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ABSTRACT: Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus, which causes severe illness in humans and is
responsible for epidemic outbreaks in Africa, Asia, North and South America, and Europe. Despite its increased global prevalence, no
licensed vaccines are available to date for treating or preventing CHIKV infection. The envelope E2 protein is one of the promising
subunit vaccine candidates against CHIKV. In this study, we describe successful cloning, expression, and purification of CHIKV E2
full-length (E2-FL) and truncated (E2-AC and E2-ANC) proteins in the Escherichia coli expression system. The recombinant E2
proteins were purified from inclusion bodies using Ni-NTA chromatography. Further, we describe a detailed refolding procedure for
obtaining the CHIKV E2-FL protein in native conformation, which was confirmed using circular dichroism and Fourier transform
infrared spectroscopy. BALB/c mice immunized with the three different E2 proteins exhibited increased E2-specific antibody titers
compared to sham-immunized controls, suggesting induction of strong humoral immune response. On analyzing the E2-specific
antibody response generated in immunized mice, the CHIKV E2-FL protein was observed to be the most immunogenic among the
three different CHIKV E2 antigens used in the study. Our B-cell and T-cell epitope mapping results indicate that the presence of
specific immunogenic peptides located in the N-terminal and C-terminal regions of the CHIKV E2-FL protein may contribute to its
increased immunogenicity, compared to truncated CHIKV E2 proteins. In summary, our study provides a detailed protocol for
expressing, purifying, and refolding of the CHIKV E2-FL protein and provides an understanding of its immunogenic epitopes, which
can be exploited for the development of novel multiepitope-based anti-CHIKV vaccine strategies.

1. INTRODUCTION chikungunya infection typically lasts for only 1—2 weeks,
severe joint pain, critical morning stiffness, swelling, chronic
fatigue, and consistent inflammatory arthritis may persist for
weeks, months, or years in affected individuals.” The laboratory
diagnosis of CHIKYV infection is based on viral RNA detection
through RT-PCR and the presence of IgM and IgG antibodies

Chikungunya is a viral disease caused by chikungunya virus
(CHIKV). CHIKYV is a single-stranded RNA virus belonging to
the Togaviridae family and genus Alphavirus." It is transmitted
to humans by infected Aedes aegypti and/or Aedes albopictus
mosquitoes.z’3 Apart from mosquito transmission, some of the
recent epidemics have arisen from maternal-fetal transmission
as well.* Chikungunya virus (CHIKV) causes severe illness and Received: = October 26, 2021
fever in humans, which is associated with other symptoms like Accepted:  December 10, 2021
rashes, myalgia, headache, and debilitating polyarthralgia.” Published: January 14, 2022
Although chikungunya fever is generally considered as self-

limiting and nonfatal, casualties and complications have been

seen in patients with comorbidities.” While the acute stage of
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Figure 1. Amino acid sequence alignment of the CHIKV E2-FL and truncated E2 protein fragments used in the study. The 5’ start and 3’ stop
regions for E2-FL (1—423 aa), E2-AC (1—365 aa), and E2-ANC (35—365 aa) proteins are indicated using black, blue, and green arrows,

respectively.

through serological tests.” Several studies have also reported
the recurrence of the disease in patients infected with CHIKV
after the initial infection or relapse of chikungunya

infection.”'® The case fatality rate has been estimated to be
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1 in 1000, with most deaths occurring in newborn children, the
elderly, and adults with underlying medical conditions."' ™"
CHIKV was originally isolated in 1953 from the Makonde

plateau in Tanzania, followed by numerous outbreaks in Africa
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and Asia."*™' Globally, the viral transmission is responsible
for epidemic outbreaks in Africa, Europe, Southeast Asia, India,
North America, and South America.'” In spite of its
geographical expansion and outbreak, no specific treatment
and effective licensed vaccines are currently available to
prevent CHIKV infection. Hence, there is a need to
understand and develop anti-CHIKV immunity through either
vaccination or passive immunization strategies.

CHIKY is a spherical alphavirus, consisting of an enveloped
particle comprising a nucleocapsid core containing positive-
sense single-stranded RNA as a genetic material. The CHIKV
genome consists two long open reading frames (ORFs). The
genome of CHIKV (approximately 12 kb) encodes for five
structural (envelope proteins E1, E2, E3, capsid, and 6K) and
four nonstructural (nsP1—4) proteins. The E1 and E2
glycoproteins are mainly responsible for membrane fusion
and virus entry into host cells, where E2 interacts with the
cellular receptor and functions in attachment to cells and E1
participates in virus fusion to the cell membrane.'® The E2
protein contains three distinct domains: A (16—134 aa), B
(173—231 aa), and C (269—341 aa), which are involved in
receptor binding and are considered immunogenic.'”*’
Literature reports show increasing evidence for the importance
of antibody-mediated protection against CHIKV, and E2
glycoprotein has been implicated as the main target for the
anti-CHIKV antibody response during the entire course of
disease (from the convalescent phase to the recovery
phase).”"””* Neutralizing antibodies raised against the E2
protein are believed to be crucial for protection in animal
models.””** Since humoral immunity (conferred by B cells and
antibodies) is an essential component of protective host
response against CHIKV,” passive immunotherapy using E2-
specific monoclonal antibodies as well as polyclonal human
immunoglobulin (Ig) has been explored with considerable
success in CHIKV infection.”® Among some of the diverse
vaccine strategies being explored for CHIKYV, including live-
attenuated or whole-inactivated virus, recombinant virus-
vectored vaccines, inactivated viruslike particles (VLPs),
nucleic acid vaccines, and subunit vaccine formulations
focusing on the CHIKV envelope E2 protein have shown
various advantages like safety, efficacy, scalable production, and
cost-effectiveness during development.””**

In the present study, we describe the cloning, expression,
and purification of the CHIKV E2-FL protein along with its
two truncated versions using an Escherichia coli-based
prokaryotic expression system. The CHIKV E2-FL and
truncated proteins were solubilized from inclusion bodies
and purified using Ni-NTA chromatography. The E2 proteins
were successfully refolded using a multistep dialysis procedure,
and a secondary structure of refolded CHIKV E2 proteins was
confirmed by circular dichroism (CD) and Fourier transform
infrared (FTIR) spectroscopies. On testing the immunogenic
nature of E2 proteins, the E2-FL protein was seen to exhibit
significantly higher antibody titers in immunized mice when
compared with sham-immunized controls. Our results from B-
cell and T-cell epitope analyses using CHIKV E2-FL and
truncated proteins demonstrate that specific epitopes located
exclusively in the N-terminal and C-terminal regions of the
CHIKV E2-FL protein may confer increased immunogenicity
and provides insights into the development of a multiepitope
and/or multivalent anti-CHIKV vaccine. In summary, the
simplicity and cost-effectiveness of the recombinant CHIKV
E2-FL protein purification methodology described herein are

3493

not only important for resource-limiting conditions but also
can be exploited for developing fast and effective CHIKV E2-
protein-based diagnostic or serological assays and can be
utilized further in designing novel vaccine strategies.

2. RESULTS

2.1. Sequence Alignment of Full-Length and Trun-
cated E2 Proteins. Sequence analysis of CHIKV E2-FL and
E2 truncated proteins was performed using Clustal software.
The amino acid sequence alignment of the CHIKV E2-FL and
truncated protein fragments used in this study is shown in
Figure 1. The regions for CHIKV E2-FL (1—423 aa), E2-AC
(1365 aa), and E2-ANC (35—365 aa) are indicated using
black, blue, and green arrows, respectively. The CHIKV E2
protein (1—423 aa) contains a total of 17 cysteine residues,
which may cause protein aggregation.”” Therefore, besides the
CHIKV E2-FL protein, we also synthesized two truncated E2
protein fragments, namely, (a) the E2-AC (1-365 aa)
fragment missing five cysteine residues from the C-terminal
and (b) the E2-ANC (35—36S aa) fragment, missing five
cysteine residues from the C-terminal and an additional three
cysteine residues from the N-terminal end. While the E2-AC
(1-365 aa) fragment had a truncation of S8 aa from the C-
terminal portion, the E2-ANC (35—365 aa) fragment had a
truncation of 58 aa from the C-terminal portion as well as 34
aa from the N-terminal end (330 aa). Figure 2 shows a

Domain A Domain B Domain C
(132 aa) (59 aa) (73 aa)
1 132 173 231 269 341 386 423
ASR ASR
159 171 232 258 362 385
1 423
N E2-FL (1-423 aa) Cc
1 365
N E2-AC (1-365 aa) Cc
35 365
N E2-ANC (35-365 aa) (o]

Figure 2. Schematic representation of full-length and truncated
CHIKYV E2 proteins used in the study. The three different E2 domains
(dotted gray boxes) are indicated on top. The C-terminal trans-
membrane region (362—385 aa) is depicted in black. ASR, acid-
sensitive regions (gray boxes). The C-terminal deleted (E2-AC)
protein fragment (1—36S aa) and both C-terminal and N-terminal
deleted (E2-ANC) protein fragment (35—365 aa) are outlined below
the full-length E2 protein (1—423 aa).

schematic representation of the full-length and truncated
CHIKV E2 fragments used in the study. CHIKV E2-FL
contains three structural domains, Domain A (132 aa,
spanning 1—132 aa), Domain B (59 aa, spanning 173—231
aa), and Domain C (73 aa, spanning 269—341 aa), two acid-
sensitive regions (ASRs; from 159—171 aa and from 232—258
aa), and a 23 aa-long C-terminal transmembrane region
(spanning 362—385 aa).>?!

