proteins were calculated accordingly. (B) The red oval representing the 
docking site HBD is highlighted within a black colored dashed box.  
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Also, the extent of heparin binding observed by E3-E2 double (R104A+K107A) 

mutant is not additive effect of each single mutant (R104A or K107A). Earlier studies 

characterizing HS and other glycosaminoglycan-protein interactions also reported similar 

observations with HS-binding site mutants. For example in a recent study, Richard B et al 

(156) has shown non-additive effect of single, double or triple HBD site residue mutations 

on heparin binding, in anti-thrombin. 

We also characterized the strength of HS binding to CHIKV E2 by Micro Scale 

thermophoresis assay. The Kd value observed is 1.8±0.6 µM and it indicates that the 

binding affinity is weak. Similar level of binding and Kd values are reported for other 

proteins that bind to HS (157). We also predicted presence of more than one HS binding 

sites on E3-E2 (Hill’s co-efficient, n=2) (Figure 2.10). This further supports our analysis 

with E3-E2 R104A+K107A binding to heparin. Cryo-EM data on HS interactions with 

basic residues at a similar site in another alphavirus, EEEV E2 is reported recently (105). 

 
Figure 2.10 E3-E2 and HS binding affinity measurement through Microscale 
thermophoresis assay. Dose response curve for HS binding to CHIKV E3-E2 WT protein 
with Kd value and Hill’s coefficient (n) value from the MST experiment. 
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Taken together, based on our docking predictions and comparison of heparin 

binding by purified E2, E3-E2 or E3-E2 R104A/ K107A/ R104A+K107A mutant proteins, 

we believe that the HBD between E2-dA and arch 1 of b-ribbon connector is the primary 

binding site of HS/heparin receptor. Also, of the four HBDs on E2 this site would be the 

most accessible site on trimeric spike structure at CHIKV virion surface. 

2.3.3 HS binding to E2 results in domain C movement in, towards E1  

Receptor binding to E2 triggering viral entry is one of the very first events in 

alphavirus entry. However, how receptor binding induces the breaking of E2-E1 interface 

interactions and dissociation is not understood. Does HS binding on E2 induce 

conformational changes? To understand this, we studied HS-docked E2 structure using MD 

simulations. Our clustering analysis of the simulation trajectory revealed two major clusters 

in a 6 clusters group (4 Å cut-off was used): cluster1 has 692 and cluster 2 has 284 structures 

(Figure 2.11a). We compared the pre-simulation HS-docked E2 structure with central 

structure of the major cluster1 (taken as resultant MD simulation structure in presence of 

HS). From overlay of both these structures it is clear that positions of E2-dB and E2-dC 

have changed significantly from their initial positions (Figure 2.11b). E2-dB has shifted 

from its completely masking position over E1 fusion loops at domain II tip to a slightly 

outward position. The center of mass calculations revealed that E2-dB has moved by 3.1Å 

from its starting position in the pre-receptor-bound conformation (Figure 2.11b, left). We 

did not see any such changes in E2, in a control run where E2 only MD run was conducted 

in absence of HS. The overall RMSD between the input E2 structure and the resultant E2 

structure obtained from E2 only MD run is 1.62 Å. Radius of gyration (Rg) analysis 

indicated that HS binding lead to decrease in Rg of E2 and its structure become compact. 
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Figure 2.11 Analysis of MD simulation trajectory of E2-HS complex. (A) Schematic of 
the overall MD simulation analysis. (B) Clustering analysis of the MD trajectory. (C) Left: 
comparison of t = 0 ns structure with the control structure (magenta colored cartoon 
representation of E2, which was run for MD without HS), and t = 7.97 ns structure (central 
structure from the major cluster). Curved arrows indicate movement in domain B and 
domain C between t=0ns and t=7.97ns structures. Right: overlay of E2–E1 heterodimer 
structure with t = 7.97 ns structure. E1 (grey, surface representation) domains represented 
as I, II, III; and for E2 as A, B, C. E2 (blue, cartoon representation) and E2-HS, t = 7.97 ns 
structure (green) are aligned. HS is shown in stick representation. FL is E1-FL. (D) Radius 
of gyration analysis of the MD trajectory. 
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Further, backbone RMSD analysis also reflected similar results (Figure 2.12a). 

Major movement was seen with E2-dC - center of mass moved by 16.1 Å. (Figure 2.12a 

and 2.12b) and all atom RMSF analysis showed maximum deviation (Figure 2.13b). 

Overlay of MD resultant structure on to the spike E2-E1 heterodimer structure (Figure 

2.11b) shows that domain C moved to a place where domain II of E1 would normally be 

positioned in the heterodimer complex. As observed, no significant secondary structural 

changes were seen upon HS binding.  

 
Figure 2.12 RMSD and RMSF analysis of MD simulation trajectory of E2-HS complex. 
(A) Domain wise RMSD and (D) RMSF analysis output from the MD trajectory of HS 
docked E2 complex structure. 
 

Analysis of E2 structure shows presence of three out of five tryptophans in E2-dC. 

We thought, if HS binding leads to domain C movements as predicted from MD simulation 

studies, the environment of the tryptophan residues at least for the ones present in E2-dC 

region are likely to change. Tryptophan fluorescence emission spectra analysis on E2 

structure in presence and absence of HS are represented as overlaid spectra in Figure 2.13. 
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Figure 2.13 Tertiary structure analysis on HS-bound E2 and E3-E2 (A) Intrinsic tryptophan 
fluorescence spectra of E2 and E3-E2 in presence and absence of HS, respectively. (B) 
Structure of E2 (in cartoon representation) with tryptophans in E2 shown in red colored 
stick representation. 
 

Intensity of intrinsic tryptophan fluorescence in presence of HS increased for both 

E2 and E3-E2 suggesting towards HS binding induced change in tertiary structure. On the 

other hand, far-UV CD spectra analysis showed no significant secondary structural change 

in presence or absence of HS (Figures 2.14a and 2.14b). From this, we hypothesize that 

tryptophan fluorescence changes observed is primarily because of E2-dC bending to bring 

three out of the five tryptophans close towards the β-ribbon connector.  
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Figure 2.14 Secondary structure analysis on HS bound E2 and E3-E2. (A) Far-UV CD 
spectra of E2 and E3-E2 in presence and absence of HS, respectively. (B) Estimated percent 
(%) secondary structural content in E2 and E3-E2 and their comparisons between far-UV 
CD data (predicted using K2D3 server) and from crystal structure data. 

 

To validate MD simulation predictions further, we labeled a FRET fluorophore pair 

on E3-E2, one in domain C and another in b-ribbon connector. We reasoned that if domain 

A 
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C moves towards b-ribbon connector, as predicted in our MD simulations, the FRET 

acceptor and donor introduced on domain C and b-ribbon connector should move closer, 

thus increasing the acceptor fluorescence. To choose a right FRET pair that can reflect the 

distance between the two E3-E2 domains, before and after HS binding, we analysed all the 

commercially available FRET pairs. This R0 reported for most FRET pairs is in the range 

of ~60-70Å (158). However, the farthest distance between the domain C and b-ribbon 

connector is not more than 30 Å. Irrespective of where the FRET pair is placed, some 

amount of acceptor fluorescence is expected, even when HS is not bound to E3-E2. (refer 

to 2.17a). We expected that FRET to increase (increase in acceptor fluorescence and 

decrease in donor fluorescence) after HS binding. To introduce the FRET pair, we created 

a double cysteine mutant of E3-E2 (please refer to the description in Material and Methods) 

– a cysteine introduced in domain C, replacing S296; and another in b-ribbon connector, 

replacing S154 (Figure 0.15).  

 

 
Figure 2.15 Analysis of E3-E2 structure for FRET pair introduction. Structure of E2 (in 
cartoon representation) with Ser154 and Ser296 (shown as red colored spheres) locations 
chosen for cysteine mutation are shown. Cβ to Cβ distance between these two residues is 
also shown. 
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The double cysteine mutant, E3-E2(S154C+S296C) is similar to WT with respect 

to secondary structural content and tertiary structure, as evident from our far-UV CD and 

intrinsic tryptophan fluorescence data (Figure 2.16a and 2.16b). We checked for the 

availability of free cysteines with Ellman’s reagent prior to fluorophore labeling, to make 

sure that only introduced cysteines are available for labeling. Absorbance observed with 

Ellman’s reagent at 412 nm for WT protein is same as buffer blank, whereas it increased 

for the double cysteine mutant (Table 2.1). Also, we checked heparin binding of the double 

cysteine mutants, labeled with FRET fluorophore pair – they bound to HS, to a similar 

extent as that of the wildtype protein (Figure 2.17).  

 

Figure 2.16 Characterization of CHIKV E3-E2 double cysteine mutant protein. (A) 
Intrinsic tryptophan fluorescence spectra and (B) Far-UV CD spectra of E3-E2 
S154C+S296C mutant protein, purified in a similar manner as E3-E2 wildtype protein. 
 
 
 
 
 
 
 
 

A B 
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Table 2.1: 412nm absorbance values of BSA, E3-E2 WT and S154C+S296C mutant 
proteins and the buffer control from the Ellman’s assay, which tests for free sulfhydryl 
groups in proteins. All proteins were tested in TNE pH 7.6 buffer for the experiment. 
 

 TNE 
buffer  

E3-E2-WT  Unlabeled E3-
E2-
S154C+S296C 

Labeled E3-
E2-
S154C+S296
C 

Absorban
ce@412n
M  

0.14 0.14 0.24 0.14 

 

 

 
Figure 2.17 Characterization of HEP binding property of CHIKV E3-E2 double cysteine 
mutant protein. (A) SDS PAGE analysis on elution fractions of E3-E2 WT and double 
cysteine mutant protein from heparin sepharose column. Lane EL: 1 M NaCl elution 
fraction. The double cysteine mutant seen running as doublet in SDS-PAGE could be 
because of protein degradation. (B) Comparison of E3-E2 WT and E3-E2 S154C+S296C 
proteins in heparin binding assay. Mean ± SD (n=3) of percent (%) fraction bound to 
heparin is presented for each protein, with statistical differences calculated to E3-E2 WT 
protein. ‘ns’ is non-significance. 

 
 

B A 

E3E2 WT 

S154C+S296C 



Chapter 2 

 128 

We did FRET assay (Figure 2.18) with labeled E2 protein alone first. As expected, 

FRET was observed between donor and acceptor in labeled protein alone (Figure 2.18). 

This further suggests that our purified E3-E2 protein has domain organization similar to 

what is seen in the crystal structure. However, we did not observe significant change in 

acceptor or donor fluorescence emission in presence of HS (Figure 2.18).  

 
Figure 2.18 FRET analysis on HS bound E2 and E3-E2 structure. FRET data represented 
as fluorescence emission spectra of Alexa Fluor labelled E3-E2 (either at pH 7.4 or pH 5.5) 
WT protein, in presence or absence of HS. 

 
MD simulation predictions suggested that HS binding to E2 may cause domain C 

to move by ~16 Å, close towards b-ribbon connector and if this is right we should expect 

more FRET efficiency in presence of HS compared to absence of HS with labeled E3-E2 

protein. This could be because of donor and acceptor fluorophores being much closer 

(~24.7 Å) on the protein than the R0 (~60 Å) distance, and hence already exhibiting 

maximum FRET efficiency (close to 100%, to be specific 99.52%). In this scenario, even 

in the presence of HS, domain movements upon HS binding would not result in perceivable 
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change in FRET. If this assumption is right, then at a mildly acidic pH (5.5) condition, 

where E2 b-ribbon connector structure has been reported to be disordered that results in 

dissociation from domain A contacts (80), should result in reduced FRET because of 

increase in distance between FRET donor and acceptor pairs. In fact, FRET observed with 

E3-E2 at pH 5.5 is significantly reduced (Figure 2.18) (higher donor emission and lower 

acceptor emission) compared to FRET at pH 7.4, suggesting our assumption about distance 

measurements between FRET pair on E3-E2 at pH 7.4 to be right. Presence of HS with E3-

E2 also did not alter the lowered FRET observed at pH 5.5 (Figure 2.18).  

 

2.4 DISCUSSION: 

Like other alphaviruses, CHIKV enters into cells through receptor binding triggered 

endocytic entry pathway. Its surface envelope protein E2 is the receptor binding protein. 

Despite years of study by many different groups, our knowledge on E2 - receptor 

interactions is very limited. Also, the mechanistic details of E2-E1 conformational 

rearrangements upon receptor binding are poorly understood. In current study, using in 

silico docking, MD simulations and biochemical approaches, I have characterized heparan 

sulfate and heparin receptor interactions with CHIKV E2 protein. We have also studied HS 

binding induced E2 conformational changes and we believe our results could possibly 

explain the E2-E1 dissociation mechanism - an essential step before membrane fusion. 

Here, we discuss our results in line with available literature on alphavirus E2-E1 

dissociation mechanism during cell entry. 

Many viruses make use of cell surface HS as attachment receptors. Alphaviruses 

such as CHIKV (78, 101, 103), SFV (159), SINV (159, 160), Ross River virus (161), EEEV 
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(162) can utilize cell-surface HS for triggering viral cell entry. Our docking results 

suggested that HS binds on to CHIKV E2-E1 trimeric spike structure at a positively charged 

pocket. This pocket is formed between E2-dA and arch 1 of β-ribbon connector. From the 

available structural data (based on structure alignments), analogous positively charged 

pockets can be seen in other alphaviruses (SINV (22) and VEEV (91)) trimeric spike 

structures as well. Our predicted HBD on CHIKV E2-dA is part of the highly conserved 

(both sequence wise and structurally) EF loop of alphaviruses (163).  

Consensus HBD motifs are present on other viral envelope proteins such as HIV 

gp120 (164) and RSV G (165), DENV E (166) and HSV gD (167), which bind to HS 

through these HBDs. No such consensus HBDs are observed on alphaviruses E2 sequences. 

We identified a novel consensus HBD motif pattern, XBXXBX, in alphaviruses that is 

present most available alphaviruses E2 sequences and mostly map to domain A. In SINV, 

the HBD is present in CD loop of domain A with Lys and Arg residues side chain 

projections forming the HS binding pocket, in similar structural context as seen with 

CHIKV E2. In an earlier study, Voss JE et al (82) mapped mutations that effect HS binding 

(data published on alphaviruses) onto CHIKV E3-E2-E1 crystal structure and inferred E2-

dB, E2-dA and β-ribbon connector to be putative receptor binding regions. Published 

reports show alphavirus neutralizing antibody escape mutations also map to same regions 

on E2. Kam Y et al (168) mapped CHIKV neutralizing antibody epitope on to β-ribbon 

connector at a region close to the HBD proposed in this work. Interestingly, predictions of 

binding sites for other protein and heparin receptors map to E2-dA or b-ribbon connector 

and E2-dB as well, overlapping with HS binding site on E2 (Figure 2.4). Zhang R et al (96) 

recently mapped antibody epitopes overlapping with MXRA8 receptor binding site on E2 
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to domain A and domain B. In fact, two other publications that have come up in parallel to 

this work and published in June 2019 by Basore et al (90) and Song et al (97) showed the 

first co-complex structure of a receptor (MXRA8) bound CHIKV E2-E1 trimeric spike 

structure and it is the 1st structural evidence of a receptor bound state of any alphavirus 

envelope protein structure. This study elucidated the MXRA8 receptor binding site, which 

is very much overlapping with our predictions of the receptor binding site on domain A 

and domain B regions of CHIKV E2 protein (Figure 2.18). In addition, in a very recent 

cryo-EM study by Chen et al (155) the authors have identified the HS binding site on 

another alphavirus, eastern equine encephalitis virus (EEEV) to be in a region on the 

homologous E2 protein that is highly comparable to the HS binding pocket that we 

proposed from this study on CHIKV E2 protein (Figure 2.19). 

 

 
Figure 2.19 Comparison of reported MXRA8 and HS binding sites on alphavirus spike to 
HS docked site on CHIKV E2 from this study. Trimeric spike in CHIKV and EEEV are 
shown as cartoon representation. E2 is shown in blue and E1 in wheat color. E3 if present 
is shown in gray color. Only top and angled top views of the spike are shown for better 
visualization of receptor binding sites. (A) HS (shown as sticks) docked pose on CHIKV 
spike. (B) Cryo-EM determined sites of HS (shown as sticks) on EEEV spike. (C) Cryo-
EM determined site of MXRA8 (shown as cartoon, purple color) on CHIKV spike. 
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Further, we validated our in silico predictions using recombinant CHIKV E2 or E3-

E2 proteins, both of which bound to HS and heparin specifically, through weak electrostatic 

interactions (Kd = 1.8±0.6 µM). Mutation of HBD site charged residues, either R104 or 

K107 or both lead to significant reduction in HS binding. Altogether, our in silico and 

biochemical data support that the HS binding site at E2-dA and b-ribbon connector is the 

primary binding site of HS receptor on CHIKV E2.  

Trimeric spike structures from CHIKV (82, 90, 141) SINV (22), VEEV (91) show 

three E2 molecules at the center of the spike, where E2-dA and β-ribbon connector region 

make most of the intra spike contacts. Also, interaction between E2-dC and β-ribbon 

connector with E1-dII hold E1 in place at the periphery of the spike. However, the post-

fusion structure of E1 is a homotrimer. Role of both receptor binding (35, 82, 106) and 

endosomal acidic pH (22, 80, 169) in E2-E1 dissociation have been proposed. It is also 

likely that receptor binding to E2 may initiate heterodimer dissociation, which can then be 

completed during the endosome acidification step. In either case, E2-E1 dissociation would 

involve breaking of major inter-protein contacts (mostly between domain C of E2 and 

domain II of E1). E2-dA-dB ‘clamp’ opening around E1-FLs may happen subsequently or 

simultaneously to E2-dC and E1-dII dissociation. To evaluate how receptor binding 

affects/triggers these events, we did MD simulations on HS-bound E2 structure. Our 

prediction from simulations suggests movement of E2-dC, and E2-dB regions, upon HS 

binding. The HS binding region, the E2-dA however, was relatively stable and did not show 

significant change in conformation. Intrinsic tryptophan fluorescence, and FRET studies 

with CHIKV E2 and E3-E2 in the presence of HS indicated movement of domain C region. 

As imaginable, this movement of E2-dC would sterically clash with E1-dII in the E2-E1 
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heterodimer structure and probably would push E1 away from the hypothetical central axis 

of the trimeric spike structure. The marginal E2-dB displacement that is observed would 

open up the domain A and B clamp that locks E1-FLs and would probably break a critical 

hydrogen bond between H226 on E2-dB and A92 on E1-FL. Li et al (80) using SINV E2-

E1 trimer crystal structure earlier reported that E2-dA-dB ‘clamp’ opens up, exposing the 

fusion loops on E1-dII tip, as an intermediary conformational change step during entry. 

Also, the authors have discussed role of E2-dC rearrangements as a possible mechanism 

for E2-E1 dissociation. 

Based on experimental observations and interpretations of data available on other 

alphaviruses E2-E1 proteins, we propose a model-explaining role of receptor binding 

trigger in alphavirus entry (Figure 2.20). The positively charged groove between domain A 

and arch 1 of β-ribbon connector is a conserved heparan sulfate receptor binding region on 

E2 in alphaviruses. Receptor biding to E2-dA allosterically triggers movement of E2-dC 

in, towards E1, pushing E1 away from trimeric spike central axis. Subsequently or 

simultaneously, E2-dA-dB clamp opens up exposing E1 fusion loops. Envelope protein 

domain movements upon receptor binding triggering fusion protein activation have been 

reported for other viruses as well. In HIV-1, receptor and co-receptor binding to receptor 

binding protein induces allosteric conformational changes in receptor binding protein that 

induces conformational changes and triggers fusion protein activity (32). In measles virus, 

binding of receptor to receptor binding protein results in head domain movements, 

triggering fusion activity of fusion protein (36). Similarly, in Ebola virus, cell surface 

receptor binding followed by endosomal receptor binding to receptor binding protein 

induces allosteric conformational changes and triggers fusion protein activity (38). 



Chapter 2 

 134 

 

 
Figure 2.20 Mechanism of alphavirus E2-E1 dissociation upon receptor binding. Top view 
of E2-E1 trimeric spike (zoomed in view from the viral surface) before (left), and after 
receptor binding (right). E1 domains are represented as I, II and III (magenta, yellow and 
cyan colored ovals, respectively), and E2 domains are represented as A, B and C (marine 
blue, light blue and deep blue colored ovals, respectively) and the b-ribbon connector 
(shown as purple colored oval). Receptor (purple triangle) binding to E2 on domain A or 
β-ribbon connector allosterically induces domain movements in E2: E2-dC movement 
pushes E1-dII, resulting in E2–E1 dissociation. E2-dA-dB clamp opening exposes E1-FL 
(red star) at the tip of domain II. 
 

Despite several studies on alphavirus receptors, the mechanism of receptor binding 

and triggering of cell entry remained elusive. Our study provides first clues for 

understanding receptor binding as a regulation mechanism in alphavirus cell entry. 

Interestingly, our is corroborated by a recent study by Chen et al (155), through cryo-EM 

study the authors have identified HS binding site(s) on another alphavirus, eastern equine 

encephalitis virus (EEEV) to be in a region on the homologous E2 protein that is highly 

comparable to the HS binding pocket that we propose in this study on CHIKV E2 protein 

(Figure 2.19). The potential use of HS sulfate as an antiviral agent in alphavirus entry is 

proposed by Chen et al (155) and Weber et al (102). Such approach is an extrapolation of 

the knowledge that we have, based on receptor binding site blockers developed against 

influenza (51) and HIV viruses (52).
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CHAPTER 3 

CHARACTERIZATION OF CHIKV E1 DI-DIII 
INTERFACE MUTANTS TO EXPLAIN ACIDIC PH 
TRIGGERED CONFORMATIONS DURING ENTRY 

 

 

 

 

Acidic pH triggered conformational changes in Chikungunya virus fusion protein, 
E1 – a spring twisted region in domain I-III linker acts as a hinge point for swivelling 
motion of domains. Sahoo B, Gudigamolla NK, and Chowdary TK (Under review 
in Journal of virology) 
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3.1 INTRODUCTION: 

CHIKV membrane fusion protein, E1, has structural features of class II viral fusion 

proteins: has three b-sheet rich domains (domains III, I and II, from viral membrane 

proximal to distal order); has internal fusion loops at the tip of domain II; form a 

heterodimer with receptor binding protein, E2, in pre-fusion state, but form homotrimers 

post fusion (refer to figure 3.1 and refer to General introduction for detailed structure 

description). Owing to the structural similarity with other viral membrane fusion proteins 

(FP), it is proposed that CHIKV E1 follows the universal structural mechanism explained 

for viral fusion proteins (170, 171). Viral fusion proteins undergo pre- to post-fusion 

conformational changes, through an extended intermediate conformation to facilitate 

membrane fusion (please refer to General introduction for detailed description of the 

universal mechanism). In class II viral fusion proteins, the three domains of the fusion 

protein move and rearrange into a post-fusion hairpin conformation by the end of the 

membrane fusion (172–175).  Domain rearrangements in pre- to post-fusion conformation 

change in alphavirus E1 are triggered by acidic pH (172–175).  

E3-E2-E1protein organization on virion surface follows that of other alphaviruses. 

Crystal structure of CHIKV E3-E2-E1 heterodimer in its pre-fusion conformation (PDB: 

3N42) (82) and cryo EM reconstruction of the trimeric E2-E1 on virion spike (176) 

revealed that E2 is at the center of the spike, whereas E1 is at the periphery. The spike 

structure is held by the inter-protomer interactions of E2. The three E1 protomers do not 

interact with each other (refer to figure 3.1).  
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Figure 3.1 CHIKV envelope proteins pre- to post-fusion conformation switch. Top (left to 
right) - Image from 3D reconstruction of CHIKV E2-E1 into CHIKV VLPs (EMD-5577), 
surface view (labelled CHIKV), is shown. One trimeric spike structure is shown in circle. 
Zoomed in image of one E2-E1 trimeric spike is shown to the left (PDB: 3J2W). Top view 
of E1 (different shades of gray) and E2 (blue) are shown in surface representation. Three 
protomers of E1 and E2 are labelled, E1, E’ and E’’, and E2, E2’ and E2’’, respectively. A 
single monomer of E1 (from PDB: 3N42), in cartoon representation, is shown to explain 
the pre-fusion hairpin conformation, with the three domains (dI, dII and dIII) and fusion 
loops (FL) labelled. E1 dI-III linker is marked with a left black arrow. Top view of the post-
fusion E1 homo-trimer (PDB: 1RER) is shown to the right. Bottom: shows side view of the 
trimeric spike in the left, schematic of a possible extended intermediate in the middle (dIII, 
dI, dII and fusion loops depicted in cyan, magenta and yellow ovals and a red star, 
respectively), and post-fusion E1 homo-trimer conformation in the right. VM, CM and FM 
refer to viral membrane, cell membrane and fused membrane, respectively. Dashed lines 
connecting protein structure figures with VM and FM, represent stem and transmembrane 
region that anchor the proteins into VM and FM. 

pre-fusion post-fusion 
E2-E1-spike 

CHIKV 

E2 

E1 

E2 FL 

FL VM FM VM 

II 

I 

III 

extended  
intermediate 

FL CM 

dII 

dI 

dIII 

FL 

E2’ 

E2’’ 

E1’ 

E1 

E1’’ 

E1 homotrimer 

E1 
E1’ 

E1’’ 



Chapter 3 

 137 

Post-fusion structure of CHIKV E1 is not available. However, crystal structure of 

E1, which is a homotrimer of E1, from Semliki Forest virus (SFV), determined at acidic 

pH (pH 4.0) is published (PDB: 1RER) (172). In this conformation, dI-II regions from three 

E1 protomers form the central core of the homotrimer, surrounding the vertical axis of the 

trimer. E2 is not present in the post-fusion conformation. So, during pre- to post-fusion 

conformation switch, dI-II region from three E1 protomers should come together and 

establish inter-protomer interactions. Domain III from each protomer is arranged, folded 

back onto dI-II central core, like an outer whorl of the structure (refer to figure 3.1, ‘post 

fusion’).  Owing to the similarity of CHIKV E1 pre-fusion structure with that of SFV and 

SINV pre-fusion structure, it is reasonable to assume that CHIKV E1 also forms a post-

fusion homo-trimer, very similar to SFV E1 post-fusion homo-trimer.  

An evidence for an extended conformation of E1, though an indirect one, came from 

cryo-EM studies of Cao et al (177).  They exposed SINV viruses to pH 6.4 in presence of 

liposomes. A week electron density bridging virus and liposomes at the periphery of the 

trimeric spike they interpreted as extended conformation of E1 (refer to figure 0.17 in 

general introduction chapter). Several other biochemical studies also indicated that domain 

III and dI separate and form an extended intermediate during early steps of membrane 

fusion (174, 178–180). 

The pre- to post-fusion conformational switch, from E3-E2-E1 trimeric spike to E1 

homotrimer, is triggered by two sequential events: 1. Receptor binding on E3-E2-E1 spike 

and 2. Acidic pH of the endosome. Earlier, we have shown that receptor binding leads 

conformational changes in E2 that explain triggering of E2 dissociation from E1. We 

hypothesized that receptor binding may initiate dissociation of E2 and E1, however 
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complete dissociation may require acidic pH of the endosome(181) (refer to chapter 2, 

Discussion). Several other studies (172, 173, 177, 182, 183) report dissociation of E2 and 

E1 in acidic pH of the endosome. As part of the pre- to post-fusion conformation switch, 

once E2 dissociates from E1, the dI-II region from the three E1 protomers have to swivel 

to the center of the spike, forming the homotrimer. Li et al (173) proposed that, upon acidic 

pH trigger, dI-II region would move by 180° to the center of the spike, displacing E2. Since, 

the dIII is anchored into the transmembrane region, one possible way that the dI-II region 

of each protomer moving to the center of the spike is by a swivelling motion over the dI-

III linker. By time-resolved cryo-electron microscopy on SFV, Fuller et al (184) also 

proposed that at acidic pH, E1 shows a centripetal movement by a swivelling motion 

towards center of the spike to form a trimer. A similar proposal was done by 

Mukhopadhyay et al (185). 

However, mechanistic details on how and where in the protein, acidic pH triggers 

swivelling motion of domains is not known. During pre- to post-fusion conformation 

change, domains of E1 are likely to move as rigid bodies — no major change in the 

structure of individual domains is seen. The domain I-III linker (the hairpin bend) is the 

only flexible region in the protein (please refer to General introduction for description of 

the dI-III linker structure). We wondered if the swivelling motion of domains is brought 

about by conformational changes in the dI-III linker in acidic pH.  

In parallel or subsequently, the hairpin structure may extend linearly to arrange all 

three domains of E1 into a linear axis. Before linear extension of the molecule, the 

interactions between dIII (one arm of the pre-fusion hairpin) and dI (the other arm of the 

hairpin) have to be broken. Dissociation of domain I from III is also triggered by acidic pH. 
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Conserved histidines and other charged residues in the dI-dIII interface are proposed to be 

critical for acidic pH sensing. In the pre- to post-fusion conformation switch, a conserved 

histidine, H331, shows altered interactions other charged residues in the dI-dIII interface. 

H331 makes electrostatic interactions with K16 in pre-fusion and with N149 in post-fusion 

with an adjacent protomer of E1 (refer to General introduction chapter for details). To 

answer how acidic pH triggers dissociation of domain I from III, we studied the role of a 

hydrogen bond between a conserved histidine in domain III (His331 in CHIKV E1) and 

Lys16 in domain I.  

This chapter narrates the results of the study and discusses structural changes in E1 

dI-dIII linker region and dI-dIII interface triggered by acidic pH that explain swivelling of 

E1 dI-dII over dIII. 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

 140 

3.2 MATERIALS AND METHODS: 

3.2.1 Sequence and structure analysis of CHIKV E1 

We used sequence corresponding to the dI-III linker region (residues 283-294) of 

CHIKV E1 (protein_id="ABD95938.1), to align with corresponding sequence region from 

other alphavirus E1 sequences. Altogether, 16 sequences were compared in multiple 

sequence alignment (MSA). We used Clustal Omega program with default parameters for 

MSA analysis. 

Crystal structure of CHIKV E1-E2-E3 soluble ectodomain complex, PDB: 3N42 

(186), is used for analysis of pre-fusion conformation of E1. Post-fusion homo-trimer 

structure of CHIKV E1 was modeled using CHIKV S27 isolate E1 sequence 

(protein_id="NP_690589.2") as input and SFV post-fusion E1 structure (PDB: 1RER) as 

template. We used the SWISS-MODEL web server for homology modeling. We did Propka 

analysis on E1 protein in pre-fusion (CHIKV E1, PDB: 3N42), and in post-fusion homo-

trimer conformation) using the PDB2PQR server available at http://nbcr-

222.ucsd.edu/pdb2pqr_2.0.0/ with default parameters. We used PyMol for studying pre-

fusion and post-fusion conformations of domain I, and III interactions involving conserved 

H331 and preparing structure figures. 

3.2.2 Constant pH molecular dynamics (MD) simulation on E1 at pH 5.5  

We performed constant pH molecular dynamics (MD) simulation on E1 at pH 5.5. 

We used the AMBER99SB force field as part of GROMACS 5.1.4 package for carrying 

out energy minimization, simulations and trajectory analyses on CHIKV E1 structure. 

CHIKV E1 structure extracted from PDB: 3N42 was prepared for MD simulation by 

removing water molecules and HET atoms first. The ‘cleaned’ pdb was then used as an 
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input at PlayMolecule server available at https://playmolecule.org/ for assignment of 

protonation states at a given pH value. In Gromacs, all other steps till final MD run were 

performed as described in chapter 2 for E2-HS complex MD simulation. Production MD 

run was performed at 300K for 50ns time scale.  

3.2.3 Cloning, expression and purification of CHIKV E1 WT and mutant proteins 

All the mutant proteins used for this part of the study (E1 dI-dIII interface mutants: 

H331D, H331E, and the H331C+L18C proteins) are expressed and purified exactly in the 

same manner as that of the WT protein (detailed in chapter 1). 

3.2.4 Far-UV circular dichroism and intrinsic tryptophan fluorescence spectroscopy 

To ascertain that the mutant E1 proteins are structurally similar to the WT protein, 

we recorded far-UV CD and intrinsic tryptophan fluorescence spectra on E1 dI-dIII 

interface mutants, E1 H331D, H331E, and the H331C+L18C. Experimental procedure for 

recording CD spectra and fluorescence spectra were the same as used for the WT protein 

(described in chapter 1).  

3.2.5 Size exclusion chromatography 

We analysed the quaternary structures of E1 dI-dIII interface mutants: H331D, 

H331E, and the H331C+L18C proteins using size exclusion chromatography in the same 

way as the WT protein (procedure detailed in chapter 1). 

3.2.6 Lipid co-floatation assay 

We used this assay to study the membrane interaction properties of E1 

H331C+L18C and H331D/E mutant proteins in the same manner as the WT protein 

(procedure detailed in chapter 1). 
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3.2.7 Pyrene excimer fluorescence assay for studying E1-membrane association 

We used this assay to study the membrane destabilization properties of E1 

H331C+L18C and H331D/E mutant proteins in the same manner as the WT protein 

(procedure detailed in chapter 1). 

3.2.8 Liposome content mixing fusion assay 

We used this assay to study the membrane fusion properties of E1 H331C+L18C 

and H331D/E mutant proteins in the same manner as the WT protein (procedure detailed 

in chapter 1). All readings were taken as described previously expect for the E1 

H331C+L18C + b-ME sample, in which case 5mM b-ME was added to the reaction 

mixture before acidic pH triggering step. 
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3.3 RESULTS: 

3.3.1 A conserved arginine-aspartic acid/glutamic acid pair in alphavirus E1 dI-III 

linker 

In order to understand the role of dI-III linker region in E1 domain swivelling 

movements during membrane fusion, we started by aligning and comparing the linker 

region sequences from different alphaviruses. Sequence alignment is shown in figure 3.2A. 

There are two conserved prolines, one on either side, as bounds of the linker in most of the 

sequences. Overall, no sequence conservation is noted, except for an arginine and a 

phenylalanine in the middle of the sequence. As per CHIKV E1 sequence numbering, the 

conserved arginine is at 289 position. We noted that an aspartic acid or a glutamic acid 

residue, 2 or 3 residues in the C-terminal side of the Arg289, is seen in 14 out of 16 sequences 

that we compared. Zheng et al (179) studied importance of the dI-III linker in SFV E1 by 

creating point mutations and deletion mutants. Their observations gave insights into 

importance of the linker in acid pH-induced homo-trimerization of E1. They inferred that 

an acid-sensing conserved histidine residue in domain I, H3, forms a p-cation interaction 

with the conserved arginine and phenylalanine of dI-III linker, in post-fusion homotrimer. 

This suggests that the conserved arginine and surrounding residues in the dI-III linker may 

have a critical role in acid pH-induced conformation changes in E1.  
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Figure 3.2 Analysis of alphavirus E1 dI-III linker region in pre- and post-fusion state. (A) 
Multiple sequence alignment of alphavirus E1 dI-III linker: conserved arginine –
aspartate/glutamate pair is highlighted in gray. Sequence numbering is as per CHIKV E1 
sequence.  (B) Left column - structure of dI-III linker from CHIKV E1 (from PDB:3N42) 
in pre-fusion conformation (cartoon representation). Conserved arginine (R289) and 
aspartate (D292) pair is shown in sticks. Zoomed in image of the boxed region of dI-III 
linker is shown in inset above. Main chain hydrogen bond holding the spring-twist region 
is shown by yellow dotted line. Middle column – CHIKV E1 dI-III linker region in pre-
fusion and post-fusion conformation. Distance between R289 and D292 side chain atoms 
is shown and shown by yellow dotted line. Right lane – dI-III linker regions from pre-
fusion structures of SFV, SINV and VEEV are shown. In middle and right lanes dI-III 
linker is shown in a different orientation compared to that in left lane, and red arrow heads 
point to the spring-twisted region of the linker. A different orientation of the linker 
(compared to left lane) is shown (C) Graphical presentation of root mean square fluctuation 
(RMSF) analysis of the MD simulation trajectory. Sequence stretch is mapped to the 

C D 

FL 
dII 

dI 

dIII 

pre-fusion 
t=23.37ns 

21.4° 

VM 

19.9Å 

A 

      : :    *   *       . 	

283 294 
B 

SFV 

3	

pre-fusion 

D292 

R289 
2.4	

SINV 

VEEV 

post-fusion 

D292 

R289 
dII 

dI 

VM 

dIII 

pre-fusion CHIKV dI-III linker 

P294 

R289 D292 



Chapter 3 

 145 

corresponding domain (dI, dII, dIII or dI-III linker). (D) Structural overlay of t=23.37ns 
cluster central structure from MD simulations (slate) over pre-fusion crystal structure of E1 
(from PDB 3N42). Cluster analysis of the MD simulation trajectory is graphically 
presented in the inset. The structures were aligned over domain III. Centre of mass of dI-II 
regions were estimated using center_of_mass.py script from PyMol script repository.  A 
double-headed arrow depicts displacement of center of mass of dI-II regions in MD 
simulation. Rotation of dI-II virtual axis over the dI-III linker is shown. 