2.2. PCR Amplification and Cloning of Full-Length
and Truncated E2 Proteins. Total RNA was extracted from
the chikungunya viral lysate (Ind-06-Guj), and virus cDNA
was synthesized using the oligo-dT primer as mentioned in

https://doi.org/10.1021/acsomega.1c05975
ACS Omega 2022, 7, 3491-3513


https://pubs.acs.org/doi/10.1021/acsomega.1c05975?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05975?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05975?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05975?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Primer Sequences Used for PCR Amplification and Generation of Recombinant Full-Length and Truncated CHIKV

E2 Fragments

. e
amino acids

E2-regions primers used primer sequenceE base pairs position
CHIKV E2-FL E2-FL FP CCCCGGATCCAGCACCAAGGACAACTTCAATG 1269 bp 1—-423 aa 423 aa
E2-FL RP CCCCCAAGCTTCGCTTTAGCTGTTCTGATGCAG
CHIKV E2-AC” E2-FL FP CCCCGGATCCAGCACCAAGGACAACTTCAATG 1095 bp 1-365 aa 365 aa
E2-TC RP CCCCCAAGCTTAGTAGGGTACAGCTCATAATAATAC
CHIKV E2-ANC* E2-TNC FP CCCCGGATCCGAACGCATCAGAAATGAAGCGAC 993 bp 35—365 aa 331 aa
E2-TC RP CCCCCAAGCTTAGTAGGGTACAGCTCATAATAATAC

“The CHIKV E2-AC fragment was obtained using listed forward and reverse primers and the CHIKV E2-FL cloned plasmid as the template. “The
CHIKV E2-ANC fragment was obtained using listed forward and reverse primers and the CHIKV E2-FL cloned plasmid as the template. “The
underlined nucleotides in forward and reverse primer sequences represent BamHI and HindIII restriction enzyme sites, respectively. “Besides the
corresponding amino acids for CHIKV E2 fragments (shown in bold), all constructs included additional 31 aa from the vector (28 aa from the N-

terminal and 3 aa from the C-terminal).

Experimental section. The gene-specific primers designed for
amplifying E2-FL, E2-AC, and E2-ANC fragments are
outlined in Table 1. The full-length CHIKV E2 gene (referred
to as E2-FL) corresponding to 1269 bp was PCR-amplified
using CHIKV ¢DNA and gene-specific primers as mentioned
in the Experimental section (Figure 3A). PCR reactions for

A B

Marker
E2-ANC
Marker

o
<
&
w

E2-FL
Vector

1.5kb
1.0kb

0.5 kb

993 bp

Q.
Qo
N
©
N
-

Figure 3. PCR amplification of CHIKV E2-FL and truncated
fragments used in the study. (A) PCR amplification of the CHIKV
E2 full-length gene (1269 bp). (B) PCR amplification of truncated E2
fragments, E2-AC (1095 bp), and E2-ANC (993 bp). Vector:
linearized pQE-30 Xa vector. Marker: 1 Kb DNA ladder; last three
marker bands are indicated on the right.

1095 bp

amplifying the two different truncated E2 fragments were
carried out using the full-length E2 gene as a template. Single
specific bands corresponding to 1095 bp and 993 bp were
obtained for truncated CHIKV E2-AC and E2-ANC gene
fragments, respectively (Figure 3B). The PCR amplicons were
subjected to double digestion with restriction enzymes
(BamH1 and HindIII) and cloned into the digested pQE-30
Xa vector having corresponding overhangs for enabling
directional cloning. The ligated products were transformed in
the E. coli XL1-Blue strain. The colonies obtained after
transformation were subjected to plasmid isolation, and
positive clones were identified by restriction analysis and
confirmed by sequencing. The CHIKV E2-FL, E2-AC, and E2-
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ANC positive clones showed fallout of the correct size insert
genes. Sanger sequencing results showed no mutation or
reading-frame shift in any of the CHIKV E2 fragments used in
this study.

2.3. Expression of Full-Length and Truncated E2
Proteins. The E. coli SG13009 (Qiagen)-competent cells were
transformed with recombinant CHIKV E2-FL, E2-AC, and E2-
ANC plasmids in the pQE-30 Xa vector backbone carrying an
N-terminal 6-His tag. The CHIKV E2-FL and truncated
proteins were expressed in E. coli cells under IPTG induction.
Next, overexpression of recombinant CHIKV E2-FL, E2-AC,
and E2-ANC proteins under IPTG induction was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The molecular weights of each of the three
proteins, viz. E2-FL, E2-AC, and E2-ANC, were calculated
using online tools and were found to be approximately 50, 44,
and 40 kDa, respectively. SDS-PAGE gels stained with
Coomassie brilliant blue staining show the presence of distinct
bands migrating alongside the molecular weight marker bands,
corresponding to their calculated molecular weights (Figure 4).
Specific bands were obtained for histidine-tagged CHIKV E2
fusion proteins corresponding to E2-FL (50 kDa, Figure 4A),
E2-AC (44 kDa, Figure 4B), and E2-ANC (40 kDa, Figure
4C). To investigate whether the full-length and truncated E2
proteins were expressed in the soluble or insoluble form inside
E. coli, bacterial cultures obtained after IPTG induction were
centrifuged. Bacterial pellets were subsequently analyzed on
SDS-PAGE gels. The expressed CHIKV E2-FL and truncated
proteins were found in the insoluble fraction (inclusion
bodies), which was processed for further purification steps.

2.4. Purification of Full-Length and Truncated E2
Proteins. The TS promoter/lac operator transcription—
translation system-based pQE-30 Xa vector with an N-terminal
6-His tag offers an affinity-based purification strategy of
recombinant fusion proteins expressed in E. coli. Nickel
nitrilotriacetic acid (Ni-NTA) chromatography was chosen
to purify the His-tagged CHIKV E2-FL and truncated proteins.
Since the recombinant proteins were seen to accumulate in
inclusion bodies, purification was performed under denaturing
conditions in the presence of urea. The E. coli SG13009 cells
harboring CHIKV E2-FL, E2-AC, and E2-ANC constructs
were harvested from a 500 mL culture volume, and their cell
weights were measured. The pellets were stored in Lysis buffer
(300 mM NaCl, 25 mM Tris pH 7.3, 8 M urea, S mM f-ME,
0.1% Triton X-100, 10% glycerol) along with 1 mM PMSF and
proteinase inhibitor cocktail at —80 °C overnight. The cells
were then lysed using a Lysis buffer supplemented with

https://doi.org/10.1021/acsomega.1c05975
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Figure 4. Protein induction of CHIKV E2 full-length and truncated fragments used in the study. (A) CHIKV E2 full-length protein (423 aa; ~S0
kDa). (B) CHIKV E2 C-terminal truncated fragment E2-AC (365 aa; ~44 kDa). (C) CHIKV E2 N-terminal and C-terminal truncated fragment
E2-ANC (331 aa; ~40 kDa). Lanes U: uninduced samples; Lanes I: induced samples; M: protein marker; marker bands are indicated on the right.
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Figure S. SDS-PAGE analysis of purified full-length and truncated His-tagged CHIKV E2 proteins used in the study. Fractions of purified proteins
obtained under denaturing conditions (8.0 M urea, pH 7.3) using different imidazole concentrations in washed and elution buffers: Gels A, E, and
I: 20 mM imidazole; gels B, F, and J: 50 mM imidazole; gels C, G, and K: 100 mM imidazole; and gels D, H, and L: 250 mM imidazole. (A—D)
CHIKV E2 full-length protein (423 aa; ~50 kDa). (E—H) CHIKV E2 C-terminal truncated fragment E2-AC (365 aa; ~44 kDa). (I-L) CHIKV
E2 N-terminal and C-terminal truncated fragment E2-ANC (331 aa; ~40 kDa). Lanes 1—9: washed or eluted samples obtained at a given buffer
concentration; M, protein marker; marker bands are indicated on the right.

lysozyme and mechanical sonication followed by syringe
passing. The inclusion bodies were extracted by centrifugation,
and the supernatants obtained were incubated with Ni-NTA
slurry (Qiagen) and loaded into columns. After obtaining
flowthrough, the columns were washed with a lysis buffer
supplemented with 20 mM, 50 mM, and 100 mM imidazole.
Finally, the His-tagged fusion proteins were eluted using a lysis
bufter supplemented with 250 mM imidazole. During column
washing steps in Ni-NTA chromatography, wash buffers were
supplemented with 0.1% Triton X-114 for removing endotoxin
contamination in purified CHIKV E2 proteins.

The purities of CHIKV E2-FL and E2 truncated protein
fractions were estimated by SDS-PAGE electrophoresis,
wherein the purified E2-FL and truncated proteins migrated
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through denaturing SDS-PAGE gels according to their
expected molecular weight and were visualized using
Coomassie brilliant blue staining. Figure S shows the SDS-
PAGE analysis of washed and eluted fractions obtained under
denaturing conditions (8.0 M urea, pH 7.3) using different
imidazole concentrations for histidine-tagged CHIKV E2-FL,
E2-AC, and E2-ANC proteins used in this study. For purifying
the CHIKV E2-FL protein, the column was initially washed
with 20 mM imidazole wash buffer and the fractions obtained
are shown in lanes 1—9 (Figure SA). Bacterial impurities in
CHIKV E2-FL protein preparation were further removed by
washing the column with 50 mM imidazole wash buffer, as
indicated in lanes 1—9 (Figure SB). To further purify the
CHIKV E2-FL protein, columns were washed with 100 mM
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imidazole wash buffer, as shown in lanes 1-9 (Figure SC).
Subsequently, the imidazole concentration was increased to
250 mM in the elution buffer for eluting the CHIKV E2-FL
protein (Figure SD). The purified CHIKV E2-FL protein was
seen to correspond to ~50 kDa size as per the protein marker.
For purifying the CHIKV E2-AC protein, the column was
washed with 20 mM imidazole wash buffer, and the fractions
obtained are shown in lanes 1—9 (Figure SE). On using wash
buffer supplemented with 50 mM imidazole, fractions
containing impurities were observed in lanes 1—9 (Figure
SF). The bacterial impurities were further removed by washing
the column with 100 mM wash buffer, and the fractions
obtained are shown in lanes 1—9 (Figure SG). Subsequently,
the column was then passed with a 250 mM imidazole elution
bufter for eluting the CHIKV E2-AC protein fractions shown
in lanes 1-9 (Figure SH). The purified CHIKV E2-AC
protein corresponded to ~44 kDa size as per the protein
marker. For purifying the CHIKV E2-ANC protein, the Ni-
NTA column was washed with wash buffer containing 20 mM
imidazole, and the fractions obtained are depicted in lanes 1—-9
(Figure SI). Next, the column was washed with wash buffer
containing 50 mM imidazole, and the fractions obtained are
shown in lanes 1—-9 (Figure SJ). Bacterial impurities were
removed by passing the column with wash buffer containing
100 mM imidazole elution buffer, as shown in lanes 1-9
(Figure SK). Finally, the CHIKV E2-ANC protein was eluted
by passing the column with elution buffer containing 250 mM
imidazole, and fractions obtained are shown in lanes 1-9
(Figure SL). The purified CHIKV E2-ANC protein corre-
sponded to ~40 kDa size as per the protein marker.

2.5. Western Blotting of Full-Length and Truncated
E2 Proteins. After purification, a single specific band
corresponding to 50 kDa, 44 kDa, and 40 kDa was observed
for CHIKV E2-FL, E2-AC, and E2-ANC proteins, devoid of
any bacterial impurities. To confirm that the 50 kDa, 44 kDa,
and 40 kDa bands observed on SDS-PAGE gels were of
CHIKV E2-FL, E2-AC, and E2-ANC proteins, a western blot
hybridization was performed using the anti-His antibody
(Figure 6). The band sizes at 50 kDa, 44 kDa, and 40 kDa,
which correspond to His-tagged CHIKV E2-FL, E2-AC, and
E2- ANC fusion proteins were detected, suggestive of the
successful cloning, expression, and purification of CHIKV E2-
FL and truncated proteins. CHIKV E2 protein estimation was
performed using the BCA assay as per the commercially
available kit. The physicochemical properties of CHIKV E2-
FL, E2-AC, and E2-ANC proteins were predicted by the
ProtParam analysis tool on the Expasy website (Table 2).

2.6. Refolding of Full-Length and Truncated E2
Proteins. After protein purification with Ni-NTA chromatog-
raphy, refolding of the denatured protein was attempted using
the direct refolding (single-step) or stepwise refolding
(multistep) dialysis procedure. In the direct refolding method,
purified and truncated E2 protein fractions were dialyzed
against the refolding buffer (containing 20 mM Tris pH 7.3,
400 mM NaCl, 5 mM EDTA, and 20% glycerol) at pH 7.3 for
6 h at 21 °C. After 6 h, a visible protein precipitate was
observed. For the improvement of the refolding efficiency of
CHIKV E2-FL and E2 truncated proteins, we modified and
further optimized the refolding procedure. Instead of
decreasing the urea concentration in a single step, we
optimized the refolding of CHIKV E2-FL and E2 truncated
proteins by decreasing the urea concentration in a total of 10
steps. Figure 7 shows a schematic representation of the
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Figure 6. Western blotting of full-length and truncated CHIKV E2
proteins used in the study. (A) SDS-PAGE using Coomassie brilliant
blue staining. (B) Western blot using the DAB substrate. Histidine-
tagged full-length (E2-FL, ~S0 kDa), C-terminal truncated E2 (E2-
AC, ~44 kDa), and both N-terminal and C-terminal truncated E2
(E2-ANC, ~40 kDa) proteins are shown. Protein marker band sizes
are indicated on the left.

Table 2. Analysis of Physicochemical Properties of Full-
Length and Truncated CHIKV E2 Protein Fragments Using
the ProtParam Server

criteria E2-FL E2-AC E2-ANC

number of amino acids 454 396 362
molecular weight (Da) 50 523.73 44 359.06 40 657.94
theoretical pl 8.48 7.97 8.05
number of negative 40 39 36

amino acids (Asp

+Glu)
number of positive 46 41 38

amino acids (Arg
+Lys)
instability index 36.66 (stable
protein)
—0.462 (hydro-
philic protein)

35.45 (stable
protein)

—0.710 (hydro-
philic protein)

34.51 (stable
protein)

—0.722 (hydro-
philic protein)

grand average of hydro-
pathicity (GRAVY)

detailed refolding procedure of CHIKV E2-FL and truncated
proteins used in this study.

In the stepwise refolding method, the purified CHIKV E2-
FL and E2 truncated protein fractions were dialyzed against
the refolding buffer (containing 20 mM Tris pH 7.3, 400 mM
NaCl, S mM EDTA) at pH 7.3 for 3 h. The protein fractions
were dialyzed with 6 M urea at 21 °C for 3 h. Subsequently,
the E2 protein fractions were subjected to refolding steps in 4
and 2 M urea at 21 °C for a time duration of 3 h each. The
protein samples in 2 M urea were diluted to a final
concentration of 1 M urea by addition of an equal volume of
urea-free dialysis buffer, followed by dialysis against a buffer
containing 1 M urea for 3 h. After 3 h, the protein fractions
were dialyzed with gradually decreasing concentrations of urea
(0.5, 0.25, and 0.125 M) at 4 °C and a time duration of 3 h
each. The urea concentration was further decreased gradually
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Figure 7. Schematic representation of the refolding procedure of CHIKV E2 full-length and truncated proteins after solubilizing inclusion bodies.
(A) Direct refolding method involving single-step dialysis for the refolding of the CHIKV E2 denatured protein, which led to protein precipitation.
(B) Stepwise refolding method involving the multistep dialysis procedure optimized for the refolding of full-length and truncated CHIKV E2

denatured protein samples.

to 0.0625, 0.03125, and 0.0156 M concentrations, and protein
fractions were dialyzed at 4 °C and a time duration of 3 h each.
Finally, the CHIKV E2 protein fractions were subjected to
dialysis in a urea-free (0 M urea) dialysis buffer (20 mM Tris
pH 7.3, 400 mM NaCl, S mM EDTA, and 20% glycerol) at pH
7.3 and 4 °C for 3 h with continuous stirring to obtain the
refolded CHIKV E2-FL and truncated protein fragments.

We observed that the direct refolding method for the
refolding of the CHIKV E2 unfolded protein in urea led to
formation of protein precipitates. On the other hand, by
optimizing a stepwise refolding method for the refolding of
CHIKV E2-FL and E2 truncated protein samples, no visible
protein precipitates were observed. Both unfolded and refolded
protein fractions were used for subsequent structural analysis.

2.7. Structural Analysis of Full-Length and Truncated
E2 Proteins. We used CD spectroscopy to analyze the
secondary structure of denatured and refolded CHIKV E2-FL
and truncated proteins used in the study. The CD spectral data
were analyzed and deconvoluted using the CD spectra
algorithm available online, as mentioned in the Methods
section (Figure 8). Molar ellipticity is depicted on the y-axis
with wavelength on the x-axis. The CD spectra were compared
for denatured and refolded forms of CHIKV E2-FL (Figure
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8A), E2-AC (Figure 8B), and E2-ANC (Figure 8C) proteins.
On comparing CD spectra for each of the refolded and
denatured CHIKV E2-FL and truncated protein samples, a
change in CD spectra was observed in the folded sample when
compared with the denatured samples. As shown in Figure
8A—C, the dip seen around 214 nm in the CD spectra for the
refolded protein samples suggests the presence of secondary
structure elements, especially f-strands,’® whereas the
denatured samples depicted a predominantly random coil
structure.