 

3.3.2 A conserved spring-twisted structure in the dI-III linker is untwisted in pre- to 

post-fusion conformation change  

We then analysed structure of the dI-III linker from different alphaviruses, where a 

pre-fusion structure of E1 is available. The linker region does not have any regular 

secondary structure, except for a 310 helix at the N-terminus (figure 3.2B). However, two 

features of the dI-III linker structure caught our attention. In CHIKV E1, side chains of the 

conserved arginine (R289) and the conserved aspartic acid (D292) face in the same 

direction, away from the protein interior (figure 3.2B, left column and inset). The distance 

between the Arg289 and the Asp292 side chains (3.0 Å between NH2 on R289 and OD2 on 

D292; PDB: 3N42) would allow a salt bridge formation (figure 3.2B, middle column). 

Similarly, in SFV and VEEV as well, the Arg289 and Glu292 side chains are at a distance 

and orientation to form a salt bridge. Thus, salt bridge between the conserved Arg and 

Asp/Glu pair in the pre-fusion conformation seems to be a conserved structural feature in 

alphavirus E1 dI-III linker region.  

Another interesting structural feature that we noted is the backbone conformation 

of the region between the conserved Arg289 and Asp292. Backbone of this region is twisted 

like a spring. And the spring twist of the backbone, appears like, is stabilized by the Arg-

Asp/Glu salt bridge, apart from a main chain hydrogen bond (figure 3.2B, inset in left 
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panel). Except for VEEV E1, where this region is modeled as a 310 helix, in CHIKV, SFV, 

SINV E1 this region is seen as a spring-twisted structure (figure 3.2B, panels in right 

column). Considering that the dI-III linker is critical for viral entry (179), and the conserved 

Arg-Asp/Glu salt bridge of the linker may break at the acidic pH, we wondered if the 

spring-twisted region of the dI-III linker acts as a ‘hinge’ for dI-II swivelling (over dIII) 

during membrane fusion. If this were to be the case, then in the extended intermediate and 

in post-fusion structure of E1 we expect to see the spring-twisted region to be untwisted, 

and the Arg-Asp/Glu salt bridge to be broken. Post-fusion structure of CHIKV E1 is not 

available. Hence, we modeled post-fusion structure of CHIKV E1, using SFV E1 post-

fusion homo-trimer structure (PDB: 1RER). Indeed, in the post-fusion structure of SFV, 

and in post-fusion model of CHIKV E1 (figure 3.2B, middle column, panel labelled ‘post-

fusion’), the conserved arginine side chain is on the opposite side to that of aspartic acid 

(glutamic acid in SFV). More importantly, backbone of the region does not show the spring 

twist seen in the pre-fusion conformation. 

Thus, our sequence and structure analysis suggest that the spring-twisted region of 

the E1 dI-III linker acts as a ‘hinge’ for the domain swivelling, upon acidic pH trigger. 

 

3.3.3 MD simulations of E1 at acidic pH show dI-II rotation on dIII over the linker 

spring-twisted hinge 

Histidine residues in the dI-III interface have been proposed as key acid-sensing 

residues (187). One of the proposed ‘acid-sensing’ residue is histidine 331 in domain III 

(188). In pre-fusion conformation of CHIKV E1, histidine 331 is in a hydrogen bond 

interaction with lysine 16 in domain I. This hydrogen bond staples both domains from 
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moving apart in the pre-fusion conformation. We reasoned that, in acidic pH, histidine 331 

gets bi-protonated and the domain I-III stapling His331-Lys16 interaction breaks. Only then, 

domain I-II region can swivel towards the center of the spike. The swivelling-in motion, as 

such, is brought about by parallel untwisting of the dI-III linker spring-twisted region. In 

order to test this idea, we performed constant pH molecular dynamic simulations on E1 

structure. The optimum pH for triggering membrane fusion for CHIKV is 5.5 (189). 

CHIKV E1 structure (corresponding to ectodomain of a monomer) was ‘titrated’ to pH 5.5. 

We, using PROPKA on PDB2PQR server, assigned protonation states on all titratable 

residues and estimated the pKa values. We compared pKa values of ‘acid sensing’ residues 

at pH 7.4 and pH 5.5. We expected that protonation of the His331 at pH 5.5 would be 

different from that seen in neutral pH. A similar change in protonation status of the acid 

sensing histidine residue, His323, has been proposed as a trigger for conformational change 

in E protein of tick-borne encephalitis virus, at fusion-triggering acidic pH (190). 

Contrary to our expectation, His331 did not show any change in protonation when 

pre-fusion structure was titrated to pH 5.5 (pKa of His331 at pH 7.4 and at pH 5.5 is 4.89). 

Only change noted for His331 side chain is that it changed to e-tautomer (from d-tautomer 

at pH 7.4). We then used this pH 5.5-titrated E1 structure for MD simulation to predict 

conformational changes in the protein. RMSF deviation per residue for the trajectory is 

shown in figure 3.2C. As expected, there is no major change seen in (less than 3Å RMSF 

deviation) structure of domains I, II and III, except for fusion loops region of domain II 

(RMSF deviation of ~6 Å). Another region that showed RMSF change above 3Å is dI-III 

linker (figure 3.2C, marked as ‘linker’). Cluster analysis on the conformations of MD 

trajectory revealed a major cluster at t=23.37 ns (figure 3.2D inset). Interestingly, His331 - 
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Lys16 interaction did not change in t=23.37 ns structure. This implies that breaking of 

His331-Lys16 interaction is not an acid pH-triggered structural change. Important to note 

that, in post-fusion conformation this interaction is broken, and His331 makes a new 

interaction with Asn149 from another protomer in the homo-trimer structure (refer to figure 

3.3A and B).  

 

Figure 3.3 Structure analysis of pre-fusion (PDB: 3N42). (A), and post-fusion (homology 
model) (B) domain I-III stapling interactions by His331 in CHIKV E1.  In (A), hydrogen 
bond between His331 and Lys16 in pre-fusion conformation is shown with yellow dotted 
line. Cb-Cb distance between His331 and Leu18 is shown by grey dotted line. Distance units 
are in Å.  

 

We then compared the dI-III linker region of the t=23.37 ns cluster central structure 

to that of the pre-fusion conformation. We noted a rotational movement of the dI-III linker 

compared to pre-fusion structure. Though there is no major change in the spring-twisted 

region of the linker, the spring twist is slightly opened up compared to the pre-fusion 

conformation. This resulted in movement of the Arg289 side chain slightly away from 

Asp292. In this orientation the Arg289 cannot form a salt bridge with Asp292. We also noted 
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that, when we align the t=23.37 ns structure over pre-fusion structure, the domain I-II 

appeared slightly rotated over the dI-III linker. Since, domain III is anchored into the 

membrane through stem and TM region, we assume that the dIII does not move during the 

conformational change. In the domain III aligned structures (figure 3.2D), it is apparent 

that the dI-II region has swivelled out by ~22°. The center of mass of domain I-II region is 

displaced by ~20 Å in t=23.37 ns structure compared to pre-fusion structure (figure 3.2D). 

Change in j, y, and w angles between R289VVD292 residues of the linker region, between 

pre-fusion and t=23.37ns cluster central structure (comparative table shown in table 3.1) 

also indicated untwisting of the spring-twisted region in acidic pH. 

Table 3.1. Comparison of dihedral angles of “RVVD” residues from the dI-dIII linker 
region between t=0ns and t=23.37ns structures from MD simulation studies. 
 
 

 
 

 

Dihedrals Structure Phi (φ) Psi (ψ) Omega (ω) 

     

R289 t=0ns -64.7 150.5 -179.9 

t=23.37ns -53.0 139.2 -167.0 

V290 t=0ns -55.9 -38.7 178.7 

t=23.37ns -70.2 -25 166.5 

V291 t=0ns -70.2 -40.2 179 

t=23.37ns -79.6 -5.3 -162.8 

D292 t=0ns -72.6 -18.9 179 

t=23.37ns -120.4 -40.1 164.1 
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Based on our MD analysis, we propose that untwisting of the spring-twisted region 

in the dI-III linker is the first step in acidic pH-induced conformational changes of 

alphavirus E1. This would initiate the swivelling motion of domain I-II to the center of the 

spike. Breaking of the domain I-III stapling interaction, between His331 and Lys16, may be 

a later downstream step in the mechanism.  

3.3.4 Purified mutant ectodomain proteins are functionally active in membrane 

association and membrane fusion assays 

To validate our MD simulation predictions on E1 conformational changes at fusion-

triggering acidic pH, we purified the soluble ectodomain of E1 H331D/E mutants following 

the same protocol used to purify the WT protein (refer to chapter 1). The purity and the far-

UV CD /intrinsic tryptophan fluorescence spectra analysis of both these mutants were 

comparable to the WT protein (Figure 3.4A-C).  
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Figure 3.4 Purification and characterization of E1 dI-dIII interface mutants. (A) SDS-
PAGE gel image of purified WT and mutant protein samples. (B) Far-UV CD spectra 
analysis on purified E1 WT and mutant protein samples. (C) Intrinsic tryptophan 
fluorescence spectra analysis on purified E1 WT and mutant protein samples. (D) 
Quaternary structure analyses of CHIKV E1 WT and mutant proteins. Gel filtration profiles 
of all proteins are shown with color-coded lines for respective protein samples. Positions 
of the gel filtration standards are marked with down faced arrows above the chromatogram. 
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We set out to test these mutants in a liposome fusion assay. Our reasoning is that 

H331D/E mutant E1 should show a higher threshold of acidic pH (lower than pH 5.5), as 

salt bridge between the introduced Asp (in place of H331) and Lys16 should not be broken 

at pH 5.5. We also prepared a double mutant of E1 protein where His331 and Leu18 are 

changed to cysteines. The rationale of creating the double cysteine mutant is described in 

a later section. We introduced a pair of cysteines: one replacing His331 and another in 

domain I, replacing Leu18. We chose Leu18 for introducing cysteine in domain I, as Cb-Cb 

distance between His331 and Leu18 is 4.8 Å (refer to figure 3.3A). This Cb-Cb distance is 

taken as optimal for introducing cysteine disulphide bond (191).  We refer to this double 

cysteine mutant as cystine staple mutant from here onwards. In the cystine staple E1 

scenario, acidic pH should be able to trigger membrane fusion between the liposomes (as 

His331 is not an acid sensing residue in this scenario), but only when cystine bond is reduced 

by a reducing agent.  

We purified the double cysteine mutant (Figure 3.4A) in the same way as the WT 

protein (detailed in chapter 1). To ensure that this purified mutant protein is in its native 

conformation and functionally active we compared its purity and secondary and tertiary 

structural properties to that of the WT protein. Briefly, the far-UV CD spectrum of cystine 

staple mutant, overlapped with that of E1 (figure 3.4B). Intrinsic tryptophan fluorescence 

emission spectrum of E1 WT and mutants (figure 3.3C) showed a peak at 333 nm, which 

implied a properly folded conformation of purified E1. We also confirmed that the 

introduced cysteines in E1 formed a disulphide bond, as expected. Ellman’s reagent 

reactivity, to estimate free sulfhydryl groups in the protein, was comparable between 

wildtype E1 and the cystine staple mutant (table 3.2).  
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Table 3.2 Ellman’s assay results with purified CHIKV E1WT and cystine staple mutant 
proteins. The 412nm absorbance values of E1 WT and H331C+L18C mutant proteins and 
the buffer (TNE pH 7.4) control from the Ellman’s assay, which tests for free sulfhydryl 
groups in proteins, are listed. 
 
 

 TNE 
buffer  

E1-WT  Purified and 
refolded E1 
H331C+L18
C 

Absorban
ce@412n
m  

0.14 0.14 0.14 

 

We also analysed the quaternary structure of all the purified E1 mutants and 

compared those to the WT protein (Figure 3.4D). The gel-filtration profiles of H33D/E 

mutants were comparable to the gel-filtration profile of the WT protein. However, the 

double cysteine mutant mostly formed higher order oligomer (most of the protein is in the 

fractions corresponding to the first peak of the chromatograph) (Figure 3.4D). However, 

when 5mM b-ME was added to the elution buffer, the double cysteine mutant elution 

profile closely matched with that of the WT protein.  

We then used the purified E1 and the double cysteine mutant, in a liposome co-

floatation assay (Figure 3.5A and B). Earlier studies by others (174, 180, 192) have shown 

that E1 protein, either purified in insect cells or mammalian cells or reconstituted into lipid 

vesicles from viral membranes, associates with lipid membranes. This is taken as a measure 

of the protein’s fusion function. The fusion loops of E1 would be exposed when E1 is 

expressed alone. These fusion loops can insert into membranes. Nearly 4-8% of total E1 

protein (both WT and mutants) floated along with LUVs at neutral pH (pH 7.4).  
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Figure 3.5 Functional characterization of E1 WT and cystine staple mutant in liposome co-
floatation and pyrene excimer fluorescence assays. (A) Image of Western blots for E1 WT 
and cystine staple mutant protein in top (labelled ‘T’) and bottom (labelled ‘B’) fractions 
from the lipid-floatation assay. (B) Fraction of E1 co-floating with LUVs (average of three 
experiments) is presented as a bar graph. (C) Pyrene emission spectrum in presence of E1 
WT or cystine staple mutant at pH 7.4 and pH 5.5. LUV+pyrene (green solid line) acted as 
control (zero value of lipid dilution because of E1 FL insertion). Spectrum with pyrene 
incorporated LUVs + TritonX100 (TX100) (green dotted line) is used for calculating 100% 
value of lipid dilution.  E1 WT (pH 7.4) (solid black line) and E1 WT (pH 5.5) (dotted 
black line) is one comparison set, while spectra with E1 cystine staple mutant 
(L18C+H331C) at pH 7.4 (solid blue line) and pH 5.5 (dotted blue line) is another 
comparison set. Pyrene fluorescence emission spectrum was recorded in 350-550nM 
wavelength range. Excitation wavelength was set to 340nm and excitation and emission 
slit widths were set to 5nm. Each spectrum was an average of three readings and blank 
corrected. Emission spectra were normalized by setting constant the pyrene emission 
monomer peak at 397nm. Inset shows zoomed in picture of the spectra region between 420 
– 540 nm. (D). Effect on lipid membrane due to E1 association, as percent dilution of lipids, 
was estimated by measuring drop in pyrene excimer peak values at ~475nm, in presence of 
WT or mutant. Average values for each sample from three experiments is plotted in the bar 
graph along with error bars. One-way ANOVA was used to calculate statistical significance 
– **** represent p ≤ 0.0001 level of significance and ‘ns’ is non-significance. 
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However, when the protein and LUV mixture was incubated in a pH 5.5 buffer, 

membrane association increased to ~32-37%. A similar observation was done with SFV or 

SINV E1 association with LUVs. In co-floatation experiment, more E1 co-floated with 

LUVs when the protein and LUV mixture was incubated at pH 5.5 (180, 193). Ectodomains 

of Tick borne encephalitis virus E protein trimerizes on membrane surface and co-floats 

with LUVs (194).  

In order to rule out the possibility that the observed LUV co-floatation is because 

of some exposed hydrophobic patch on the E1 protein, we performed a lipid membrane 

destabilization assay. Pyrene excimer fluorescence peak intensity decreased in presence of 

E1 protein (figure 3.5C and inset). And, this effect is more pronounced when the protein is 

pre-exposed to fusion-triggering pH (pH 5.5) (figure 3.5D). A similar result was noted 

when the cystine staple mutant of E1 was used in the experiment (figure 3.5D). This 

suggests that LUV association of E1 is through insertion of its fusion loops into LUV 

membrane. Similar observations were made with other alphavirus fusion proteins and LUV 

association (193, 195). We observed a similar behaviour for H331D and H331E mutant of 

E1 in LUV co-floatation assay and pyrene excimer fluorescence assays (figure 3.6 A-D). 
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Figure 3.6 Analyses of membrane interaction properties of CHIKV E1 WT and H331D/E 
mutant proteins in lipid-floatation, and pyrene excimer fluorescence assay. (A) Images of 
western blot (WB) analysis on E1 WT and H331D/E mutant protein samples from lipid-
floatation assay at pH 7.4 (top lane) and pH 5.5 (bottom lane). (B) Quantitative analysis of 
WB results from lipid-floatation assay at pH 7.4 (solid bars) and pH 5.5 (dashed bars). 
Average values from three experiments with error bars are shown for each sample. (C) 
Pyrene fluorescence spectra analysis on E1 WT and H331D/E mutant protein samples from 
lipid-association assay at pH 7.4 (solid lines) and pH 5.5 (dashed lines). Zoomed in spectra 
shows changes in the pyrene excimer peak region. (D) Quantitative analysis on pyrene 
fluorescence from the lipid–association assay at pH 7.4 (solid bars) and pH 5.5 (dashed 
bars). Average values for each sample from three experiments with error bars are shown. 
One-way ANOVA was used to calculate statistical significance – **** represent p ≤ 0.0001 
level of significance and ‘ns’ is non-significance. 

 

We confirmed that the E1 and the cystine staple mutant proteins are not unfolded 

at the fusion triggering pH by recording far-UV CD spectra in pH 5.5 buffer. The spectra 

at pH 5.5 almost overlapped with those recorded in pH 7.4 buffers (figure 3.7).  
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Figure 3.7 Comparison of CHIKV E1 percent secondary structural contents predicted from 
far-UV CD data and calculated from crystal structure. (A) Far-UV CD spectra for E. coli 
purified CHIKV E1 WT at pH 7.4 and pH 5.5. (B) Top - Crystal structure of CHIKV E1 
(PDB: 3N42), b-sheets are shown in gray and a-helices in deep-gray colors. Bottom – 
Comparison of percent a-helical and b-sheet contents from the crystal structure and from 
the far-UV CD data of E1 taken at pH 7.4. 
 

Taken together, our structure analysis and membrane association studies establish 

that the CHIKV E1 protein and the mutant proteins that we expressed in E. coli are 

structurally and functionally similar to insect cell-expressed and viral surface-extracted E1.  