To further affirm the correctly folded state of the in vitro
refolded E2 proteins, the respective samples of CHIKV E2-FL
(1—423 aa), E2-AC (1—365 aa), and E2-ANC (35—365 aa)
were subjected to FTIR spectroscopy. The IR spectral data of
proteins is usually interpreted in terms of vibrations of
secondary structure repeat units, which give rise to nine
absorption bands, namely, amides A, B, and I-VII. Among
these, the amide-I band (1700—1600 cm™'), which is
generated by the C=O stretch vibrations of the peptide
linkages, is the most useful in predicting the secondary
structure of proteins. The amide bands in the regions of 1642—
1624 and 1696—1691 cm™ correspond to f-sheets, whereas
the amide bands in the regions of 1656—1651 and 1685—1667
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Figure 8. Far UV-CD spectra analysis of denatured and refolded
CHIKV E2 full-length and truncated proteins. CD spectra obtained
for (A) E2-FL, (B) E2-AC (B), and (C) E2-ANC proteins are shown.
Molar ellipticity is depicted on the y-axis with wavelength on the x-
axis. The denatured and refolded samples are shown in dotted lines
and black lines, respectively.

cm™' correspond to a-helix and f-turn secondary structures,

respectively.”' In the case of each refolded E2 protein sample, a
sharp and distinct amide band was observed at 1633/1635
em™! corresponding to f-sheet structures (Figure 9).

The FTIR results obtained for unfolded E2-FL, E2-AC, and
E2-ANC proteins are shown in Figure S1. The peaks obtained
at 1633/1635 cm™ for unfolded E2 protein samples were not
as sharp compared to the peaks obtained for refolded protein
samples. The spectral data are depicted for refolded CHIKV
E2-FL (Figure 9A), E2-AC (Figure 9B), and E2-ANC (Figure
9C) proteins. This spectral data also correlate with the crystal
structures of the E2 protein reported earlier, wherein it has
been shown that all three domains of the E2 protein are
composed of f-sandwich motifs.'” Therefore, the CD and
FTIR data collectively suggest that the refolded CHIKV E2-
FL, E2-AC, and E2-ANC proteins have attained their native
conformations.

2.8. Antibody Immune Responses against Full-
Length and Truncated E2 Proteins. To evaluate the

3498

immunogenic efficiencies of CHIKV E2-FL, E2-AC, and E2-
ANC proteins, different groups of wild-type BALB/c mice
were immunized with CHIKV E2-FL and E2 truncated
proteins along with alum as the adjuvant. Before mice
immunization, endotoxin levels in purified CHIKV E2 proteins
were quantified using a commercial kit and the endotoxin
levels in all immunogens were found to be between 0.5 and 0.1
EU/mL. Serum obtained from CHIKV E2-immunized and
sham-immunized mice was tested by ELISA to detect the
presence of antibodies specific to the CHIKV E2-FL protein.
The CHIKV E2-specific total Ig titers in different groups of
mice immunized on day 0, day 14, and day 42 with CHIKV
E2-FL, E2-AC, and E2-ANC antigens and sham controls are
shown (Figure 10). Total Ig antibody levels in CHIKV E2-
immunized mice were found to be increased compared to
those in sham-immunized controls, suggesting the induction of
strong humoral immune response. Compared with sham-
immunized controls, mice immunized with the CHIKV E2-FL
protein exhibited significantly increased Ig titers as opposed to
mice immunized with E2-AC and E2-ANC proteins on days 7,
14, 21, 28, 35, 42, 49, and 56 post immunization. At each
timepoint, no significant difference (p > 0.05) was noted when
antibody titers for the three different CHIKV E2 proteins were
compared. CHIKV E2-specific Ig titers increased significantly
after each booster dose of the E2 antigen, with peak antibody
titers observed on day 49, one week after the second booster
dose. Of note, we found that E2-specific antibody titers
obtained after CHIKV E2-FL immunization were consistently
higher than antibody titers obtained after immunization with
E2-AC and E2-ANC proteins, at all times examined. Sham-
immunized mice had very low or negligible antibody titers,
which indicate specific antibody response generated only
against CHIKV E2 proteins in immunized mice. Our results
demonstrate that although immunization with CHIKV E2-FL,
E2-AC, and E2-ANC proteins could efficiently produce high
antibody titers in mice, the CHIKV E2-FL protein was seen to
be the most immunogenic among the three different E2
antigens used in the study, making it a potent immunogenic
antigen against CHIKV infection.

2.9. Epitope Analysis of Full-Length and Truncated
E2 Proteins. 2.9.1. B-Cell Epitope Analysis. Tertiary (three-
dimensional, 3D) structure modeling was performed using
SWISS-MODEL (https://swissmodel.expasy.org) and I-TASS-
ER (I-TASSER server for protein structure and function
prediction (zhanggroup.org)) for all three CHIKV E2 protein
fragments based on available structure templates. The
predicted structures of the three CHIKV E2-FL, E2-AC, and
E2-ANC proteins were visualized in PyMOL graphics (Figure
11).

To further identify the unique epitopes and investigate the
immunogenicity difference in all three CHIKV E2 protein
fragments used in this study, we performed B-cell epitope
analysis using two different approaches. In the first approach,
we analyzed the presence or absence of B-cell epitopes
identified in previously published studies, which included
experimental validation of these epitopes in the CHIKV E2-FL,
E2-AC, and E2-ANC proteins. A number of previously
published studies have experimentally mapped and identified
CHIKV E2 protein B-cell epitopes in human, mouse, and
nonhuman primates using synthetic overlapping pepti-
des. 2?8333 O comparing the sequences of CHIKV E2-FL,
E2-AC, and E2-ANC proteins for the presence or absence of
10 B-cell epitopes identified by Kam et al,**** we found the
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Figure 9. FTIR spectra of refolded CHIKV E2 full-length and truncated protein samples used in the study. (A) E2 full-length (1—423 aa), (B) E2-
AC (1-365 aa), and (C) E2-ANC (35—36S aa) protein samples. In the FTIR spectra, the sharp and prominent peaks obtained at around 1633/
1635 cm™ indicate the presence of f-sheet-rich structures in the refolded protein samples.

presence of all 10 epitopes in the CHIKV E2-FL protein
(Table 3). However, E2-AC and E2-ANC protein fragments
showed the presence of only 9 epitopes and 8 epitopes,
respectively. Specifically, the N-terminal epitope (1—19 aa)

was found absent in the E2-ANC protein fragment, while the
C-terminal epitopes (378—411) were found absent in both the
E2-AC and E2-ANC protein fragments (shown in blue and
red, Figure 11). On comparing the sequences of CHIKV E2-
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Figure 10. CHIKV E2-specific total Ig titers in different groups of
BALB/c mice immunized on day 0, day 14, and day 42 with E2-FL
(open bars), E2-AC (gray bars), and E2-ANC (dark gray) antigens
and sham controls (black bars). Antibody titers are shown on the y-
axis, and time in days is indicated on the x-axis. All serum samples
were tested in duplicate. Bars represent mean =+ scanning electron
microscopy (SEM) (n = S). P values are determined using ordinary
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
test for multiple comparisons. Differences between groups are
indicated by bars and symbols: *, P<0.05; **, P < 0.01; *** P <
0.001; **** P < 0.0001.

FL, E2-AC, and E2-ANC proteins for the presence or absence
of seven B-cell epitopes identified by Chua et al,”* we found
the presence of all seven epitopes in the CHIKV E2-FL and
E2-AC protein fragments (Table 3). However, the E2-ANC
protein fragment showed the presence of only six epitopes,
wherein the N-terminal epitope (16—30 aa) was found absent
(shown in blue, Figure 11). On comparing the sequences of
CHIKYV E2-FL, E2-AC, and E2-ANC proteins for the presence
or absence of 17 B-cell epitopes identified by Verma et al.,*” we
found all 17 epitopes to be present in the CHIKV E2-FL and
E2-AC protein fragments (Table 3). However, the E2-ANC
protein fragment showed the presence of only 16 epitopes,
wherein the N-terminal epitope (18—32 aa) was found absent
(shown in blue, Figure 11).