3.3.5 Domain I and III separation at acidic pH is essential for fusion activity of E1, 

and domain I-III interface breaking is not triggered at the conserved His331 

Our MD simulations did not show any major change in the conformation 

surrounding the His331, at least within the time scale of the simulation study (50ns). This 

suggests that at pH 5.5, His331-Lys16 interaction in the dI-III interface is retained. The 

domain I-III separation in acidic pH might start at a place other than His331-Lys16 interaction 

in the dI-III interface. In this scenario, replacing His331 with another residue, should not 

affect acidic pH triggering of E1 for fusion function. However, in the cystine staple mutant, 
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fusion function should be seen only when the disulphide bond between domain I and III is 

broken by a reducing agent.  

To test this idea, we used WT and cystine staple mutant of E1 in a liposome fusion 

assay. Our fusion assay is designed such that when E1 on the coated LUVs performs fusion 

with the fluorescein-loaded LUVs, fluorescein fluorescence is de-quenched due to dilution 

effect (refer to schematic in figure 3.8A). In the fusion assay, WT E1 showed 41% fusion 

activity. Whereas when the domain I and III-stapled (cystine staple mutant) E1 is used, 

only 15% fusion activity was seen (figure 3.8B, green line and green bar in figure 3.8C).  
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Figure 3.8 Liposome fusion assay for E1. (A) Schematic explaining fusion assay used in 
this study. Top panel: fluorescein-loaded and E1-coated LUVs are mixed in pH 7.4 buffer 
and fluorescence intensity at 520 nm (emission maximum for fluorescein) is recorded as a 
time-scan. Excitation wavelength was set to 490 nm. The excitation and emission slit 
widths were set to 5nm. After first 15 minutes of recording the fluorescence intensity, 
calculated amount of 1M sodium acetate (say, for 1 ml assay mixture 15 mL of the sodium 
acetate was added to bring the pH down to 5.5) is added to the assay mixture. After that, 
fluorescence intensity was recorded for another 15 minutes, before adding TritonX-100 to 
a concentration of 0.5% v/v. After adding TritonX-100, fluorescence intensity was recorded 
for another 10 minutes. Bottom panel: the assay was performed exactly the same as above, 
except that either b-mercaptoethanol was added before the acidification step or not. (B) 
fFuorescence time-scan in presence of LUV alone (black), E1 WT (gray),  E1 cystine staple 
mutant (E1-L18C+H331C) (green) and E1 cystine staple mutant (E1-L18C+H331C) with 
b-mercaptoethanol (plus b-ME) added (blue). (C) percent liposome content dilution was 
estimated as described in Material and Methods and average values from three experiments 
is plotted in the bar graph along with error bars. One-way ANOVA was used to calculate 
statistical significance – **** represent p ≤ 0.0001 level of significance and ‘ns’ is non-
significance. 

C B 

55 

57 

59 

61 

63 

-3 2 7 12 17 22 27 32 37 42 

LUV 
E1WT 
E1-L18C+H331C 
E1-L18C+H331C (+BME) 

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

.) 

-1 

3 

5 

7 

pH 5.5 

0.5% Triton-X 100 

Time (mins.) 

1 

A  
Fluorescein 

loaded coated 

I 
I I III 

III 

II Fluorescein 
diluted fusion 

E1 WT 

fused LUV 

Acidic pH 

His 

Ni
 E1WT 

II I III 

Fluorescein 

I 
I I III 

III 

II Fluorescein 
diluted fusion 

Ni
 His 

E1-H331C 
+L18C 

II I 
III 

E1H331C 
+L18C  no fusion 

E1H331C 
+L18C 
+BME 

Acidic pH 

ns 

**** **** 
**** **** 

**** 



Chapter 3 

 160 

In another assay with cystine staple mutant, b-ME was added, before acidification 

of the assay mixture. The fusion activity recorded in this case (figure 3.8B, blue line and 

blue bar in figure 3.8C) is comparable to the WT protein. We confirmed that lack of fusion 

in cystine staple mutant (without b-ME) is not because of inability to insert its fusion loops 

into target membrane.  Cystine staple E1 mutant associated with membrane vesicles and 

performed equal to the WT protein in membrane destabilization assay (figure 3.5B and D). 

These results indicate that domain I-III separation is triggered at pH 5.5, which is a required 

conformational change step for fusion function of E1. And, this separation step does not 

get triggered by acid-sensing of the conserved His331.  

Further corroborating this idea, H331D/E mutants of E1 fusion activity is comparable 

to the wildtype E1, in the fusion assay (figure 3.9). If His331 were to be an acid-sensing 

residue, replacing it with an acidic residue (D or E) should have increased the acidic pH 

threshold for fusion triggering – would have required more acidic pH (lower than 5.5) for 

fusion function.  
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Figure 3.9 Analyses of membrane fusion by CHIKV E1 WT and H331D/E mutant proteins 
in lipid-mixing assay. (A) Results of the fusion properties of E1 WT and H331D/E mutant 
proteins from the fluorescence based kinetic assay. (B) Quantitative analyses of the extent 
of fusion by E1 WT and H331D/E mutant proteins. Average values for each sample from 
three experiments with error bars are shown. One-way ANOVA was used to calculate 
statistical significance – **** represent p ≤ 0.0001 level of significance and ‘ns’ is non-
significance. 
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Viral fusion protein undergoes a pre-fusion hairpin conformation to a post-fusion 

conformation change as it performs viral and cell membrane fusion. An extended 

conformation intermediate is formed during the pre- to post-fusion conformation change. 

In alphaviruses and other viruses that take endocytic pathway for cell entry, the pre- to post-

fusion conformation change is triggered by acidic pH of the maturing endosome. In pre- to 

post-fusion conformation change two major changes are seen: 1. E1 moves from the 

periphery, to the centre of the E1-E2 heterodimer trimeric spike and forms a homo-trimer. 

2. Inter-domain interactions in the interface of dI and III are broken and new interactions 
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are formed, post fusion.  How these conformational changes are brought about in E1, after 

exposure to fusion-triggering acidic pH are addressed in this study.  

In the pre-fusion conformation, each E1 protomer in the trimeric spike structure is 

complexed with the receptor binding protein, E2. Post-fusion, E1 forms a homo-trimer with 

dI-dII regions at the center of E1 homo-trimer vertical axis. So, in the pre- to post-fusion 

conformation change, E1 dI-II region of each protomer must have moved in towards the 

center of the trimeric spike, replacing E2. A swivelling motion of domains for E1 in pre- 

to post-fusion conformation change was proposed (173, 184–186). The only region of E1 

that is relatively flexible, and thus can act as a hinge for swivelling of domains, is the linker 

loop connecting the domain I, and III. Our analysis showed that a highly conserved R-(X)2-

3-D/E stretch in the linker sequence might have a role. Interestingly, in the pre-fusion 

structure of E1, backbone of the region spanning the R-(X)2-3-D/E is twisted like a spring, 

stabilized by a salt bridge between R and D/E of the sequence. We reasoned that untwisting 

of the spring-twist region in the dI-III linker would swivel the dI-II, like a hinge, on dIII. 

Findings from our MD simulation studies on CHIKV E1 structure, at pH 5.5, corroborated 

our hypothesis. Zheng et al (179) in their studies, to understand acid pH-induced 

conformational changes in SFV E1, also purported the idea that Arg289 in dI-III linker is a 

key residue for homo-trimer formation of E1.  

Parallel to the untwisting of spring-twisted region, the domain I-III stapling 

interactions should also break to allow swivelling motion of the domains. Several charge-

charge interactions between domains I, and III hold both the domains in the hairpin 

conformation. In TBE E, a hydrogen bond between a conserved histidine (structurally in 

the same context as His331 of CHIKV) and a lysine in domain I is a domain stapling 
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interaction and would break in the acidic pH (190). We expected H331-K16 hydrogen bond 

in CHIKV (188) E1 would play a similar role in pre- to post-fusion conformation switch. 

Protonation changes in acidic pH on acid-sensing histidine residues has been proposed as 

a trigger for pre- to post-fusion conformational changes for several other viral fusion 

proteins (196). We expected that the His331 protonation would change when E1 structure 

was titrated to pH 5.5, and the H331-K16 hydrogen bond would break. Contrary to our 

expectation, our MD simulation study hinted the His331, unlike in flavivirus E, is not an 

acid-sensing residue, at least in the time scale of our MD simulation. Our observations are 

corroborated by those of Qin et al (197). In a similar MD simulation study on CHIKV E1, 

Zeng et al (188) did estimate change in pKa of His331 from monomeric (pre-fusion) state 

to, fusion intermediate, to post-fusion conformation. They also noted that, in pre-fusion 

state and extended intermediate (acid-pH triggered, intermediate conformation) His331 has 

a pKa of 4.8 – a value very close to the pKa that we estimated for His331 in pre-fusion and 

acid-pH titrated state. However, in post-fusion conformation, pKa of His331 increased to 

8.6. This implied that His331 environment change happens during extended intermediate to 

post-fusion conformation change. 

Results of our fusion functional assays using purified E1 protein, H331D/E mutants 

and cystine staple mutants validated our MD simulation predictions on His331. Our 

observations with cystine staple mutant also prove that domain I-III dissociation is an 

essential step in the acid-pH induced conformational changes required for membrane 

fusion. 

Based on interpretation of our results from this study, in the context of the universal 

mechanism proposed for viral fusion proteins, we present a mechanistic model to explain 
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acidic pH-triggered conformational changes in alphavirus membrane fusion protein, E1 

(figure 3.10).  E2-E1 dissociation is initiated after receptor binding on to E2 (181). The first 

conformational change that is triggered in E1 (after the endosome gets acidified to pH 5.5) 

is in the dI-III linker. Acidic pH triggers breaking of salt bridge between the conserved R-

(X)2-3-D/E pair in the linker region. This results in untwisting of the spring-twist structure. 

Because of the untwisting, dI-II region swivels outwards from the trimeric spike. Thus, 

spring-twisted structure is the hinge point for the domain swivelling motion. 

In parallel, acidic pH also triggers domain I-III separation. And, the domain I-III 

separation does not start with the conserved His331-Lys16 hydrogen bond breaking. Our 

observation is in agreement with that of Qin et al (197). In a virus mediated fusion assay, 

they have shown that E1 H331A mutant of SFV is not defective in growth properties 

compared to WT E1 containing virus. It is possible that, despite the structural similarity, 

alphavirus fusion protein, E1, has a different mechanism of acid pH-induced pre- to post-

fusion conformation switch from that of flavivirus E protein. In alphaviruses, dI-III 

separation may be triggered at another location in the interface. One possibility is, another 

highly conserved histidine residue near to the interface, His3 from domain I. Interestingly, 

H3A mutation in E1 of SFV resulted in reduced viral infection and change in pH threshold 

(197). Zeng et al (188) also suggested His3 (along with His 331) as an acid-sensing residue 

in CHIKV E1. It would be interesting to see how His3 interactions change at acidic pH, and 

how that would trigger dI-III dissociation.  
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Figure 3.10 Mechanism of acid pH-induced conformation change in E1 during viral entry. 
Alphavirus fusion protein, E1, undergoes pre- to post-fusion conformational change, 
through an extended intermediate, during membrane fusion step of viral entry. Three E2-
E1 hetero-dimers, curl around a central vertical axis to form a spike structure on virion 
surface (pre-fusion). Step1: E2-E1 dissociation and E1 domain swiveling. Receptor 
binding and acidic pH trigger this step.  Acidic pH breaks a conserved arg-asp/glu salt 
bridge in the dI-III linker of E1 and triggers untwisting of a spring-twisted region of the 
linker. This brings about swiveling motion of dI-II region over dIII. As a result, E1 moves 
away from the spike axis. The dI-III stapling interactions also break in this step. E2 may 
escape out from the spike center at this stage. Step2: possibility 1 (top) - extended 
intermediate and E1 homo-trimer formation. Swiveling-in motion of dI-II regions may 
bring these regions from three protomers to form the central core of the post-fusion homo-
trimer. E1 domains may extend linearly following this. Alternate possibility (below) – 
swiveling motion will also extend the dI-III linker, to form three monomeric extended 
intermediate E1 protomers first. Trimerization, through dI-II region may follow at a later 
step. E2 may escape from the center at that stage. In pre-fusion and step 1, top view of the 
spike is shown in the schematic.  In step 2, side view of the spike schematic is shown for 
clarity. E2 is shown with brown ellipses and E1 in gray shapes. The dI-III linker is shown 
in hand-drawn curve shape. The spring-twisted region is depicted with a spring circle 
shape. Yellow-dotted lines show salt bridge between the conserved Arg-Asp/Glu pair in 
the dI-III linker. In pre-fusion structure, a thick red line shows dI-III stapling charge 
interactions. In step 2 schematic, double parallel lines below the spike shape is viral 
membrane. 
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What follows after the domain swivelling motion is triggered on the spring-twist 

region and dI-III interactions are broken? There are two possible scenarios: 1. By 

swivelling-in, domain I-II region of the three E1 protomers in the trimeric spike come to 

the centre of the spike, establish inter-protomer interactions and form the E1 homo-trimer 

central core. 2. Alternatively, the dI-III linker region becomes linear (as the dI-III hairpin-

stapling interactions are broken) extending all three domains on to a linear axis. Homo-

trimerization may follow this step. Earlier studies propose both the possibilities. Claudia et 

al (180) showed that when only dI-II region of SFV E1 is expressed, replacing dIII and the 

dI-III linker with a short flexible region, acidic pH triggered formation of the dI-II region 

trimers. This implies that homo-trimerization precedes extended intermediate formation 

(top, in step II, figure 3.10). In contrast to this, Cao et al (177) proposed a mechanism where 

E1 forms an extended intermediate as a monomer, implying that homo-trimerization is a 

later event in membrane fusion (bottom, in step II, figure 3.10).  

Taken together, our study gives first mechanistic insight on acid-pH conformational 

changes in E1. We explained role of a conserved arginine – aspartate/glutamate pair in the 

dI-III linker, in maintaining a spring-twisted backbone conformation in pre-fusion 

conformation of E1. We also showed that, in acidic-pH, salt bridge between the conserved 

Arg-Asp/Glu pair breaks and untwists the spring-twisted region. This results in domain I-

II swivelling motion. Explaining different steps in the mechanism of E1-mediated 

membrane fusion will help understand structure-function relationship of class II fusion 

proteins, in general. And, also will help in devising strategies to prevent viral entry. 
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4.1 INTRODUCTION: 

E3 is the smallest of the three alphavirus envelope proteins. E3 is the resultant 

smaller product of proteolytic processing of p62 protein. E3 has a chaperoning function 

proper folding and maturation of E2 and E1 into heterodimer conformation (79, 83, 198). 

During maturation of these proteins, E3 guides E2-E1 folding by likely anchoring into ER 

membrane and then later retracting itself as a result of both capsid autocleavage and E3 

glycosylation at N12 site. After retrieval from the ER membrane, E3 becomes the new N-

terminus for the p62-E1 polypeptide. After maturation, in trans-golgi network, E3 interacts 

with E2 acid sensitive region (ASR), and held at the apex of the trimeric spike.   

As discussed in introduction chapter, E3 is retained on virion surface in some 

alphaviruses (82, 90, 91, 199) and not in others (86, 87). In chikungunya virus E3 is 

retained. E3 is held on virion surface (where it is retained) through its interactions with E2. 

On the trimeric spike E3 is at the most apical site (detailed organization of trimeric spike 

presented in General introduction). Crystal structure of E3-E2-E1 (PDB: 3N42) shows that 

E3 is positioned like a brace at the apex of the structure, covering domain A and B of E2. 

Core of E3 structure is like a horseshoe of three α helices, and all three helices of the core 

make several contacts with E2 at one face of acid sensitive region (ASR) - E1 interacts with 

E2 ASR on the opposite side. 

Role of E3 in biogenesis of alphavirus envelope proteins and its role in ‘protecting’ 

E1 from pre-mature fusion function activation by the acidic pH of the trans-Golgi network 

are thoroughly studied. However, E3 role in viral entry is not known. It is possible that E3’s 

function in viral entry, if any, may be virus species specific. Studies where one alphavirus 

E3 sequence was replaced with E3 sequence from other alphaviruses resulted in formation 
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of reduced infectious particles and defective spike arrangements, suggesting additional role 

of E3 than the presumed signal peptide function (200). Also, in alphaviruses where E3 is 

not retained on mature virion surface, mutation in E3 furin cleavage site, thus retaining E3 

on the mutant virus surface, affected fusion function (required more acidic pH than the 

optimum pH threshold for fusion) (85, 87, 199). These observations suggest that though 

E3’s association with E2 in secretory pathway prevents premature fusion activation by E1, 

once exported to outside of the cells its release from E2-E1 complex is necessary for 

priming the virus fusion competent. 

E3 ‘brace’ release from E2, to unlock domain A-B ‘clamp’ surrounding the E1 

fusion loops is suggested as an important regulatory mechanism by Voss et al (82), from 

analysis of the crystal structure of E3-E2-E1. Unless E3 ‘brace’ is removed, the fusion loop 

unmasking is not possible. Thus, biochemical and mutant studied discussed above, and 

crystal structure analysis, strongly suggest that E3 has a regulatory role in viral entry (at 

least in those alphaviruses where E3 is retained on surface), other than the chaperoning 

function during biogenesis of the proteins. Dissociation of E3 from E2, as it appears, is an 

important step for fusion function of E1.  