In the second approach, we performed in silico B-cell epitope
analysis for CHIKV E2-FL, E2-AC, and E2-ANC proteins
used in the study using two distinct methods, including
ABCpred (https://webs.iiitd.edu.in/raghava/abcpred/ABCi
submission.html) and BCEpred (https://webs.iiitd.edu.in/
raghava/bcepred/bcepred_submission.html) servers using
their default threshold values. Using the ABCpred server, we

identified varying numbers of potential B-cell epitopes in
CHIKV E2-FL (n = 41), CHIKV E2-AC (n = 36), and
CHIKV E2-ANC (n = 33) using a window size of 16-mers at
0.51 threshold value. The ABCpred online server predicted
four potential B-cell epitopes in the extra C-terminal region of
the CHIKV E2-FL protein, which were absent in both the E2-
AC and E2-ANC proteins (shown in red, Figure 11) (Table
4). From the BCEpred server, the potential B-cell epitopes
were predicted as follows: CHIKV E2-FL (n = 15), CHIKV
E2-AC (n = 12), and CHIKV E2-ANC (n = 11). According to
the BCEpred server (based on accessibility), three extra
potential B-cell epitopes were identified in the extra C-terminal
region of the CHIKV E2-FL protein at 1.9 threshold value
(shown in red, Figure 11) (Table S). These three epitopes
overlapped with the four unique epitopes found in the extra C-
terminal region of CHIKV E2-FL as per ABCpred server
results.

2.9.2. T-Cell Epitope Analysis. The use of the CHIKV E2-
FL protein is expected to improve the efficacy and therapeutic
potential of the subunit vaccine against chikungunya infection,
as compared to vaccine formulations using truncated fragments
of the CHIKV E2 protein, which lack the C-terminal epitopes.
To test whether the CHIKV E2-FL protein fares better than
the truncated fragments in terms of immunogenic epitopes, we
investigated if the extra C-terminal region of the CHIKV E2-
FL protein contains immunogenic peptides or better epitopes,
which are not present in the truncated CHIKV E2-AC and E2-
ANC fragments. For identifying these T-cell epitopes, we
performed in silico analysis of the extra C-terminal region of the
CHIKV E2-FL protein using T-cell epitope prediction servers
available online, which calculate the binding affinity and
antigenicity by generating small peptide sequences from the
submitted sequence, on the basis of predicted scores above a
certain threshold value. Since MHC binding is a prerequisite
for T-cell-based immune responses against antigenic peptides,
we used this as a parameter for identifying the potential
antigenic peptides in the extra region of the CHIKV E2-FL
protein.

For identifying human MHC class I binding T-cell epitopes
present in the extra region of the CHIKV E2-FL protein, we
used the Immune Epitope Database and the Analysis Resource
(IEDB) T-cell epitope prediction server, wherein the CHIKV
E2-FL protein C-terminal sequence spanning 366—423 aa (58
aa) was submitted as the query sequence. The IEDB-
recommended NetMHCpan EL 4.1 (http://tools.iedb.org/
mhci/, version 2020.09) method was used to predict the MHC
class I binding affinity of T-cell epitopes (of 8—14 mer length)
for 77 human MHC class I alleles present in the IEDB server.
The server predicts the binding affinity of each peptide with
multiple MHC alleles, which resulted in the total number of

A B

» R

e &8

E2-FL E2-AC

E2-ANC

Figure 11. Tertiary structures of (A) CHIKV E2-FL, (B) E2-AC, and (C) E2-ANC proteins. The N-terminal B-cell epitopes (1—19 and 16—32
aa) present only in E2-FL and E2-AC proteins are shown in blue. The extra C-terminal region (366—423 aa), present only in the E2-FL protein

(containing four additional B-cell epitopes), is shown in red.
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Table 3. B-Cell Epitopes (as per References Cited) Present in CHIKV E2 Full-Length and Truncated Proteins Used in the
Study”
SN E2-FL® Position E2-AC? Position E2-ANC? Position
1 STKDNFNVYKATRPYLAHC** 1-19 STKDNFNVYKATRPYLAHC 1-19 Absent -
2 TDGTLKIQVSLQIGIKTDDSHDWTKLRYMDNHMPA 42-83 TDGTLKIQVSLQIGIKTDDSHDWTKLRYM 42-83 TDGTLKIQVSLQIGIKTDDSHDWTKLR 42-83
DAERAGL* DNHMPADAERAGL YMDNHMPADAERAGL
3 HHDPPVIGREKFHSRPQHGKELPCST" 130-155 HHDPPVIGREKFHSRPQHGKELPCST 130-155 HHDPPVIGREKFHSRPQHGKELPCST 130-155
4 ATTEEIEVHMPPDTPDRT# 162-179 ATTEEIEVHMPPDTPDRT 162-179 ATTEEIEVHMPPDTPDRT 162-179
5 GNVKITVNGQTVRYKCNC*# 186-203 GNVKITVNGQTVRYKCNC 186-203 GNVKITVNGQTVRYKCNC 186-203
6 LTTTDKVINNCKVDQCHAAVTNHKKW* 210-235 LTTTDKVINNCKVDQCHAAVTNHKKW 210-235 LTTTDKVINNCKVDQCHAAVTNHKKW 210-235
7 HAAVTNHKKWQYNSPLVPRNAELGDRKGKIHIPFP 226-282 HAAVTNHKKWQYNSPLVPRNAELGDRKGK 226-282 HAAVTNHKKWQYNSPLVPRNAELGDRK 226-282
LANVTCRVPKARNPTVTYGKNQV*+# IHIPFPLANVTCRVPKARNPTVTYGKNQV GKIHIPFPLANVTCRVPKARNPTVTYG
KNQV
9 PTVTYGKNQVIMLLYPDHPTLLSYRN** 274-299 PTVTYGKNQVIMLLYPDHPTLLSYRN 274-299 PTVTYGKNQVIMLLYPDHPTLLSYRN 274-299
10 RNMGEEPNYQEEWVMHKKEVVLTVPTEGLEVTWGN 298-347 RNMGEEPNYQEEWVMHKKEVVLTVPTEGL 298-347 RNMGEEPNYQEEWVMHKKEVVLTVPTE 298-347
NEPYKYWPQLSTNGT"* EVTWGNNEPYKYWPQLSTNGT GLEVTWGNNEPYKYWPQLSTNGT
11 LLSMVGMAAGMCMCARRRCITPYELTPGATVPFL™* 378-411 Absent - Absent -
SN E2-FL® Position | E2-AcP Position | E2-ANC® Position
1 LAHCPDC H 16-30 LAHCPDC H 16-30 Absent -
2 ADAERAGLFV 76-85 ADAERAGLFV 76-85 ADAERAGLFV 76-85
3 THPFHHDPPV 126-134 THPFHHDPPV 126-134 THPFHHDPPV 126-134
4 EIEVHMPPDT 166-174 EIEVHMPPDT 166-174 EIEVHMPPDT 166-174
5 GEEPNYQEEW 301-310 GEEPNYQEEW 301-310 GEEPNYQEEW 301-310
6 VPTEGLEVTW 321-330 VPTEGLEVTW 321-330 VPTEGLEVTW 321-330
7 GNNEPYKYWP 331-340 GNNEPYKYWP 331-340 GNNEPYKYWP 331-340
SN E2-FL® Position E2-AC® Position E2-ANC® Position
1 HCPDC CHSPV 18-32 HCPDC HSPV 18-32 Absent -
2 RIRNEATDGTLKI 36-48 RIRNEATDGTLKI 36-48 RIRNEATDGTLKI 36-48
3 IKTDDSHDWTKLRY 56-69 IKTDDSHDWTKLRY 56-69 IKTDDSHDWTKLRY 56-69
4 KLRYMDNHIPADAGRA 66-81 KLRYMDNHIPADAGRA 66-81 KLRYMDNHIPADAGRA 66-81
5 GLFVRTSAPCTITGTM 82-97 GLFVRTSAPCTITGTM 82-97 GLFVRTSAPCTITGTM 82-97
6 GFTDSKISHSCTHPFHHD 114-132 GFTDSKISHSCTHPFHHD 114-132 GFTDSKISHSCTHPFHHD 114-132
7 PVIGREKFHSRPQHGKELPC 134-153 PVIGREKFHSRPQHGKELPC 134-153 PVIGREKFHSRPQHGKELPC 134-153
8 TYVQSTAATTEEIEVHMPP 155-173 TYVQSTAATTEEIEVHMPP 155-173 TYVQSTAATTEEIEVHMPP 155-173
9 DTPDRTLMSQQSGNVKIT 174-191 DTPDRTLMSQQSGNVKIT 174-191 DTPDRTLMSQQSGNVKIT 174-191
10 VNGRTVRYKCNCGGSNEG 192-209 VNGRTVRYKCNCGGSNEG 192-209 VNGRTVRYKCNCGGSNEG 192-209
11 DKVINNCKVDQCHAAVTNHK 214-233 DKVINNCKVDQCHAAVTNHK 214-233 DKVINNCKVDQCHAAVTNHK 214-233
12 NSPLVPRNAELGDRKGK 238-254 NSPLVPRNAELGDRKGK 238-254 NSPLVPRNAELGDRKGK 238-254
13 RVPKARNPTVTYGKNQ 267-282 RVPKARNPTVTYGKNQ 267-282 RVPKARNPTVTYGKNQ 267-282
14 NMGEEPNYQEEWVMHK 299-314 NMGEEPNYQEEWVMHK 299-314 NMGEEPNYQEEWVMHK 299-314
15 VPTEGLEVTWGNNEPY 321-336 VPTEGLEVTWGNNEPY 321-336 VPTEGLEVTWGNNEPY 321-336
16 LSTNGTAHGHPHE 342-354 LSTNGTAHGHPHE 342-354 LSTNGTAHGHPHE 342-354
17 HEIILYYYELYP 353-364 HEIILYYYELYP 353-364 HEIILYYYELYP 353-364