Now, the obvious question in the context of viral entry regulation is what triggers 

E3-E2 dissociation during Chikungunya virus entry? There are two possibilities: i. N-

terminal region of E3 interacts with membrane, resulting in conformational change in E3, 

and eventual E3-E2 interaction loss. ii. Acidic pH of the endosome (acidic pH triggering 

of E3-E2 interface as a result of transition from extracellular neutral to endosomal fusion 

triggering acidic pH), breaks interactions between E3 and E2, resulting in E3 release. My 

rationale for the above stated hypothesis is as following: The N-terminal few residues of 
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E3 (that might have inserted into ER membrane during biogenesis) may interact with cell 

membrane (or endosome membrane) during viral entry because of its apical positioning in 

spike (would be close to target membrane). And, this might result in change in 

conformation of E3, eventually leading to E3-E2 interaction loss. Rationale for the other 

possibility (acidic pH triggering) is that E3 interacts with E2 ASR, which would get 

disordered during acidic pH trigger, several charge-charge contacts between E3 and E2 

may change upon acidification. For example, in the neutral pH structure of CHIKV E3-E2-

E1 complex, E3 Y47 forms a hydrogen bond with E2/K254; E3 Y48 forms a hydrogen 

bond with E2 E166 and a p-p interaction with E2 H256. In addition to these, E3 E39 and 

D40 form salt bridges with E2 R251. All these neutral pH interactions of E3-E2 interface 

could possibly be disrupted by endosomal acidic pH during cell entry. Because, these 

interactions involve a highly conserved acid-sensing residue (E2 H256) and other acid 

sensing charged residues (E3 - E39 and D40, and E2 - E166 and K254) from both E3 and 

E2, these residues may undergo protonation changes (and hence may trigger breaking of 

interactions involved) at acidic pH. So neutral to acidic pH trigger but not acidic to neutral 

pH, may possibly trigger breaking of E3-E2 interface and E3 release in alphaviruses (at 

least in those, which contain E3 as part of the mature virus particle structure). Results of 

from this study are presented in subsequent sections. 
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4.2 MATERIALS AND METHODS: 

4.2.1 E3 sequence and structure analysis 

We performed E3 sequence analysis using sequence information from 

LR2006_OPY1 strain of CHIKV and the details of the protein sequences 

(protein_id="ABD95938.1") used in this study can be found at 

https://www.ncbi.nlm.nih.gov/protein/90654094/. We used E3 sequence for predictions of 

hydrophobic amino acid residues by using ProtScale module in ExPASy server available 

at https://web.expasy.org/protscale/. We used different prediction algorithms by Kyte and 

Doolittle and by Hopp and Woods, with their default parameters, for predicting 

hydrophobicity of E3 amino acid residues. Amino acid hydropathicity scales used by these 

two studies are published and summarized in following references (201, 202). We also 

studied membrane spanning region predictions on E3 sequence using default parameters in 

Tmpred server available at https://embnet.vital-it.ch/software/TMPRED_form.html. We 

also, analysed E3 structure (PDB: 3N41 alongwith E2 and E1) and E3-E2 interface 

interactions using this structure in PDBePISA server available at 

https://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver.  

4.2.2 Cloning, expression and purification of CHIKV E3 F15W mutant protein 

The E3 F15W mutant used for this part of the study was expressed and purified 

exactly in the same manner as that of the E3 WT protein. The F15W mutant was generated 

by site-directed mutagenesis approach. 

4.2.3 SDS-PAGE, chloroform staining, and Western blotting 

15% SDS-PAGE gels were always used for analysing E3 WT and mutant proteins. 
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Coomassie brilliant blue staining was used for assessing purity of recombinant E3 proteins. 

The F15W mutant was verified using chloroform staining on SDS-PAGE gels ran with 

F15W protein samples and then detected under UV lights in a gel-doc system. We used this 

method to check the presence of the tryptophan residue introduced in place of 

phenylalanine in the E3 F15W mutant protein (we sequence verified the F15W construct 

also to verify the mutant clone). In presence of chloroform the protein bands under UV 

light illuminate as fluorescent bands because of addition of a formyl group to the indole 

ring of tryptophan (203). Since, E3 does not posses any tryptophan residues in its WT form, 

the F15W can be easily verified on SDS-PAGE gel by chloroform staining. Western 

immunoblotting with penta-HIS HRP conjugated antibody was used to confirm E3 

presence in fractions from lipid co-floatation assays . Western blotting was performed using 

a standard protocol and enhanced chemiluminescence (ECL) substrate (purchased from 

Thermo ScientificTM, MA, USA). 

4.2.4 Far-UV CD and intrinsic tryptophan fluorescence analysis of E3 structural 

changes upon interactions with liposomes 

In order to probe structural changes in E3 upon interaction with lipid LUVs and 

SUVs (as membrane mimetic models) we recorded far-UV CD and intrinsic tryptophan 

fluorescence spectra of the protein in presence and absence of liposomes. Experimental 

conditions and data processing and analysis methods for far-UV CD and fluorescence 

spectroscopy are the same as described for E1, E2 or E3-E2 proteins (refer to chapter 1). 

The samples for the spectroscopy were prepared in the following manner: concentration of 

E3 was kept constant at 0.2 mg/ml, while SUVs/LUVs concentrations were varied (molar 

excess of 20 and 50 were used in addition to 1:1 protein to liposome ratio). LUVs/SUVs 
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were prepared using individual lipids at PC: PE: PA: Cholesterol = 1: 1: 0.3: 2 molar ratios.  

4.2.5 Size exclusion chromatography for studying E3-liposome interactions  

We did gel filtration chromatography analysis on E3-liposome mixtures to check if 

E3 can form a stable interaction with the membranes. Approximately, 200 µg of E3 in TNE 

buffer either in presence or absence of liposomes was loaded on to Superdex G75 10/300 

GL for the experiment. We used SUVs and LUVs at 50 molar excess to E3 protein for this 

experiment. The peak fractions for the purified E3 proteins and liposomes (in the void 

volume fractions) were then verified by WB analysis and by pyrene excimer fluorescence 

assay. Pyrene excimer fluorescence assay was described in material and methods section 

of chapter 1.  

4.2.6 Lipid co-floatation assay for studying E3-liposome interactions 

We used this assay to study E3-liposome interactions. We followed the same 

protocol described for studying E1-liposome co-floatation in chapter 1. 

4.2.7 Liposome content release assay 

We also studied E3-membrane insertion induced content release from a fluorophore 

loaded liposome population using fluorescence spectroscopy. Bacterially purified 

recombinant E3 proteins (at 0.2mg/ml concentration) in TNE pH 7.4 buffers were used for 

the assay in presence of 0.5mM fluorescein loaded LUVs. Finally, 0.5% Triton-X 100 

detergent was added for liposome solubilization and complete dilution of fluorescein 

molecule. Excitation maximum for the experiment was set to 490nM and emission spectra 

was recorded from 500 to 550 nM wavelengths. All spectra represented in figures are 

accumulations of three spectral readings each and blank corrected. 
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4.3 RESULTS: 

4.3.1 E3 sequence and structure analysis reveal key interactions at E3-E2 interface  

To find out the possible mechanisms how E3 could be released from E2, we 

analysed both its sequence and structure. Multiple sequence alignment of E3 sequence from 

different alphaviruses, revealed a conserved ‘GY47Y48’ motif (Figure 4.1a). The conserved 

aromatic residues, Y47 and Y48, from this motif make critical p-cation or p-p interactions 

with E2 at the E3-E2 interface, in a pH dependent manner (83). PISA analysis of E3-E2 

interface shows several charge-charge interactions between E3 and E2, as noted by others 

as well (82). Notable interactions are, E3 Y47 - E2 K254, E3 Y48 – E2 E166 and E2 H256, 

E3 E39 and D40 with E2 R251. Specifically, E3 Y47 forming hydrogen bond with E2 K254 

and E3 Y48 forming a hydrogen bond with E2 E166 and a pi-pi interaction with E2 H256.  

In addition, a salt bridge between E3 D40 and E2 R251 also stabilizes E3-E2 interaction 

(this analysis was done using PDB: 3N42, CHIKV E3-E2-E1 crystallized at pH 7.0). The 

important interactions involving Y47, Y48 and E39, D40 from E3 side at the E3-E2 

interface are shown in Figure 4.1b and listed in Table 4.1. 

Tables 4.1. Key interactions at E3-E2 interface involve charged residues. 

 

Interactions Type Distance 

E3:Y47:OH-E2:K254:O Hydrogen bond 2.99 Å 

E3:Y48:OH-E2:E166:OE1 Hydrogen bond 2.72 Å 

E3:Y48-E2:H256 p-p stacked 3.89 Å 

E3:E39:OE1-R251:NH2 Electrostatic 3.86 Å 
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E3:E39:OE1-R251:NE Hydrogen bond 3.32 Å 

E3:D40:OD1-R251:NH2 Hydrogen bond; Electrostatic 2.76 Å 

E3:D40:OD2-R251:NH1 Electrostatic 4.86 Å 

 

4.3.2 Interaction of E3 with membranes 

Rationale of studying interactions of E3 with LUVs and SUVs are: 1. E3 is present 

at the most apical part on the viral surface spike, hence is likely to contact the host 

membrane first during cell entry, 2. The N-terminus of E3 has an ER signal sequence and 

is predicted to insert into ER membrane during transport of the E3-E2-E1 complex into ER 

lumen during biogenesis. However, which sequence from at the N-terminus of E3 inserts 

into the ER membrane is not known. To test our hypothesis that E3-membrane interactions 

contribute to E3 release from E2, we analysed the sequence of E3 protein for presence of 

hydrophobic amino acid patches using different prediction algorithms to find putative 

membrane interacting stretches.  

Our results from ProtScale analysis using multiple algorithms predicted a patch of 

~15 amino acids at N-terminus of E3 (Figures 4.2a and 4.2b). Hopp & Woods algorithm 

evaluated E3 sequence based on hydrophilic and hydrophobicity properties, and predicted 

E3 N-terminal residues to be hydrophobic (Figure 4.3a). Kyte & Doolittle algorithm 

however based on a positive scoring pattern assigned the same E3 N-terminal residues to 

be hydrophobic (Figure 4.3b). 
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Figure 4.1 CHIKV E3 sequence and structure analysis. (A) MSA of CHIKV E3 sequence 
among alphaviruses. Key residues that make E3-E2 interface interactions are shown with 
background color of green. (B) Specific interactions at E3-E2 interface involving 
highlighted residues from E3. 
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Figure 4.2 CHIKV E3 sequence analysis for membrane interactive region(s). (A) 
Hydropathy plot analysis using Hopp and Woods method. (B) Hydropathy plot analysis 
using Kyte and Doolittle method. (C) Tmpred server analysis for presence of putative trans-
membrane region. 
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sequence suggest for a putative membrane-spanning region. Our analysis of trans-

membrane spanning region using Tmpred server on E3 sequence also suggested the N-

terminal amino acids to have a positive Tmpred score. These N-terminal amino acids 

mostly include residues at E3’s N-terminal hydrophobic patch and hence, are likely to be 

part of a potential membrane-spanning region (Figure 4.2c).  

 

Figure 4.3 CHIKV E3 structure analysis. (A) Zoomed in view of E3 on E2. E3 N-terminal 
region is highlighted in yellow with some missing residues from extreme N-terminus. (B) 
Sequence of E3-WT and F15W mutant proteins with F to W mutation region in the 
predicted N-terminal patch (yellow background) highlighted in red. 
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Interestingly, a study by Wu et al (204) using a E3-E2 furin cleavage site mutant 

SFV (SFVSQL) in cryo-EM imaging, showed that E3 N-terminus protrudes downwards 

from top of the spike to a region in E1-dII where it contacts with hydrophobic amino acids 

from E1-dII forming a gripper around the E2-E1 heterodimer complex. In CHIKV E3-E2-

E1 crystal structure, this part of the E3 N-terminus was missing (less by 5 residues), 

probably because of high flexibility (or disordered ness). 

Taken together, our in silico sequence predictions and structure analysis suggested 

that E3 may interact with membrane through the N-terminal 15 residues hydrophobic 

amino acids patch. This may result in change in conformation of E3. Altered conformation 

of E3 may break the interactions between E3 and E2. Prompted by this idea, we set out to 

test interaction of E3 with membrane using SUVs/LUVs as membrane mimetic models.  

4.3.3 E3 does not interact with liposome membrane 

To study E3 interaction with liposomes, using fluorescence spectroscopy, a 

tryptophan residue is introduced in E3, replacing a phenylalanine (15th residue in the 

sequence) in the predicted trans membrane region (Figure 4.3b). E3 does not have 

tryptophans in its sequence. Both the WT E3 protein and E3 F15W mutant were purified 

and used in liposome interaction assays. A representative gel image of SDS-PAGE analysis 

of the purified proteins is shown in figure 4.4a. Chloroform staining on purified F15W 

mutant confirmed presence of introduced tryptophan molecule (Figure 4.4b).  
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Figure 4.4 Purification and characterization of CHIKV E3F15W mutant. (A) CBB stained 
and (B) Chloroform stained SDS-PAGE images. (C) Far-UV CD and (D) Intrinsic 
tryptophan fluorescence spectra analysis on purified F15W mutant protein. E3WT protein 
is used for comparison. 

 

Further, we characterized secondary structural content of both WT and mutant E3 

protein, which showed presence of predominant α-helical content. Comparison of E3 

secondary structural content estimated from our far-UV CD data (α-helix = 38%, β-sheet = 

13.9%) showed similarity to secondary structural content (α-helix = 40%, β-sheet = 13.3%) 

calculated from the crystal structure, indicating protein folding into α-helix rich native like 
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structure (Figure 4.4c). Intrinsic tryptophan fluorescence spectroscopy analysis on E3-

F15W mutant (emission max. at 353 nm) indicated that the introduced tryptophan is present 

in an open and solvent accessible region (the N-terminal region is flexible and not buried) 

(Figure 4.4d). Secondary structure and tertiary structure analysis (using intrinsic 

fluorescence spectroscopy) suggest that the E3 WT and F15W are folded into a native 

conformation.  

We studied E3-membrane interactions through the intrinsic tryptophan 

fluorescence approach by analysing introduced tryptophan residue microenvironment 

changes in presence of liposomes (Figures 4.5a and 4.5b).  

 
Figure 4.5 Intrinsic tryptophan fluorescence spectra analysis of E3-liposome interactions. 
(A) Titration of F15W mutant in increasing molar ratios of LUVs. (B) Titration of F15W 
mutant in increasing molar ratios of SUVs. 

 

The fluorescence intensity and emission maximum of tryptophan (indole group) is 

altered when the solvent microenvironment or dielectric is changed – in hydrophobic 

environment tryptophan fluorescence intensity is increased and emission maximum is blue 

shifted. We used this fluorescence property of tryptophan to probe membrane interaction 
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of E3. Thus in presence of liposomes, and if E3 interacts with liposomes, then tryptophan 

fluorescence intensity of E3-F15W mutant should increase and emission maximum blue 

shifted. However, we did not see any changes in intrinsic tryptophan fluorescence spectra 

of E3-F15W protein, even in presence of excess molar ratios of liposomes.  

Further, we studied E3-F15W membrane interactions using size-exclusion 

chromatography (Figure 4.6a). Liposomes elute in the void volume fraction of the gel 

filtration column, and E3 is a smaller protein (~8.6 kDa in size), which elutes farther away 

in the gel filtration profile (~ at 15ml retention volume) corresponding to its monomeric 

size. Our reasoning was, if E3 interacts with liposomes, some amount of protein should 

also be seen in void fraction, since interacting liposomes would elute in this fraction - F7-

F8, (confirmed by pyrene excimer fluorescence analysis on all the fractions from this gel-

filtration study). However, our WB analysis on fractions corresponding to void elution 

fraction to E3 monomeric protein elution fractions, clearly showed no E3 protein in void 

fraction (F7), and showed all E3 protein around monomeric elution fraction (F14-F16) 

when E3 protein mixed with liposome samples were tested (Figure 4.6b). 
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Figure 4.6 Size-exclusion chromatography analysis of E3-liposome interactions. (A) Gel 
filtration profile of F15W mutant in presence of molar excess of LUVs/SUVs. The fractions 
7 and 8, where most of the liposomes eluted were confirmed by pyrene excimer 
fluorescence assay performed on all the fractions and the graph representing this is shown 
as an inset. (B) Slot blot analysis on fractions (F7-F17) from the above shown gel filtration 
experiment. 
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Figure 4.7 Lipid-floatation analysis of E3-liposome interactions. (A) Pyrene excimer 
fluorescence analysis on fractions (F1-F8) from the lipid-floatation assay. (B) Slot blot 
analysis on fractions (F1-F8) from the above shown lipid-floatation experiment. 

 
However, in this case also, we observed free liposomes in top fractions of the 

sucrose gradient without presence of any interacting E3 protein, and all non-interacting E3 

proteins were settled at the bottom fractions of the sucrose gradient, as analysed by WB 

(Figure 4.7b).  Taken together, our experimental results suggest that despite presence of a 
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membrane interaction studying assays at least in the conditions we tested. Further 
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characterization of the E3 interaction with membrane using liposomes of different 

composition and curvature are necessary to draw conclusions.  

4.3.4 E3 N-terminal hydrophobic patch neither inserts into lipid bilayer nor does it 

undergo structural transition in presence of LUVs 

Further we asked could E3 insert into a lipid bilayer? This is still possible as a result 

of transient unstable interaction between E3 and a lipid membrane. And also, can this 

interaction through membrane insertion of E3’s N-terminus induce structural transitioning 

of this flexible region to a more stable α-helical structure? To address all these points, first 

we studied leaking of contents from a liposome population that has fluorescent molecules 

trapped inside its core at quenching concentrations, in presence of E3 WT protein (Figure 

4.8a). Complete dissolution of liposomes and dilution of the trapped fluorescence molecule 

with concomitant fluorescence increase was checked successfully in presence 0.5% TX-

100. However, when E3 was used in the reaction buffer, no significant change in intensity 

was observed. In fact, the spectra of the labelled liposomes in presence or absence of E3 

WT protein were almost overlapping in nature. This indicated that in in vitro conditions E3 

does not pierce through the liposome membrane and does not cause content leakage from 

fluorescently loaded liposomes through insertion of its N-terminus into liposome 

membrane. 

We also analysed E3 structural changes during this process, by studying E3 

secondary structure in presence and absence of liposomes using far-UV CD spectroscopy 

(Figure 4.8b). Our results indicate that, both in presence and absence of liposomes the far-

UV CD spectra of E3 WT protein overlapped with each other. So, no significant change in 

secondary structural content opposite to our expectations of α-helical content increase as a 
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result of E3-N-terminus membrane insertions was observed. This rules out the possibility 

that E3, through its N-terminus, may transiently interact or insert into lipid membrane and 

that, this interaction pattern may lead to α-helical transition of its flexible N-terminal 

region. 

 
Figure 4.8 Characterization of E3-N-terminus insertion into liposomes. (A) Analysis of 
fluorescein content release from liposomes in presence of E3-WT protein. (B) Far-UV CD 
analysis on E3-WT protein in presence of increasing molar ratios of LUVs. 
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Taken together, while our in silico predictions indicated towards a potential 

membrane interacting region in E3 at its N-terminus, our experimental validations ruled 

out this possibility. Hence, our observations and experimental results suggest that E3 does 

not interact with lipid membranes, and thus may have an alternative mechanism of 

regulation of E2-E1 structure and activity. Alternatively, E3-E2 interactions involve 

charged residues that are believed to undergo protonation and rotameric changes at acidic 

pH. Such changes are likely to affect these interactions at acidic pH and may break open 

the E3-E2 interface at acidic pH. This neutral to acidic pH transition could be a possible 

trigger for E3 release from E2. We have generated Y48A, Y47A+Y48A, and H256A 

mutants of E3-E2 recombinant protein and have purified and characterized these mutants 

for secondary and tertiary structural properties. Using these, further experimentation is 

currently going on in the lab for proving this hypothesis. 
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4.4 DISCUSSIONS: 

Role of the E3 protein in alphavirus cell entry is not studied. As understood from 

the crystal structure of E3-E2-E1, E3 is positioned in a way in the structure that unless E3 

dissociates from the E2, E1 fusion loops cannot be unmasked. Thus, E3 may be acting as a 

regulator in the cell entry. Supporting this notion, Basore et al (90), in a cryo-EM study, 

reported structure of MXRA8 bound with E3-E2-E1 trimeric spike of CHIKV, where E3 

is present on the trimeric spike after MXRA8 binding.  