“E2 epitopes identified as per ref 32. “E2 epitopes identified as per ref 24. “E2 epitopes identified as per ref 70. “E2 epitopes identified in humans
as per ref 22. “E2 epitopes identified in mouse as per ref 25. “E2 epitopes identified in macaque as per ref 33. 7E2 epitope residues conserved in
humans and mouse are indicated in bold. The N-terminal epitope (1—19 aa and 16—32 aa) is listed in blue, present in CHIKV E2-FL and E2-AC
proteins. The C-terminal epitope (378—411 aa) present only in the CHIKV E2-FL protein is shown in red.

peptides being more than the total overlapping peptides
possible in the extra region of the protein. We found a total of
2673 CD8 T-cell potential peptides bindinég to 27 human
MHC I alleles. As per published reports,®*® T-cell epitopes
with an MHC class I binding score>0.75 are considered good
binders. We identified two potential T-cell epitopes
(ATVPFLLSL: 0.87 and YELTPGATV: 0.85) in the CHIKV
E2-FL extra C-terminal region binding exclusively to HLA-
A*02:06 and HLA-B*40:01 MHC class I alleles, respectively,
whose score value>0.75 (Table 6). These two potential
epitopes were absent in both the truncated (E2-AC and E2-
ANC) fragments.

Further, we analyzed the MHC class II binding T-cell
epitopes present in the extra region of the CHIKV E2-FL
protein using the default IEDB-recommended 2.22 method
(http://tools.iedb.org/mhcii/). The human MHC class II
binding T-cell epitopes (of default 15-mer length) were
analyzed with respect to 1190 human MHC II alleles present
in the IEDB server. The server predicts the binding affinity of
each peptide with multiple MHC alleles, resulting in the total
number of peptides being more than the total overlapping
peptides possible in the extra region of the protein. We
obtained a total of 1188 CD4 T-cell peptides in the selected
CHIKV E2 C-terminal sequence, binding to 28 human MHC
I alleles. As per the literature, the standard peptide affinity
measurements were followed, viz.,, ICg, values <50 nM
considered as higher affinity, IC;, values <500 nM considered
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as intermediate affinity, and ICs; < 5000 nM indicated a lower
affinity of the epitopes.””” By assigning a cutoff value of ICg,
< 500 nM, we identified a total of 253 peptides with good
binding affinities, out of which 37 were unique T-cell peptides
(listed in Table 6 along with ICg, values), which showed good
binding to 19 human MHC class II alleles.

Although peptide binding to MHC class I and MHC class II
molecules is necessary for T-cell responses, it does not
guarantee its immunogenic nature. To investigate how many of
the good binding peptides are immunogenic, we used the
IEDB CD4 T-cell immunogenicity prediction program
(http://tools.iedb.org/ CD4episcore/) to filter for immuno-
genic peptides. We found a total of nine immunogenic peptides
in the CHIKV E2-FL protein, six in CHIKV E2-AC, and four
T-cell-specific immunogenic peptides in the CHIKV E2-ANC
fragment. On keeping a cutoff score>90, we found two highly
immunogenic peptides (MTVVVVSVATFILLS: 366—380 aa
position; immunogenicity score: 97.67; and FILLSMVG-
MAAGMCM: 376—390 aa position; immunogenicity score:
90.43) in the extra C-terminal region of CHIKV E2-FL (Table
7). Interestingly, the highest predicted immunogenic peptide
sequence (MTVVVVSVATFILLS; score 97.67) among all
three CHIKV E2 fragments analyzed was located in the extra
region of the full-length protein and is absent in the two
truncated E2 fragments.

Since we wanted to check what fraction of human MHC
alleles can potentially present these good binding peptides
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Table 4. List of Predicted B-Cell Epitopes in CHIKV E2 Protein Fragments Using the ABCpred Server (Epitope Threshold =

0.51)

SN E2-FL Position E2-AC Position E2-ANC Position
1 FNVYKATRPYLAHCPD 6-21 FNVYKATRPYLAHCPD 6-21 Absent -

2 LAHCPDCGEGHSCHSP 16-31 LAHCPDCGEGHSCHSP 16-31 Absent -

3 CHSPVALERIRNEATD 28-43 CHSPVALERIRNEATD 28-43 Absent -

4 RIRNEATDGTLKIQVS 36-51 RIRNEATDGTLKIQVS 36-51 RIRNEATDGTLKIQVS 36-51
5 QIGIKTDDSHDWTKLR 53-68 QIGIKTDDSHDWTKLR 53-68 QIGIKTDDSHDWTKLR 53-68
6 SHDWTKLRYMDNHMPA 61-76 SHDWTKLRYMDNHMPA 61-76 SHDWTKLRYMDNHMPA 61-76
7 AERAGLFVRTSAPCTI 78-93 AERAGLFVRTSAPCTI 78-93 AERAGLFVRTSAPCTI 78-93
8 CTITGTMGHFILARCP 91-106 CTITGTMGHFILARCP 91-106 CTITGTMGHFILARCP 91-106
9 GHFILARCPKGETLTV 98-113 GHFILARCPKGETLTV 98-113 GHFILARCPKGETLTV 98-113
10 TLTVGFTDSRKISHSC 110-125 TLTVGFTDSRKISHSC 110-125 TLTVGFTDSRKISHSC 110-125
11 SRKISHSCTHPFHHDP 118-133 SRKISHSCTHPFHHDP 118-133 SRKISHSCTHPFHHDP 118-133
12 CTHPFHHDPPVIGREK 125-140 CTHPFHHDPPVIGREK 125-140 CTHPFHHDPPVIGREK 125-140
13 DPPVIGREKFHSRPQH 132-147 DPPVIGREKFHSRPQH 132-147 DPPVIGREKFHSRPQH 132-147
14 REKFHSRPQHGKELPC 138-153 REKFHSRPQHGKELPC 138-153 REKFHSRPQHGKELPC 138-153
15 ELPCSTYVQSTAATTE 150-165 ELPCSTYVQSTAATTE 150-165 ELPCSTYVQSTAATTE 150-165
16 AATTEEIEVHMPPDTP 161-176 AATTEEIEVHMPPDTP 161-176 AATTEEIEVHMPPDTP 161-176
17 IEVHMPPDTPDRTLMS 167-182 IEVHMPPDTPDRTLMS 167-182 IEVHMPPDTPDRTLMS 167-182
18 PDTPDRTLMSQQSGNV 173-188 PDTPDRTLMSQQSGNV 173-188 PDTPDRTLMSQQSGNV 173-188
19 MSQQSGNVKITVNGQT 181-196 MSQQSGNVKITVNGQT 181-196 MSQQSGNVKITVNGQT 181-196
20 VRYKCNCGGSNEGLTT 197-212 VRYKCNCGGSNEGLTT 197-212 VRYKCNCGGSNEGLTT 197-212
21 GGSNEGLTTTDKVINN 204-219 GGSNEGLTTTDKVINN 204-219 GGSNEGLTTTDKVINN 204-219
22 DKVINNCKVDQCHAAV 214-229 DKVINNCKVDQCHAAV 214-229 DKVINNCKVDQCHAAV 214-229
23 VDQCHAAVTNHKKWQY 222-237 VDQCHAAVTNHKKWQY 222-237 VDQCHAAVTNHKKWQY 222-237
24 AVTNHKKWQYNSPLVP 228-243 AVTNHKKWQYNSPLVP 228-243 AVTNHKKWQYNSPLVP 228-243
25 KWQYNSPLVPRNAELG 234-249 KWQYNSPLVPRNAELG 234-249 KWQYNSPLVPRNAELG 234-249
26 PRNAELGDRKGKIHIP 243-258 PRNAELGDRXGKIHIP 243-258 PRNAELGDRKGKIHIP 243-258
27 KIHIPFPLANVTCRVP 254-269 KIHIPFPLANVTCRVP 254-269 KIHIPFPLANVTCRVP 254-269
28 NVTCRVPKARNPTVTY 263-278 NVTCRVPKARNPTVTY 263-278 NVTCRVPKARNPTVTY 263-278
29 PKARNPTVTYGKNQVI 269-284 PKARNPTVTYGKNQVI 269-284 PKARNPTVTYGKNQVI 269-284
30 HPTLLSYRNMGEEPNY 291-306 HPTLLSYRNMGEEPNY 291-306 MLLYPDHPTLLSYRNM 291-306
31 MLLYPDHPTLLSYRNM 285-300 MLLYPDHPTLLSYRNM 285-300 HPTLLSYRNMGEEPNY 285-300
32 EEWVMHKKEVVLTVPT 308-323 LTVPTEGLEVTWGNNE 308-323 EEWVMHKKEVVLTVPT 308-323
33 LTVPTEGLEVTWGNNE 319-334 EEWVMHKKEVVLTVPT 319-334 LTVPTEGLEVTWGNNE 319-334
34 GLEVTWGNNEPYKYWP 325-340 GLEVTWGNNEPYKYWP 325-340 GLEVTWGNNEPYKYWP 325-340
35 GNNEPYKYWPQLSTNG 331-346 GNNEPYKYWPQLSTNG 331-346 GNNEPYKYWPQLSTNG 331-346
36 HGHPHEIILYYYELYP 349-364 HGHPHEIILYYYELYP 349-364 HGHPHEIILYYYELYP 349-364
37 LYYYELYPTMTVVVVS 357-372 LYYYELYPT——————— 357-365 LYYYELYPT——————— 357-365
38 TFILLSMVGMAAGMCM 375-390 Absent - Absent -