In this study, we explored possible mechanisms by which E3 dissociation from E2 

may be initiated. There are two possible scenarios that we explored: acidic-pH triggering 

E3-E2 dissociation and E3 membrane interaction leading to conformational change in E3, 

possibly leading to E3-E2 dissociation.  

There are a number of key interactions at E3-E2 interface (11 weak interactions, 

either hydrogen bond or salt bridges or cation-pi or pi-pi interactions) that can be affected 

by change in pH.  Change in conformation in E3 protein may lead to breaking of these 

interactions and release of E3 from E2.  Our sequence comparisons (E3 sequences from 

different alphaviruses), identified two highly conserved motifs in E3. Of the two motifs the 

‘GY47Y48’ motif is particularly interesting. The conserved Y48 in the ‘GY47Y48’ motif, is 

involved in a p-p interaction with a acid-sensing histidine (H256 in the ASR region) residue 

from E2. It is possible that endosome acidification may trigger breaking of this p-p 

interaction, triggering E3-E2 dissociation. This notion is supported by the observation that 

E3 Y47 residue interaction with a charged residue (in a p-cation interaction) of E2 in SFV 

is pH sensitive (83). Further studies to understand the role of GYY motif and other 

conserved charged residues in E3, in acidic pH-mediated dissociation of E3-E2 are being 
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continued in the lab.  

Alternative (to acidic pH) possible mechanism of E3-E2 dissociation, is through E3 

interaction with the membrane.  We tested E3-membrane interactions using SUV and LUV 

liposomes as membrane models. However, our studies are not conclusive. We did not see 

E3 interaction with SUV or LUV liposomes, at least in the in vitro conditions that we have 

tested. Further characterization using different lipid composition, or using E3 protein in 

complex with E2, may be required.   
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5.1 INTRODUCTION: 

To study viral biology in a lab setup, especially the early events in a virus life cycle 

(for example viral entry), several different assay systems or approaches are available. Each 

of these assay systems make use of either the infectious virion particle or use other ways to 

have a mimic of the infectious virion particle (lacks one or more components) to study its 

function/function of its components (205–207). These methods are referred to as functional 

assays. Viral cell entry is mainly dependent on the function of the viral envelope proteins. 

Hence, different approaches other than using the infectious virion particles are employed 

for structure-function studies on viral envelope proteins. Among these other methods, use 

of reverse genetics approach where viral RNA transcription from a cDNA clone is 

performed and then these RNAs are used for transfecting cells in a cell-culture based assay 

for generation of infectious virion particles. Mutations can be created in the cDNA clone 

and the mutant viruses can be generated by transfecting with the transcribed mutant RNA 

samples (208–211). Further, in addition to using the infectious virion particles, this 

approach that involves generation of infectious viruses requires certified class III BSL 

facility for research work and hence, limits the availability of these methods to specific labs 

equipped with such facilities. However, there are other methods that does not require such 

level of facilities and use of infectious virus particles. These systems can be used in a 

common lab setup, which involves use of either VLPs (205) or pseudoviruses (206, 207). 

Both these methods have their advantages and disadvantages. VLPs are specific to 

respective viruses (includes capsid+envelope+envelope proteins only) and can generate the 

closest mimicking particles (structure wise) to the infectious clones (205). However they 

lack the entire replication machinery and hence the system is limited to use in structural 
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and in certain functional studies. For structural studies, mostly EM based analysis on 

isolated VLPs are performed. For functional studies, fluorescence dye labelled VLPs are 

used for fusion with a lipid bilayer or liposome membrane in in vitro conditions. One of 

the limitations of using the VLP approach is the trial and error approach of VLP production 

with minimum success rate (205). Since for each virus, the virus specific components are 

used, the protocol needs to be optimized each time for making VLP for a specific virus. 

Though a single plasmid carrying the entire structural polyprotein cassette is enough for 

generating VLPs, creating mutants of VLPs could be problematic especially when the 

mutations affect the structural stability of the VLPs. On the other hand, pseudo viruses are 

non-infectious forms of actual virions and in general carry few viral components from the 

actual virus such as envelope entry proteins (206, 207). All other components required for 

making a virion particle is supplied from a number of plasmids that code for other necessary 

viral components of a different virus (other than the one from which the envelope protein 

coding sequence is used). In case of pseudo viruses, a simpler genome incorporated reporter 

protein coding sequence (for example GFP, expression of which can be studied through 

fluorescence microscopy) can be used to study viral cell entry using cell culture based 

assays, in a more realistic way to understand the functionality of envelope proteins during 

viral cell entry. Pseudo viruses has the features of a VLP as well and can be used for 

structural analysis using EM based approaches. There are two well studied pseudo typing 

systems available – the lentiviral packaging system (207) and the VSV G-VSV system. For 

lentiviral packaging either a 3rd generation system is required, which uses three plasmids 

or a 4th generation system is required that uses four different plasmids. These plasmids 

generally are classified as packaging plasmid (one or two plasmids code for structural 
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components for pseudovirion making), transfer plasmid (contains a reporter or transfer 

sequence and a packaging signal for packaging into pseudo viruses) and an envelope 

plasmid (codes for foreign viral envelope proteins). For VSV G-VSV pseudovirion system, 

a VSV helper virus is used along with an envelope protein expressing plasmid or a stable 

cell line, for generation of pseudo viruses (206). Thorough protocols on how to use these 

systems are available for gene delivery or siRNA delivery methods (212, 213). However, 

for studying viral cell entry, these systems are time consuming, tedious and require 

simultaneous transfections with multiple plasmids (or a helper virus + plasmids in case of 

VSV G-VSV pseudo type system) (206, 207). We took a similar approach and tried pseudo 

typing of CHIKV envelope proteins using the 3rd generation lentiviral packaging system. 

However, our trials were not successful. The lentiviral/VSV G-VSV systems are made 

using respective viral components that involves use of a single or at max two foreign 

envelope proteins. So, it is easier to pseudo type a viral envelope where only a single 

envelope protein is present. In other cases for example in case of CHIKV, in addition to the 

envelope fusion protein a companion receptor binding protein and two other small proteins 

are also present. Packaging with such complex envelope protein systems though tried 

previously are not thoroughly studied. More data related to these are necessary to 

understand how such envelope protein complexes can also be successfully used for pseudo 

typing. 

Baculoviruses on the other hand are genetically simple and easier to manipulate and 

hence, are also used for development of pseudovirion systems (214). These are a group of 

viruses from baculoviridae family that contains ~76 species divided among four different 

genera – alpha, beta, gamma, and delta-baculoviruses (215–217). These viruses infect a 
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wide range of invertebrate hosts; larval forms of the moth species are most common. 

Baculoviruses also infect flies, shrimps and mosquitoes. Though these viruses can enter 

into mammalian cells in a cell culture based system, these viruses fail to replicate inside 

mammalian cells or any other vertebrate animal cells. They carry a double stranded DNA 

genome of ~80 to 180 kb in size. The most studied of the baculoviruses is the alpha-

baculovirus Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV), which 

has a DNA genome of ~133 kb. This virus has two forms; one the occlusion derived virus 

(ODV) and the other is the budded virus (BV) form. These viruses are smaller particles 

(<1/1000 of a millimetre across) and are protected by a protein coat called polyhedron in 

the ODV form. These forms are eaten by insects from an infected plant, from where the 

ODV form of the virus is transferred to insect gut and dissolves there in the alkaline 

environment for genome release and infection. The BV however performs the cell-cell 

transmission for systemic infection. The viral envelope protein of AcMNPV is gp64, which 

not only helps in formation of the virion but also helps in attachment to host cells (218), 

acidic pH dependent virus-host cell membrane fusion, entry from within the endocytic 

vesicles (219–221), and budding, where BV acquires cell envelope with surface expressed 

glycoproteins from an infected cell etc. (222). Deletion of gp64 can be lethal unless 

complemented with other viral envelope proteins for virus production (223–225). 

Baculovirus infection can be seen as early (0-6 h.p.i), late (6-24 h.p.i), or very late (72 

h.p.i). BV is produced towards end of the late phase and ODV is produced towards end of 

the very late phase.  

With the available methods and commercial strategies (214, 226–228), it is now 

easier to manipulate the single DNA genome of the baculovirus for different purposes. 
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Moreover over all procedure for these methods requires maintenance of low cost derived 

insect cell culture system and a basic lab set up with molecular biology facilities. As 

mentioned earlier these viruses, though insect infecting viruses, can also enter into 

mammalian cells. Taking into consideration all these parameters, several trials have been 

made to manipulate their genomes to use these viruses for development of pseudo typing 

systems. One widely used approach is the pRED/ET based recombination approach (226) 

to remove the sole viral envelope or entry protein, gp64, and replacing it with any other 

envelope protein of interest. However, the earlier strategies included a cumbersome 

approach to achieve this process with minimum efficiency of recombination and hence, 

less success. Example of one such approach is the use of a transfer vector with gene of 

interest that needs to be recombined with the co-transfected baculovirus genome inside 

insect cells in a cell culture based system. Post co-transfection the progeny viruses were 

titrated and selected for recombinants based on the following strategy. Selection methods 

in certain cases depended on the blue white selection by transfer of a lacZ locus, which was 

kept upstream to the recombination cassette in the transfer vector. Such methods required 

screening multiple plaques of viruses generated inside insect cells for recombinants, and 

the efficiency of recombination observed remained below 1% (214). 

We took advantage of the available gene manipulation methods that depends on 

engineering through recombination and transposition approaches (214, 226–228). Presence 

of transposition sites in the single baculovirus genome (as per Bac-BacTM system) for ease 

of incorporation of reporter as well as different viral envelope protein-coding sequences 

makes it easy to manipulate the bacmid genome once the envelope protein, gp64, coding 

sequence is replaced with a selection marker or a reporter or both through recombination 
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approach for making pseudo viruses. Recombination can be performed by use of pRED/ET 

system inside the same E. coli host that carries the transposition machinery for 

recombination, rather than depending on insect cells for recombination (214, 226). Also, a 

fluorescence reporter-based screening can be performed in E. coli itself and is simpler 

compared to screening of multiple plaques post-insect cell transfection and recombinant 

virus production. To add to this, manipulation of a single bacmid genome is beneficial over 

manipulation and use of multiple plasmid systems used for other pseudovirion systems. 

Also, the use of an insect virus significantly reduces the chances of human infection/for 

that matter reactivation of a pathogenic virus inside a mammalian host cell. 

We planned for developing a baculovirus pseudovirion system for use in functional 

entry assays since our trials with Lentiviral packaging systems involving pseudo-typing of 

CHIKV envelope proteins were not successful. Though Lentiviral and VSV G-VSV 

pseudo-typing systems are used extensively for gene transfer methods and generation of 

pseudo-envelops with envelope proteins from many different viruses, pseudo-typing with 

CHIKV envelope proteins were not tested thoroughly (206, 207). Our goal is to knock out 

the baculovirus envelope protein, gp64 and then knock-in ‘an antibiotic plus a fluorescence 

reporter (Cm-GFP)’ cassette in place of gp64 coding sequence in frame with gp64 

promoter. Our reasoning for this strategy is, while presence of Cm adds an extra level of 

selection marker during screening inside bacterial cells, presence of GFP in frame with Cm 

promoter makes GFP active inside bacteria as well, also contributing to ease of selection 

during screening for the right recombinants. In addition, GFP can also be driven from the 

gp64 promoter and hence once the right recombinant is transfected into sf9 insect cells, 

transfection verification and efficiency can be checked easily by utilizing GFP reporter 
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fluorescence. Once the pseudovirion particles assemble into functional infectious agents 

(at least in sf9 cells), GFP reporter fluorescence can be utilized to study both syncytia as 

well as functional cell-transduction in insect cells (Figure 5.1). In this way, the functionality 

of the viral envelope proteins can be verified (and compared between WT and mutant 

proteins) with ease in cell entry assays. 

 

Figure 5.1. Scheme showing overview of baculovirus (BV) pseudovirion developement 
plan. 
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5.2 MATERIALS AND METHODS: 

5.2.1 Lentiviral packaging of CHIKV envelope proteins 

We used the pcDNA3.1 based pBS002 construct (pcDNA3.1 + E3-E2-fl-6K-E1-fl, 

construct making is detailed in the materials and methods section of chapter 1) for cell-

surface expression of full-length structural envelope proteins of CHIKV in HEK293T, and 

Hela cells. Details on the expression procedure are discussed in chapter 1. For lentiviral 

packaging, we used a 3rd generation based lentiviral packaging system, where psPAX2 (the 

packaging plasmid), pLL3.7 (the transfer plasmid with GFP reporter), and pMD2. G 

(envelope plasmid with VSV G envelope protein) or pBS002 (envelope plasmid with 

CHIKV envelope proteins) plasmids were used at 1:1:1 molar ratios (total of 6µgs of 

plasmids per well of a 6 well plate was used) for transfections. All items used are purchased 

from InvtrogenTM. We collected the viral stocks from these transfected samples at 5 d.p.t, 

and used these stocks (after removal of cell debris by centrifugation and syringe filtration) 

for infection of fresh batch of cells at ~80-90% confluency with >95% viability. We used 

polybrene as a transduction enhancer at 6-8µg/ml of media. 48-72 hrs post transduction, 

treated cells were checked for successful infection by recording fluorescence images for 

GFP reporter fluorescence using a fluorescence microscope. 

5.2.2 Construction of ‘gp64-start+Cm-GFP+gp64-end’ cassette for recombination 

We prepared the gp64-start+Cm-GFP+gp64-end cassette in sequential cloning 

steps. Small regions from the beginning and end of the gp64 coding sequence were PCR 

amplified from the baculovirus genome. Similarly the coding sequences for Cm and GFP 

were PCR amplified from pRIG and pIZT-V5-HIS plasmids respectively. The gp64 
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beginning and end regions (termed as gp64-start and gp64-end) were cloned into pUC19 

vector in two sequential cloning’s’, one generating the gp64-start-Cm and the other 

generating the GFP-gp64-end fragments. The final construct was prepared by cut-pasting 

GFP-gp64-end region next to gp64-start-Cm region in pUC19 vector (Figure 5.2). The 

primers used for making the cassette are listed in Appendices, Table a1.4. The entire 

cassette “gp64-start+Cm-GFP+gp64-end” was PCR amplified and transformed into a 

recombination host carrying the baculovirus genome with WT gp64 coding sequence for 

recombination. 

 

Figure 5.2 Homologous recombination cassette. (A) Map of homologous recombination 
cassette containing pUC19 clone. All features are labelled and base pair numbering is also 
shown. (B) Integrity check of the clone shown in (A) that carries the recombination cassette 
through restriction digestion. Name of restriction enzymes used are labelled. 
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5.2.3 Maintenance of pRED/ET recombination plasmid inside E. coli DH10Bac cells 

We chose the DH10Bac strain of E. coli as a recombination host because of 

following reasons. These E. coli strains contain a baculovirus genome called bacmid as a 

shuttle vector (bMON14272) and a plasmid called as helper plasmid (pMON7142) that 

codes for an enzyme called transposase inside the E. coli cell for site specific transposition 

of a gene of interest, cloned into the insect cell recombination vector pFastBac, to the 

bacimd genome. bMON14272 code for kanamycin resistance, pMON7142 codes for 

Tetracyclin resistance, and upon transposition Gentamycin resistance is transferred from 

pFastBac to bMON14272. All these antibiotic selection markers in addition to presence of 

the blue white screening locus at the Tn7L and Tn7R transposition site makes this E. coli 

strain a good host for baculovirus genome manipulation. The exact genotype of the E. coli 

DH10Bac host is F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 endA1 araD139 Δ(ara, leu)7697 galU galK λ-

rpsL nupG/pMON14272/pMON7124. 

We used the Gene Bridges’ RED/ET homologous recombination method that 

makes use of a set of site specific recombination promoting enzymes by expressing them 

in a controlled manner inside a recombination host with all other necessary resources 

required for recombination (for example the DNA to be inserted with homology arms that 

match to the homologous locus of a recombination target) present inside it. This approach 

is beneficial over other similar methods as it is less time consuming (can be done in few 

days), is independent of use of restriction sites, and there is no size limit as such for the 

recombination cassette for homologous recombination. The basic requirement for 

recombination using the RED/ET system is a ~50 bp homology arm that can be chosen 
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freely for recombination at any selected site. E. coli genome, BACs, and even the bacmids 

were successfully used as recombination targets using this system previously. The process 

is simplified by use of a single plasmid (pRED/ET) to carry the lambda phage derived 

recombination protein coding sequence along with other necessary components. We used 

this pRED/ET coded set of enzymes (gam, beta, exo and recA) kept under the control of an 

inducible arabinose promoter for recombination. Once this plasmid is transferred into a 

recombination host where both the recombination cassette and the recombination target 

sequences are present, Gam protects the introduced DNA cassette from degradation by 

RecBCD and SbcCD systems. Exo is a 5’->3’ exo-nuclease that creates 3’ single stranded 

DNA overhangs for recombination, and Beta binds to these overhangs, protects these 

overhangs and promotes annealing of these regions to a homologous region on the 

recombination target. The recA performs the site-specific recombination. This pRED/ET 

plasmid has pSC101ori and the growth of E. coli hosts maintaining this plasmid are 

sensitive to temperatures above 30°C. The plasmid has AmpR and post-transformation into 

E. coli DH10Bac cells, the cells were grown on LB agar plates containing 100µg/ml 

ampicillin at 30°C inside a temperature incubator till the colonies appeared (after ~20 hrs). 

The transformation protocol used in the previous step is detailed further. ~50ng of 

pRED/ET (size of 9270bp) plasmid was transformed into E. coli DH10Bac host 

recombination strain by giving heat shock at 42°C for 1 minute. For recovery, transformed 

cells were grown at 30°C, 250rpm for 1.30 hrs in 1ml of fresh LB broth without any 

antibiotics. Post incubation, cells were spun down at 4000 rpm for 2 minutes, then ~900μl 

of media from the top was poured off and cell pellet was re-suspended in remaining ~100μl 

of media followed by plating on LB-agar-Amp plus other antibiotics of interest containing 
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plate for growth. Cells were incubated at 30°C till single colonies appeared. 