39 MAAGMCMCARRRCITP 384-399 Absent - Absent -

40 RRRCITPYELTPGATV 393-408 Absent - Absent -

41 ELTPGATVPFLLSLIC 401-416 Absent - Absent -

Table 5. List of Predicted B-Cell Epitopes in CHIKV E2 Protein Fragments Using the BCEpred Server (Epitope Threshold =

1.9)
S.N [E2-FL Peptide Sequence Position E2-AC Peptide Sequence Position E2-ANC Peptide Sequence Position
1 HSCHSPV 26-32 HSCHSPV 26-32 Absent -
2 TLKIQVSLOIGI 45-56 TLKIQVSLOIGI 45-56 TLKIQVSLOIGI 45-56
3 ISHSCTHPFHHDPPVI 121-136 ISHSCTHPFHHDPPVI 121-136 ISHSCTHPFHHDPPVI 121-136
4 ELPCSTYVQS 150-159 ELPCSTYVQS 150-159 ELPCSTYVQS 150-159
5 QTVRYKCNC 195-203 QTVRYKCNC 195-203 QTVRYKCNC 195-203
6 VINNCKVDQCH 216-226 VINNCKVDQCH 216-226 VINNCKVDQCH 216-226
7 QYNSPLVP 236-243 QYNSPLVP 236-243 QYNSPLVP 236-243
8 IHIPFPL 255-261 IHIPFPL 255-261 IHIPFPL 255-261
9 NVTCRVPK 263-270 NVTCRVPK 263-270 NVTCRVPK 263-270
10 NQVIMLLYPDHPTLLSY 281-297 NQVIMLLYPDHPTLLSY 281-297 NQVIMLLYPDHPTLLSY 281-297
11 HKKEVVLTVPTE 313-324 HKKEVVLTVPTE 313-324 HKKEVVLTVPTE 313-324
12 HPHEIILYYYELYPTMTVVVVSVA 351-374 HPHEIILYYYELYP-—————— 351-364 HPHEIILYYYELYP-—————— 351-364
13 FILLSMVG 376-383 Absent - Absent -
14 CITPYEL 396-402 Absent - Absent -
15 TVPFLLSLICCIRT 407-420 Absent - Absent -

during CHIKV infection, the allele cumulative percentage
frequency graphs were plotted for the selected two highly
immunogenic epitopes in the C-terminal region of CHIKV E2-
FL, based upon ICs, < 500 nM (Figure 12). The alleles that
exhibit good binding affinities with these two peptides are
listed in Table 8. Human MHC genes are highly polymorphic,
which means that many different alleles exist in different
individuals inside a population. T-cells recognize a complex
between a specific MHC molecule and an antigenic epitope,
playing an important role in immune function. Useful antigenic

3502

epitopes bind to the large spectrum of MHC alleles. Therefore,
in the design and the development of vaccines, selecting
epitopes binding to multiple MHC alleles will increase
population coverage. If an epitope binds to all alleles of the
MHOC class, then it would be able to generate effective immune
response in the entire population. However, there may not be a
single antigenic peptide that binds to all MHC alleles in a
population. We investigated the coverage of selected
immunogenic epitopes present in the extra C-terminal region
of the CHIKV E2-FL protein with multiple MHC class II
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Table 7. List of Inmunogenicity Score for Each MHC Class II Alleles to the Predicted CHIKV E2-FL, E2-AC, and E2-ANC
Proteins
SN CHIKYV E2-FL Position Imm.Score CHIKYV E2-AC Position Imm.Score CHIKY E2-ANC Position Imm.Score
1 STKDNFENVYKATRPY 1-15 77.0213 STKDNFNVYKATRPY 1-15 77.0213 Absent
2 FNVYKATRPYLAHCP 6-20 83.2753 FNVYKATRPYLAHCP 6-20 83.2753 Absent - -
3 ATDGTLKIQVSLQIG 41-55 92.0637 ATDGTLKIQVSLQIG 41-55 92.0637 EATDGTLKIQVSLQI 40-54 92.2718
4 LKIQVSLQIGIKTDD 46-60 92.1315 LKIQVSLQIGIKTDD 46-60 92.1315 TLKIQVSLQIGIKTD 45-59 91.639
5 GNVKITVNGQTVRYK 186-200 | 88.7022 GNVKITVNGQTVRYK | 186-200 | 88.7022 SGNVKITVNGQTVRY | 185-199 91.436
6 NQVIMLLYPDHPTLL 281-295 | 81.086 NQVIMLLYPDHPTLL 281-295 | 81.086 MLLYPDHPTLLSYRN | 285-299 96.8817
7 ILYYYELYPTMTVVV 356-370 | 83.0174 Absent - - Absent - -
8 MTVVVVSVATFILLS 366-380 | 97.6789 Absent Absent
9 FILLSMVGMAAGMCM | 376-390 | 90.4386 Absent Absent
MHC-II Allele Cumulative Frequency MHC-II Allele Cumulative Frequency
Peptide: MTVVVVSVATFILLS Peptide: FILLSMVGMAAGMCM
o 100~ @ 1007
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Figure 12. Graphical representation of the predicted binding affinity of potential T-cell epitopes (A) MTVVVVSVATFILLS and (B)
FILLSMVGMAAGMCM from the extra C-terminal region of the CHIKV E2 protein to MHC class II alleles. The percentage of total MHC class II
alleles is depicted on the y-axis, with the predicted affinities (ICsy) to MHC class II depicted on the x-axis.

alleles. We calculated the fractions of human MHC class II
alleles with different binding affinities to two highly
immunogenic T-cell epitopes predicted from the extra C-
terminal region of the E2-FL CHIKV protein. From the allele
cumulative frequency distribution graphs, we found that the
predicted T-cell epitope MTVVVVSVATFILLS (score 97.67)
binds to 41% of the class II MHC alleles (ICs, < 500 nM)
(Figure 12A). The other predicted T-cell epitope FILLSMVG-
MAAGMCM (score 90.43) showed 19% binding to MHC
class 1I alleles (Figure 12B). This implies that these two
peptide epitopes, which are present only in the CHIKV E2-FL
protein, are capable of mounting a diverse immune response in
a large fraction of the population. It is likely that a vaccine
containing such types of peptide epitopes will have a large
population coverage and will provide future direction for
vaccine design and development against chikungunya infection.

We also performed the analysis for the identification of T-
cell epitopes for the extra region of the CHIKV E2-FL protein
using the IEDB server for mouse MHC class I and class II
alleles. We did not find any antigenic peptide in the extra
region of the E2-FL protein whose binding score was >0.75
when the analysis was performed for mouse MHC class I
alleles. Similarly, we did not find any antigenic peptide in the
extra region of the CHIKV E2-FL protein whose binding
affinity (ICg,) was less than 500 nM for mouse MHC class 11
alleles.
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3. DISCUSSION

Ongoing research efforts are underway to develop new
methodologies for efficient diagnosis, monitoring, and
controlling of chikungunya infections. The development of
anti-CHIKV subunit vaccines and more efficient serological
tests depends on the isolation and purification of surface
immunogenic viral antigens, among which the envelope E2
protein is a prime vaccine candidate, successfully evaluated in
separate studies.”®”” The CHIKV E2 protein is a highly
immunogenic viral protein, involved in host—cell interaction
and capable of inducin% strong antibody response against
chikungunya infection.”” Multiple studies have reported
cloning, expression, and purification of CHIKV E2 proteins
using the prokaryotic expression S)rstem.19’29’3'8’40_42 However,
almost all of the previously reported studies have described
expression and purification of the truncated E2 protein.
Additionally, few studies have demonstrated expression and
purification of the CHIKV E2 protein using the baculovirus-
based insect cell expression system and HEK-293T mammalian
cells, which allow post-translational modifications like glyco-
sylation.”~* However, on comparing the performance of the
two CHIKV E2 antigens, a recent study found that both the
prokaryotically and eukaryotically expressed E2 proteins
demonstrated similar performance for indirect ELISA using
anti-CHIKV E2 IgG antibodies.”> Since recombinant proteins
expressed in the prokaryotic system are much simpler, faster,
cost-effective, and usually obtained in higher quantities when
compared to proteins expressed in the eukaryotic system, we