5.2.4 Preparation of electro-competent pRED/ET bearing E. coli DH10Bac cells 

For preparation of electro-competent cells for homologous recombination single 

colonies of pRED/ET bearing E. coli DH10Bac cells were picked and used for inoculation 

of 2ml of primary culture. From the O/N grown primary culture (at 30°C, 250rpm), 2% 

inoculum was used for 10ml of secondary culture (at 30°C, 250rpm). It takes ~2hrs to reach 

OD600 of 0.3-0.4. At this point L-arabinose was added to a final concentration of 0.4% 

(from a fresh 10% stock) for induction. Incubation at 37°C, 250rpm for another 1hr post 

induction was allowed (during this 1hr induction at 37°C, all proteins necessary for 

subsequent recombination are expressed. By the end of this 1hr induction step, cells will 

still have ~2-3 copies of pRED/ET. The plasmid is actually lost after electroporation and 

recombination of gene of interest when cells are incubated at 37°C for O/N). Now, 

centrifugation was done with ~1.5ml of secondary culture in pre-chilled 1.5ml tubes at 

11000rpm for 30secs at 2°C. The supernatant was removed and cell pellet was re-suspended 

in 1ml of ice-cold 10% glycerol under sterile conditions. This step was repeated twice and 

finally the electro-competent cells were re-suspended in ~100µl of leftover 10% glycerol 

from the last wash step. The tubes were kept on ice for addition of ‘recombination cassette 

DNA PCR product’ for electroporation and subsequently recombination. 

5.2.5 Homologous recombination of “gp64-start+Cm-GFP+gp64-end” cassette with 

baculovirus genome 

For homologous recombination, ~1000ng of linear DNA cassette with homology 

arms (‘gp64-start+Cm-GFP+gp64-end’ PCR product) were added to chilled electro-

competent E. coli DH10Bac cells and then pipetted slowly for mixing, inside the pre-chilled 
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electroporation cuvettes. Electroporation was performed at 1350V for a brief 5ms pulse. 

Immediately 1ml of fresh LB media without any antibiotics were added to the cuvette and 

pipetted up and down carefully (at least once) to mix the cells, and then kept back on ice. 

The mixture was then transferred into a fresh 1.5ml tube followed by incubation at 37°C, 

250rpm for 3hrs. Cells were spun down at 4000rpm for 2 minutes and then ~900µl 

supernatant media were poured off. The remaining cell pellet was re-suspended in ~100µl 

of leftover media and plated on LB agar + Cm (used at 10mg/ml) + other antibiotics of 

interest (excluding Amp) containing plate. Then this plate was incubated at 37°C till single 

colonies appeared. It takes ~2-3 days for single colonies to appear on plate. The colonies 

were re-streaked onto fresh LB agar + antibiotic plates (now with Cm at 30mg/ml 

concentration) and used for verification of recombination by isolating recombinant bacmids 

from these cells and checking for deletion of gp64 and insertion of ‘gp64-start+Cm-

GFP+gp64-end’ through PCR using these gp64 forward and reverse primers (Appendices, 

Table a1.4). 

5.2.6 Preparation of viral envelope protein coding constructs and their transposition 

into Δ-gp64-Cm-GFP bacmid genome 

Constructs for viral envelope protein expression were prepared by cloning the 

coding sequences of VSVG (amplified from pLP-VSVG plasmid), CHIKV E3-E2-6K-E1 

(details about other coding regions of E3, E2, 6K and E1 are explained in chapter 1, 

materials and methods section), and Baculovirus gp64 (amplified from WT bacmid genome 

isolated from E. coli DH10Bac cells) into the MCS of pFB1 vector. Primers used for 

making each of the above mentioned constructs are detailed in Appendices, Table a1.4. The 

constructs were transformed into the Δgp64-Cm-GFP bacmid carrying E. coli DH10Bac 
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cells using a standard protocol. The transposed recombinant bacmid carrying colonies were 

selected through blue-white screening (white colonies are recombinants, +ve for 

transposition). Recombinant bacmids were isolated from re-streaked fresh white colonies 

using a modified mini prep method (where except mini-prep column, isopropanol 

precipitation approach was used for DNA purification). After brief washing steps with 70% 

ethanol, the precipitated DNA pellet (white colored pellet) was air dried and then re-

suspended in elution buffer for transfections into sf9 cells. PCR verifications for positive 

transposition in these bacmids were done using M13F/M13R primers. 

5.2.7 Transfection of purified recombinant bacmids into sf9 cells for pseudo-virus 

production 

Recombinant bacmids purified were always used freshly for transfection 

experiments. Sf9 cells growing in their log phases (at a density of ~2-3X106 cells/ml) were 

seeded to ~80% confluency, 12 hrs prior to transfection, in 6-well dishes (in 1X Sf-900II 

SFM media with 1X PS). Just before transfection, media was changed to without antibiotic 

containing 1X Sf-900II SFM (~1ml/well). Transfection was performed on to adherent sf9 

cells in a 6-well dish following the manufacturers protocol except that ~5 µg of 

recombinant bacmid DNA was used per well. Post transfection, ~5 hrs of incubation step 

was followed in the transfection media. Post this incubation step media was changed to 1X 

Sf-900II SFM with 5% FBS and 1X PS, and cells were incubated further (for 2-6 days) 

depending on the experimental requirement. 

5.2.8 Syncytia assay 

For syncytia assay, recombinant bacmids lacking gp64 and with complementing 

viral fusion proteins from Baculovirus gp64, VSVG, and CHIKV E3-E2-6K-E1 were 
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transfected into sf9 cells and incubated for post transfection period of 48 hrs. Then, sf9 

cells were washed with PBS buffer and then treated with acidic pH buffer (PBS buffer 

adjusted to pH 5.5) for 2 minutes. Acidic pH buffer was removed and after a brief washing 

step with PBS buffer, cells were kept in 1X Sf-900II SFM media with 5% FBS and 1X PS 

for another 4 hrs. Syncytia formation was observed by looking for multinucleated large and 

fused cells under phase contrast microscope. GFP reporter fluorescence from large fused 

cells was also observed under fluorescence microscope for conformation of syncytia 

formation. 

5.2.9 Pseudovirion transduction/cell entry assay 

For pseudovirion based entry assay, recombinant bacmids lacking gp64 and with 

complementing viral fusion proteins from Baculovirus gp64, VSVG, and CHIKV E3-E2-

6K-E1 were transfected into sf9 cells and incubated for post transfection period of 5-6 days. 

Used media from these incubated cells were collected and centrifuged at 1000 rpm for 5 

minutes at RT. Supernatant from this step were collected and filtered through 0.45 µm 

syringe filters. The filtered supernatants containing viral particles were used freshly at 

different dilutions (1-1000X dilution) for transduction into fresh batch of sf9 cells. Cells 

for transduction were prepared the same way as for transfection except confluency was 

kept to ~90% at the time of transduction (as a monolayer of cells). Cells were incubated for 

another 3-5 days to observe ~100% transduction through visual observations using phase 

contrast microscope or through observation of GFP fluorescence using fluorescence 

microscope. Number of cells with GFP fluorescence over total number of cells was used 

for calculation of percent-transfected cells at different time points (at 48 hrs representing 

1st round of transduction and at 120 hrs representing cell-cell infection). 
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5.2.10 Immunofluorescence assay to check surface expression of CHIKV cell entry 

proteins in sf9 cells using CHIKV E1-pAb 

For checking surface expression of CHIKV envelope protein through 

immunofluorescence assay, recombinant bacmids lacking gp64 and with CHIKV E3-E2-

6K-E1 were transfected into sf9 cells (grown on cover slips in a 6 well dish) and incubated 

for post transfection period of 48 hrs. Used media from these incubated cells were removed 

and thoroughly washed with PBS. Washed cells were blocked in blocking buffer (3% BSA 

containing PBS with 0.01% Triton-X 100) followed by incubation with E1-pAb (used at 

1:25000 dilution) containing buffer for 2 hrs.  After another brief washing step, 1hr 

incubation with secondary antibody (with Alexa FluorTM 594 tag) at 1:5000 dilution was 

performed. Then following thorough wash (3times 5minutes wash with PBS), fluorescence 

images were recorded using fluorescence microscope and analysed for presence of GFP 

fluorescence (especially at cell surface). 
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5.3 RESULTS: 

5.3.1 Production of CHIKV pseudo viruses using lentiviral packaging system 

We planned and tested expression of full-length forms of CHIKV envelope proteins 

for cell surface expression in mammalian cells. Our purpose for mammalian expression 

was to test packaging of CHIKV envelope proteins into lentivirus based pseudo viruses. 

Cell surface expression of CHIKV envelope proteins would allow newly budded pseudo-

lentiviruses to take these proteins along with the host membrane on their envelope while 

budding and hence can be used to study CHIKV envelope proteins in cell entry assays. Our 

construct making included the trans-membrane regions of E2 and E1 proteins and also 

included the native 6K sequence that joined E2 end and E1 beginning coding sequences. 

This entire ORF was kept in frame with the cytomegalovirus (CMV) promoter for 

expression in mammalian cells. We used this construct for mammalian cell expression for 

lentiviral pseudo-typing of CHIKV envelope proteins using a 3rd generation based lentiviral 

packaging system. However, we did not observe any functional pseudo viruses with 

CHIKV envelope from our transduction experiment (Figure 5.3). On the contrary, the VSV 

G protein (used as positive control for this experiment) was successfully pseudo-typed into 

the pseudo-lentiviruses and was able to successfully enter into HEK293T cells upon 

transduction. This was evident from the GFP reporter fluorescence obtained only in case 

of VSV G pseudo-typed lentiviruses (Figure 5.3).  
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Figure 5.3 Lentiviral pseudo-typing of full-length CHIKV envelope proteins. Fluorescence 
images from transduction experiment from lentiviral packaging of VSV G (control) and 
CHIKV envelope proteins (test) samples are shown. Only cells - zero transduction control 
is also shown. Scale bar is 50µm. 
 

This result was consistent between two of the mammalian cell lines that we tested, 

both HEK293T and Hela cells. Our literature analyses on CHIKV pseudo-typing show that 

CHIKV envelope proteins though are used earlier for production of VLPs (141), lentiviral 

packaging or for that matter packaging of CHIKV envelope with any other packaging 

methods was not thoroughly established. A recent study where CHIKV envelope proteins 

were used towards packaging into lentiviral system (102), have reported use of complex 

and multiple constructs with IRES sites for successful expression and packaging of CHIKV 

envelope proteins into pseudo-lentiviruses. 

5.3.2 Development of gp64 knockout and Cm-GFP knock in bacmid genome 

We developed a Dgp64-Cm-GFP bacmid by utilizing the pRED/ET based 

homologous recombination approach. By following a detailed procedure for recombination 

(see materials and methods section, and Figure 5.4) we were able to create a deletion of 

gp64 coding region and incorporation of Cm and GFP coding regions in frame with gp64 

promoter in gp64 coding region (Figures 5.5a and 5.5b).  
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Figure 5.4 Steps for generation of recombinant bacmids through homologous 
recombination approach.  

 

Our results from PCR verification using gp64 forward and reverse primers from 

bacmid that had undergone recombination (based on growth on Cm + LB agar plates as 

well as GFP fluorescence of these Cm resistant bacteria) revealed that a ~2.2 Kb (size of 

the recombination cassette) band could be seen in place of a ~1.5 Kb (size of gp64 coding 

region) band (Figure 5.5b). 
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This confirmed a successful homologous recombination event that led to Dgp64-

Cm-GFP bacmid generation. Further, these bacmid containing E. coli DH10Bac cells grew 

as blue colonies indicating intact MCS region where transposition can be performed later. 

We also observed GFP expression both in E. coli as well as sf9 cells suggesting the integrity 

and incorporation of the recombination cassette at right location in the bacmid. 

 
 

Figure 5.5 Homologous recombination verification. (A) scheme for homologous 
recombination process. (B) PCR verification of recombination of gp64-start-Cm-GFP-
gp64-end cassette in place of gp64 using gp64 F/R primers with WT non-recombination 
control. 
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transposition inside E. coli DH10Bac cells and isolated the recombinant bacmids from 

these cells post transposition. Through PCR verification we confirmed that all envelope 

protein coding sequences are successfully transposed into the Dgp64-Cm-GFP  bacmid 

(Figure 5.7, left lane).  

 
Figure 5.6 Transposition reaction procedure. (A) Scheme for transposition process. (B) 
Constructs for transposition reaction with sizes for coding regions mentioned to their right. 
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Figure 5.7 Verification of transposition reaction. (A) M13F/R PCR amplicon from GFP 
transposed bacmid on left, scheme of representative pseudovirion to right. (B) M13F/R 
PCR amplicons from CHIKV E3-E1, BV gp64 and VSV G transposed bacmid on left, 
scheme of representative pseudovirion to right. (C) gp64 F/R PCR amplicon from WT 
bacmid and D�p64-Cm-GFP bacmid on left, scheme of representative pseudovirion to 
right. 
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Now using these purified bacmids we performed transfections into sf9 cells for 

generation of pseudovirions (scheme in Figure 5.7, right lane). After 5-6 days post 

transfection in case of BV gp64 and VSV G expressing cells, spent medium from infected 

cells (with phenotype of dark and increased cell nucleus, granular cell morphologies, 

cessation of growth etc.) were collected. We removed the cell debris and used the clear 

supernatant fraction that contained the pseudotyped virus particles. We made several 

aliquots, some of which were kept at -20°C (for long term storage) and some of which were 

kept at 4°C (for regular use). We used these supernatants to infect fresh round of cells and 

observed that even with 1000X dilutions the new round of cells were ~100% infected with 

these inoculums in another 2-3 days (as observed through infected cell morphologies and 

GFP fluorescence as well). 

5.3.4 Testing of BV gp64 and VSV G pseudotyped virions in functional assays 

To test the functionality of complementation with heterologous viral envelope 

proteins (pseudo tying) we used the purified pseudo viruses expressing BV gp64 and VSV 

G on their envelope in syncytia (Figure 5.8) and cell entry/transduction assays (Figure 5.9) 

in sf9 cells. Our results from Syncytia assay shows that the gp64 knock out virus (null 

virus) failed to induce syncytia (Figure 5.8, third lane) in cell culture assay when triggered 

with acidic pH.  

However, when we used the BV gp64 and VSV G complemented pseudotyped 

virus, both these viruses restored the syncytia forming ability (Figure 5.8, fifth and sixth 

lane) as seen with the WT gp64 containing virus (used as a positive control) (Figure 5.8, 

second lane). These results not only confirmed the expression of complemented BV gp64 
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and VSV G from the polyhedrin promoter but also showed functional packaging and 

surface expression of these proteins, which is essential for inducing syncytia formation. 

 
Figure 5.8 Syncytia assay. Labelling on top shows the name of bacmid used for 
transfection. Ac WT - WT bacmid, Ac Dgp64 - gp64 knockout bacmid, Ac-WT-GFP – WT 
bacmid with GFP transposed, Ac Dgp64-gp64 - gp64 transposed into Dgp64 bacmid, Ac 
Dgp64-VSVG - VSVG transposed into Dgp64 bacmid. 

 

 

Figure 5.9 Cell entry assay. Labelling on top as in figure 6.6. Labelling on side shows time 
point and type of experiment. 2 d.p.t. and 5 d.p.t. - 2 days and 5 days post transfection. 5 
d.p.i. - 5 days post infection. 
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Further, we used these pseudotyped viruses in cell entry assays (without any trigger) 

to observe if these can successfully do transduction into a fresh batch of sf9 cells. From our 

results it it clear that the null virus failed to perform cell entry (as evident from no GFP 

fluorescence) (Figure 5.9, third lane). 

However, the BV gp64 and VSV G pseudotyped viruses could successfully do cell-

transduction (Figure 5.9, fifth and sixth lane) followed by cell to cell infection (as evident 

from GFP fluorescence obtained at different time intervals post transfection and infection). 

This not only proved functionality of the pseudotyped particles but also their capability to 

replicate their genome inside infected sf9 cells and then package them further into progeny 

viruses for cell-cell infection. Taken together, our results from both syncytia and cell entry 

assays suggest that the pseudovirion system that we developed in this study is functional 

and also validates the proof of principle of the system development strategy. 

5.3.5 Checking surface expression of CHIKV envelope proteins in sf9 cells 

We checked surface expression of CHIKV envelope proteins from the Dgp64-Cm-

GFP bacmid genome in sf9 cells (Figure 5.10). We did this through immunofluorescence 

approach using the E1 protein specific polyclonal antibody developed in this study (refer 

to chapter 1, materials and methods section). From our IF results we could see surface 

expression of the CHIKV E1 protein (Figure 5.10, fourth lane). More fluorescence at cell 

surface was observed in case of CHIKV E1 (Figure 5.10, fourth lane) as compared to 

diffused GFP fluorescence throughout the inside of the transfected cells (Figure 5.10, third 

lane). We confirmed the fluorescence coming from E1, by taking control samples (one 

where E1 expression was absent, and one where we skipped the incubation step with E1-

pAb and used only fluorophore tagged secondary antibody, data not shown). All these 
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results suggest that the CHIKV envelope proteins were successfully expressed at cell 

surface (a pre-requisite for successful pseudo typing by newly budded virus particles) from 

the polyhedrin promoter and from the Dgp64-Cm-GFP bacmid backbone in sf9 cells. 

 

Figure 5.10 Immunofluorescence assay using E1-pAb on CHIKV envelope protein 
expressing sf9 cells. Labelling on top are as follows, PC – phase contrast image, DAPI – 
nuclear staining image, GFP – GFP fluorescence image, E1-Ab+AF594-tagged-Ab – 
AF594 tagged secondary Ab staining image with E1-pAb used as primary, Merge – Merge 
of GFP and AF594 fluorescence images. 

 
5.3.6 Optimization of BV pseudo typing with CHIKV envelope proteins 

Though we could successfully verify the surface expression of CHIKV envelope 

proteins from the Dgp64-Cm-GFP bacmid genome in sf9 cells, we found it difficult to 

isolate the functional CHIKV E3-E2-6K-E1 pseudotyped viruses. Supernatants collected 

in the same manner as that of the BV gp64 or VSV G pseudotyped viruses in case of 

CHIKV did not result in syncytia formation or cell entry in cell culture based assays (Figure 

5.11, also refer to figure 5.8 and 5.9).  
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Figure 5.11 Testing of CHIKV pseudo type in syncytia and transduction assay. Top panel 
represents results from syncytia assay and bottom panel represents results from 
transduction assay. Labelling on top shows the name of bacmid used for transfection and 
virus generation. Ac Dgp64 - gp64 knockout bacmid, Ac Dgp64-VSVG - VSVG transposed 
into Dgp64 bacmid, and Ac Dgp64-CHIKV – CHIKV E3-E2-6K-E1 transposed into Dgp64 
bacmid.  

 
Further, since CHIKV envelope fusion protein represents a complex of multiple 

associated proteins (unlike in BV gp64 and VSVG, where it’s a single proteins from the 

class III fusion protein group) representative of class II fusion proteins (a different class 

than that of gp64 and VSV G), some problem might have occurred in functional 

assembly/packaging of these proteins inside sf9 cells towards making up of infectious virus 

particles. Assuming that even non-infectious viral particles were not produced (we have 

not tested this in the current study), we addressed the assembly problem further. We have 

tried expressing these proteins from different promoters (instead of the default polyhedrin 

promoter) from the bacmid genome. We used OPIE2 and even the WT gp64/Op166 

promoter but in none of the cases any functional pseudo typing (based on our results from 

syncytia and cell entry assays, not shown) was observed. Some other approach has to be 
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tested (may be tagging these proteins with a C-terminal anchor region from BV gp64 itself 

that can interact with the BV genome and help in functional packaging) further to 

functionally pseudo type viral envelope proteins from different classes of viruses into the 

baculovirus pseudovirion system to make it a simple and useful tool for functional viral 

cell entry based studies. 

 

5.4 DISCUSSION: 

Pseudo viruses are non-infectious forms of actual virions and in general carry few 

viral components from the actual virus such as envelope entry proteins and can be utilized 

to study many processes of viral biology without the involvement of the infectious virion. 

Few well known pseudo virus making systems that are utilized in the field are Lentiviral 

packaging system (207) and VSVG helper virus mediated packaging system (206). Use of 

both these systems require use of attenuated/inactive components from pathogenic viruses 

with risk of re-activation. Also, since these are animal viruses chances of false positive 

signals coming from replication of the reporter coding sequence inside mammalian cells is 

also there. In addition, use of either a helper virus along with other envelope protein coding 

plasmids or use of multiple plasmids carrying different viral components required together 

for making a functional pseudovirion, is necessary (206, 207). All these requirements in 

addition to differential maintenance and use of mammalian cells (differences in results 

obtained with different batches of cells/different cell passages) leads to very poor efficiency 

of pseudo virus production. We planned and generated a simple pseudovirion system using 

an insect virus (Baculovirus) engineered to carry any viral envelope protein with ease. Our 

results are discussed in line with other available literature below. 
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We successfully generated the Dgp64-Cm-GFP baculovirus genome through 

homologous recombination approach. We used the pRED/ET based recombination 

approach, which was extensively used earlier for manipulation of bacterial genomes to 

modify and engineer the baculovirus genome (a virus genome) for pseudovirion 

development (226–228). We manipulated the BV genome and using this modified genome, 

developed functional pseudotyped viruses that carry BV gp64 and VSV G proteins on their 

envelope. Our results from both syncytia and cell entry assays using these pseudo viruses 

suggest that the pseudovirion system that we developed in this study is functional and also 

validates the proof of principle of our system development strategy. However, though we 

could verify the surface expression of CHIKV envelope proteins from the Dgp64-Cm-GFP 

bacmid genome in sf9 cells, we did not observe any functional CHIKV E3-E2-6K-E1 

pseudotyped viruses (based on our results from functional assays). Earlier using different 

approaches, CHIKV envelope proteins were tested in pseudo typing or VLP production in 

sf9 cells, involving baculoviruses, in couple of studies (136, 229). In one case, only CHIKV 

6K-E1 expressed from a recombinant baculovirus in Sf21 cells showed to have syncytia 

activity (136). In this study the WT envelope protein (gp64) was still intact in the 

recombinant baculovirus used to make CHIKV E1 pseudotyped viruses and the only 

distinction used to separate the fusion activity of gp64 versus E1 was a pH threshold of 5.0 

for gp64 and 6.4 for E1 in the syncytia assay. The VLPs were produced as secreted out 

particles in Sf21 cells by expressing the complete structural cassette of the S27 strain of 

CHIKV from a recombinant baculovirus and were tested to be highly immunogenic and 

also showed protection against CHIKV infection in animal models (229). In this case also, 

the WT gp64 was still intact in the baculovirus and the structural cassette included the 
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capsid plus envelope protein coding sequences for VLP production. Further, since CHIKV 

envelope fusion protein represents a complex of multiple associated proteins from class II 

fusion proteins group that is different from the class III group of BV gp64 and VSV G 

proteins, we tested expressing CHIKV envelope proteins from different promoters (instead 

of the default polyhedrin promoter) from the bacmid genome. Role of such promoters in 

regulation of expression of different viral envelope proteins in insect cells using 

baculovirus genome has been discussed in earlier studies (230, 231). However, our trials 

involving OPIE2 and even the WT gp64/Op166 promoter (early promoters) in place or in 

combination with polyhedrin promoter did not result in functional pseudo typing. We 

believe some other approach involving tagging/expressing of these viral envelope proteins 

with a C-terminal anchor region (as a fusion protein) from BV gp64 itself may lead to WT 

BV like genome packaging and may lead to functional pseudo typing (probably through 

inducing native like viral envelope protein-viral genome interaction for packaging). This 

approach however need to be tested further in order to make the currently developed BV 

pseudovirion system an useful universal tool (capable of packaging different classes of viral 

envelope proteins) for use in functional viral cell entry assays.  
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SUMMARY 

Chikungunya virus (CHIKV) is an aedes mosquito-transmitted alphavirus that is a 

public health threat. Similar to other enveloped viruses, CHIKV enters cells after fusion of 

its membrane with that of the host endosome. CHIKV cell entry is facilitated by its surface 

envelope-anchored proteins, E1 and E2, which exist as tightly associated heterodimer 

complex. And, three E2-E1 heterodimers assemble to form a trimeric spike-like structure 

on virion surface. In a trimeric spike, E2 is at the center, and E1 to the periphery. As first 

step in entry, E2 binds to a cell surface proteoglycan such as heparan sulfate (HS) or a 

protein receptor (for example mxra8). Receptor binding triggers endocytosis of the virion. 

In maturing endosome, upon endosome acidification, E1 performs viral – endosome 

membrane fusion.  

Function of E2 and E1 are tightly regulated. E2 structurally masks E1 and thus 

regulates E1 function till cell-surface receptor is bound. Dissociation of E2-E1, upon 

receptor binding to E2, is a required step in cell entry. How receptor binding triggers E2-

E1 dissociation is not known. In this thesis study, I characterized interaction of HS with 

E2. Sequence analysis, complemented with molecular docking of HS structure on to 

CHIKV E2-E1 crystal structure, identified a novel HS binding motif – XBXXBX (X is any 

residue; B is a basic residue) - on domain A of alphavirus E2. HS binding site identified in 

CHIKV E2 is structurally conserved amongst other alphaviruses. Then, using purified 

recombinant E2 protein, I biochemically characterized interaction with HS and heparin. HS 

and/or heparin bind to E2 protein through charge-charge interactions. Mutagenesis of basic 

residues from the predicted binding pocket resulted in significant loss of HS binding to E2. 

In order to explain E2-E1 dissociation upon receptor binding, I performed MD simulation 

of HS-bound E2 structure – HS binding results in allosteric movement of domain C. 

Fluorescence resonance energy transfer experiments and other biochemical studies with E2 

protein and HS validated simulation predications. Based on these results, I explained a 

possible mechanism of E2-E1 dissociation upon receptor binding: E2 domain C movement, 

upon receptor binding, pushes E1 away. This breaks E2-E1 interface, leading to 

heterodimer dissociation.  

Another regulatory feature in CHIKV (and other alphaviruses as well) entry is 



 

 

II 

endosomal acidic pH triggering conformational changes in E1, the membrane fusion 

protein. As per the unified structural mechanism of viral membrane fusion proteins 

(proposed based on structures of different fusion proteins in pre- and post-membrane fusion 

states) viral fusion proteins undergo pre- to post-fusion conformation switch during 

membrane fusion. The three b-sheet domains (dIII-dI-dII, in viral membrane proximal to 

distal order) of E1 rearrange to form an extended conformation (all domains arranged 

linearly) upon endosome acidification. Mechanism of acid sensing, and conformational 

changes to make the extended intermediate conformation are not known. Based on 

sequence and structure analysis, and molecular dynamics simulations on E1 at acidic pH, I 

explained the role of the linker region connecting the domain I and III of E1. Also, I 

designed cysteine stapling mutations in E1, and using large unilamellar vesicle (LUV) 

fusion assays, showed that when dIII and dI are cysteine-stapled, fusion is affected. Based 

on the results, I proposed that dIII-dI separation and a swiveling motion over the hinge 

connecting dIII-dI as a structural mechanism of acid-pH triggered E1 extended 

intermediate formation.  

In alphaviruses all structural proteins are made as a single polypeptide in infected 

cell and upon proteolytic processing mature to E2, E1 and E3. E3 is retained on virion 

surface, associated with E2, only in few alphaviruses – CHIKV being one of those. Role of 

E3 in entry is not known. From structure of CHIKV E3-E2-E1 complex it is suggested that 

E3 may have a regulatory role, as it is positioned as a ‘brace’ on E2. E3 should move out 

for E2 and E1 to function. I hypothesized that E3 association with membrane may result in 

loss of E3-E2 interaction. I tested if E3 protein interacts with membrane using LUVs. In 

the experimental conditions that we used, E3 does not interact with membrane.  

Over all, studies presented in this thesis contributed to explain structural mechanism 

of regulation of cell entry proteins in alphaviruses, which will be helpful for therapeutic 

development. I also contributed several important resources for studying structure-function 

relationship of alphavirus cell entry proteins.  
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APPENDICES 

Table a1.1: List of overlapping primers for E3-gene synthesis. 

Primer initials Primer sequences 

E3-R0 GCAAGACTTCTAGAATAC 

E3-F0 (+ XbaI site) GTATTCTAGAAGTCTTGCCATCCCAGTTATGTG 

E3-R18 ATTTGCCAACAGGCACATAACTGGGATG 

E3-F33 CCTGTTGGCAAATACCACGTTCCCC 

E3-R46 GGCTGGGAGCAGGGGAACGTGGT 

E3-F58 TGCTCCCAGCCCCCTTGCACGC 

E3-R69 CGTAGCAGCAGGGCGTGCAAGGG 

E3-F80 CCTGCTGCTACGAAAAGGAACCGGA 

E3-R92 GCGTAGGGTTTCCTCCGGTTCCTTTT 

E3-F105 GGAAACCCTACGCATGCTTGAGGACA 

E3-R118 GGTCTCATGACGTTGTCCTCAAGCAT 

E3-F131 ACGTCATGAGACCTGGGTACTATCAGC 

E3-R144 GGATGCTTGTAGCAGCTGATAGTACCCA 

E3-F158 TGCTACAAGCATCCTTAACATGTTCTCCC 

E3-R172 GCTGGCGGTGGGGAGAACATGTTAA 

E3-F187 CACCGCCAGCGACGCAGCAGATCTAG 

E3-R197 (+ BglII site) CTAGATCTGCTGCGTC 
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Table a1.2: List of overlapping primers for 6K-gene synthesis. 

Primer 
initials Primer sequences 

6KR0 TGGTATGTGGCGAATTCAT 

6KF0 (+ 
EcoRI site) ATGAATTCGCCACATACCAAGAGGCTGCGATATACC 

6KR19 TGCTGCTCGTTCCACAGGTATATCGCAGCCTCT 

6KF36 TGTGGAACGAGCAGCAACCTTTGTTTTGGCTACAA 

6KR52 CCAGCGGAATAAGGGCTTGTAGCCAAAACAAAGGT 

6KF71 GCCCTTATTCCGCTGGCAGCCCTGATTGTTCTATG 

6KR87 GGTAAGAGTCTCAGACAGTTGCATAGAACAATCAGGGCTG 

6KF106 CAACTGTCTGAGACTCTTACCATGCTGCTGTAAAACGTT 

6KR127 CTCATTACGGCTAAAAAAGCCAACGTTTTACAGCAGCAT 

6KF145 GGCTTTTTTAGCCGTAATGAGCGTCGGTGCCCACACT 

6KR166 (+ 
NdeI site) TTATCATATGCGCGCTCACAGTGTGGGCACCGACG 

6KF182 GTGAGCGCGCATATGATAA 
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Table a1.3: E. coli, insect cell and mammalian cell expression construct details. 

Construct details Primer details 

[pET24b+ E3] with 
C-terminal 6His-tag 

FP (+NdeI site) - 
GCTCATATGAGTCTTGCCATCCCAGTTATG 
RP (+XhoI site) - 
CTCTCGAGGCGTCGCTGGCGGTGGGG 

[pET24b+ E3-E2] 
with C-terminal 

6His-tag 

FP (+NdeI site) - 
GCTCATATGAGTCTTGCCATCCCAGTTATG 
RP (+NotI site) - 
ATGCGGCCGCGTACGAACGACCTTCGATGTACAGCT
CATAATAATACA 

[pET24b+ E2] with 
C-terminal 6His-tag 

FP (+NdeI site) - 
AGCATATGACCAAGGACAACTTCAATGTCTATA 
RP (+NotI site) - 
ATGCGGCCGCGTACGAACGACCTTCGATGTACAGCT
CATAATAATACA 

 
[pET24b+ E1] with 
C-terminal 6His-tag 

FP (+NdeI site) - 
AGGCATATGGAACACGCAACAGTGATCCCGAAC 
RP (+HindIII site) - 
ATAAGCTTTTAGTGATGGTGATGGTGATGGTACGAAC
GACCTTCGATCTGCACCCATGACATCGCCGTAGCGG
AG 

[pFB1+Mel-E3-E2-
GS-E1-ectodomain] 

with N-terminal 
melittin signal and C-

terminal 6His-tag 

Multiple primers: 
 
Melittin FP (+EcoRI site) - 
GCTGAATTCATGAAATTCTTAGTCAACGTTGCC 
Melittin RP (+XbaI site) - 
GTATTCTAGACGCATAGATGTAAGAAATGTAC 
E3 FP (+XbaI site) - 
GTATTCTAGAAGTCTTGCCATCCCAGTTATGTG 
E3 RP (+BglII site) - 
GCTGGCGGTGGGGAGAACATGTTAA 
E2 FP (+BglII site) - 
AGAGATCTACCAAGGACAACTTCAATGTCTATA 
E2 RP (+BamHI site) - 
GAGGATCCGTACAGCTCATAATAATACAGAAT 
GS FP (+BamHI overhang) - 
GATTCGGGAGCGGGTCCCACCGCCAGCGACGCAGC
ACCAAGGGGAGCGGGTCCCA 
GS RP (+NdeI overhang) - 
TATGGGACCCGCTCCCCTTGGTGCTGCGTCGCTGGC
GGTGGGACCCGCTCCCG 
E1 FP (+NdeI site) - 
AGGCATATGGAACACGCAACAGTGATCCCGAAC 
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E1 RP (+HindIII-Stop-6XHis-FactorX region) - 
ATAAGCTTTTAGTGATGGTGATGGTGATGGTACGAAC
GACCTTCGATCTGCACCCATGACATCGCCGTAGCGG
AG 

[pcDNA3.1+E3-E2-
6K-E1] without any 

tags 

Multiple primers: 
 
E3 FP (+HindIII site) -  
CGAAAGCTTATGAGTCTTGCCATCCCAGTTAT 
E3 RP (+BglII site) - 
GCTGGCGGTGGGGAGAACATGTTAA 
E2 FP (+BglII site) - 
AGAGATCTACCAAGGACAACTTCAATGTCTATA 
E2 RP (+EcoRI site) - 
GGTGGAATTCCGCTTTAGCTGTTCTGATGC 
6K FP (+EcoRI site) - 
ATGAATTCGCCACATACCAAGAGGCTGCGATATACC 
6K RP (+NdeI site) - 
TTATCATATGCGCGCTCACAGTGTGGGCACCGACG 
E1 FP (+NdeI site) - 
AGGCATATGGAACACGCAACAGTGATCCCGAAC 
E1 RP (+XbaI site) - 
CGATCTAGATTAGTGCCTGCTGAACGACACGC 
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Table a1.4: Homologous recombination cassette and heterologous envelope protein 
coding construct details. 

Construct details Primer details 

[pUC19+(gp64-start+Cm-
GFP+gp64-end)] 

Multiple primers: 
 
gp64 FP (+SpeI site) - 
CGAACTAGTAATGGTAAGCGCTATTG 
gp64 RP (+XbaI site) - 
GGCTCTAGAATTAATATTGTCTATTACGG 
Cm FP (+XhoI site) -  
ATCTCGAGGACGTTGATCGGCACGTAAG 
Cm RP (+XbaI site) - 
ATTCTAGACGCCCCGCCCTGCCAC 
GFP FP (+XbaI site) - 
ACTCTAGAATGGCTAGCAAAGGAGAAGAAC 
GFP RP (+NcoI site) - 
ATCCATGGTCAGCCATGTGTAATCCCAG 

[pFB1+VSVG] Cut-pasted from pLP-VSVG vector using EcoRI site 

[pFB1+BV gp64] 

gp64 FP (+SpeI site) - 
CGAACTAGTAATGGTAAGCGCTATTG 
gp64 RP (+XbaI site) - 
GGCTCTAGAATTAATATTGTCTATTACGG 

[pFB1+(E3-E2-6K-E1)] 

Multiple primers: 
 
E3 FP (+HindIII site) -  
CGAAAGCTTATGAGTCTTGCCATCCCAGTTAT 
E3 RP (+BglII site) - 
GCTGGCGGTGGGGAGAACATGTTAA 
E2 FP (+BglII site) - 
AGAGATCTACCAAGGACAACTTCAATGTCTATA 
E2 RP (+EcoRI site) - 
GGTGGAATTCCGCTTTAGCTGTTCTGATGC 
6K FP (+EcoRI site) - 
ATGAATTCGCCACATACCAAGAGGCTGCGATAT
ACC 
6K RP (+NdeI site) - 
TTATCATATGCGCGCTCACAGTGTGGGCACCGA
CG 
E1 FP (+NdeI site) - 
AGGCATATGGAACACGCAACAGTGATCCCGAA
C 
E1 RP (+XbaI site) - 
CGATCTAGATTAGTGCCTGCTGAACGACACGC 
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