https://doi.org/10.1021/acsomega.1c05975
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Table 8. List of MHC Class II Alleles and Predicted ICy,
(nM) to Both Peptides: MTVVVVSVATFILLS (366—380
aa) and FILLSMVGMAAGMCM (376—390 aa)

peptide MTVVVVSVATFILLS (366—380 aa) predicted IC5, < S00 nM
SN hMHCII Allele Predicted ICgy (nM)
1 HLA-DPA1%02:01/DPB1*01:01 16
2 HLA-DRB1%07:01 19
3 HLA-DPA1%01:03/DPB1%02:01 26
4 HLA-DRB1*01:01 44
S HLA-DPA1%03:01/DPB1%04:02 57
6 HLA-DRB1%¥13:02 92
7 HLA-DQA1%01:02/DQB1%06:02 164
8 HLA-DRBS5*01:01 230
9 HLA-DRB1%15:01 234
10 HLA-DRB1%09:01 245
11 HLA-DRB1%*08:02 254
12 HLA-DQA1%05:01/DQB1%03:01 322
13 HLA-DPA1%#02:01/DPB1*05:01 351
14 HLA-DRB1%03:01 369
15 HLA-DRB1%04:05 401
16 HLA-DRB4*01:01 455
FILLSMVGMAAGMCM (376—390
peptide aa) predicted ICyy < S00 nM
S.N hMHCII allele predicted ICs, (nM)
1 HLA-DRB1*01:01 9
2 HLA-DQA1%05:01/DQB1%03:01 83
3 HLA-DRB1%04:01 96
4 HLA-DQA1%01:02/DQB1%06:02 232
N HLA-DRB1%04:05 250
6 HLA-DRB1%*11:01 277
7 HLA-DRB1%09:01 310
8 HLA-DRB4*01:01 329
9 HLA-DRB1%15:01 355
10 HLA-DRB1*07:01 431

attempted cloning, expression, and purification of the full-
length CHIKV E2 protein in E. coli in our study.

In the present study, we describe optimized protocols for
cloning, expression, and purification of CHIKV E2-FL and two
truncated proteins using bacterial expression vectors and E. coli
strains. The recombinant E2-FL and truncated proteins were
expressed as the His-tagged fusion protein in E. coli. For the
production of CHIKV E2-FL and truncated proteins, the E. coli
bacterial cultures were induced during the log phase with 1
mM IPTG at 0.2 OD for 18 h, which resulted in a high protein
yield. After centrifugation, the uninduced and induced bacterial
pellets were subjected to SDS-PAGE analysis and visualized by
Coomassie brilliant blue staining. Clear bands of correspond-
ing molecular weights of 50, 44, and 40 kDa were observed for
CHIKV E2-FL, E2-AC, and E2-ANC proteins, respectively
(Figure 4). Solubilization of inclusion bodies in E. coli is
considered a convenient way to recover target recombinant
proteins.*”* Inclusion bodies are protein aggregates that are
formed in E. coli during the expression of the recombinant
protein and can be highly contaminated with bacterial cell wall
components. Therefore, for extracting purified proteins,
removal of contaminants is essential, which can be performed
using guanidine hydrochloride or urea.*” Cloning the CHIKV
E2 proteins in the pQE-30 Xa vector allowed addition of the
N-terminal histidine tag. Since Ni-NTA chromatography is a
widely employed strategy for purification of histidine-tagged
recombinant proteins, the His-tagged E2 full-length and
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truncated fusion proteins were loaded onto the Ni-NTA
affinity chromatography column after bacterial lysis. Protein
purification was performed under denaturing conditions using
urea. The column was washed with a wash buffer containing
different concentrations of imidazole (20, 50, and 100 mM).
Finally, the column was eluted with 250 mM imidazole elution
buffers and the obtained protein fractions were analyzed using
SDS-PAGE. We observed clear specific bands for CHIKV E2-
FL and truncated proteins with corresponding molecular
weights of approximately 50, 44, and 40 kDa for CHIKV E2-
FL, E2-AC, and E2-ANC proteins, respectively (Figure 5). A
western blot hybridization was performed using the anti-His
antibody, which further confirmed the successful purification of
CHIKV E2-FL, E2-AC, and E2-ANC proteins (Figure 6).

Since the advantages of high-level expression of recombinant
proteins as inclusion bodies are offset by heavy losses in yield
encountered along the process of refolding in the form of
precipitation of misfolded protein, we performed in vitro
refolding of denatured CHIKV E2-FL and truncated proteins
according to a previously published study.** For the improve-
ment of the refolding efficiency of CHIKV E2-FL and E2
truncated proteins, we modified and further optimized the
refolding procedure. We observed that the direct refolding
method for the refolding of CHIKV E2 denatured proteins led
to the formation of protein aggregates and precipitates. On the
other hand, by employing a stepwise refolding method,
wherein the concentration of urea was decreased gradually in
10 steps (6, 4, 2, 1, 0.5, 0.25, 0.125, 0.062S, 0.03125, 0.0156,
and 0 M), no aggregates or protein precipitates were found
(Figure 7). Our results indicated a refolding yield of ~98%
obtained for the three CHIKV E2 proteins used in the study.

We performed structural analysis of the refolded CHIKV E2
proteins using CD and FTIR spectroscopies. Evaluating the
CHIKV E2 proteins experimentally by CD measurements
indicated that purified CHIKV E2 proteins were present in a
refolded conformation. In addition, comparative analysis of the
CD spectra obtained for each of the refolded and denatured
CHIKV E2 protein samples showed a change in the CD
spectra: from a random coil structure in denatured E2 protein
samples to a predominantly f-sheet secondary structure in
refolded CHIKV E2 protein samples (Figure 8). The CHIKV
E2-FL and truncated protein were subjected to FTIR
spectroscopy to further affirm the correctly folded state of
the in vitro refolded CHIKV E2 proteins. The FTIR analysis
was performed according to a previously published study.”’ We
found that in the case of each refolded CHIKV E2-FL and E2
truncated protein sample, a sharp and distinct amide band was
observed at 1633/1635 cm™' wavenumbers, which corre-
sponds to f-sheet structures (Figure 9). The results of our CD
and FTIR spectroscopy experiments indicate that the purified
refolded CHIKV E2-FL and truncated proteins were indeed
present in their near-native conformation.'”

It has been reported by many studies that CHIKV envelope
proteins could generate protective immune response by
producing neutralizing antibodies, making it a promising tar§et
for diagnostic and vaccine development against CHIKV.”*">
An E2-based subunit vaccine was demonstrated to be
protective in mice studies,”® and subunit vaccine formulations
based on the recombinant envelope E2 protein elicited
balanced Th1/Th2 response and virus-neutralizing antibodies
in mice.”” In the present study, the immunogenic efficiency of
CHIKV E2 proteins was evaluated by immunizing BALB/c
mice with E2-FL and truncated proteins along with an alum

https://doi.org/10.1021/acsomega.1c05975
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adjuvant. We performed an ELISA assay for the analysis of
antibody titers produced against the CHIKV E2 antigen in
immunized mice (Figure 10). We have reported that
recombinant E2 protein immunization induced a high titer
of the E2-specific antibody titers in mice. We found that E2-
specific antibody titers for the CHIKV E2-FL antigen were
consistently higher, while antibody titers obtained after the
immunization of E2-AC and E2-ANC antigens were
comparatively less.

Epitope analysis was performed to understand the differ-
ences in immunogenicity observed for CHIKV E2-FL, E2-AC,
and E2-ANC antigens used in the study. Various studies have
shown that the majority of CHIKV IgG reactive antigenic
sequences constitute mainly of continuous linear”>*>** or few
discontinuous conformational®"** epitopes mapped on the
CHIKV E2 protein. Different studies have identified several
epitopes spanning the entire E2 protein.34’53 On comparing the
presence or absence of identified B-cell epitopes in the three
CHIKYV E2 protein fragments, we found that the CHIKV E2-
FL protein contained the N-terminal epitopes (1—19 and 16—
32 aa) along with a few unique epitopes present in the extra C-
terminal region (spanning 365—423 aa), compared to the
truncated E2 protein fragments. Our findings suggest that the
absence of these epitopes may possibly result in reduced
immunogenicity in the truncated E2 protein fragments. As
opposed to the 11 different regions in the CHIKV E2 protein
identified to contain linear epitopes recognized by the anti-
CHIKV antibodies during CHIKV infection,”* we found the
presence of all 11 regions in the CHIKV E2-FL protein but the
absence of the N-terminal (in the E2-ANC protein fragment)
and C-terminal (in both E2-AC and E2-ANC protein
fragments) regions in truncated E2 proteins. Of note, the N-
terminal epitope (STKDNFNVYKATRPYLAH; spanning 1—
18 aa), referred to as E2EP3 in earlier studies, is prominently
exposed on the viral envelope and has been implicated in the
early IgG response to CHIKV in multiple studies.’”**>
However, a separate study demonstrated that the use of the
small linear epitope L (spanning 1—12 aa) was not sufficient to
induce a protective immune response in mice when used in
isolation.>

On mapping anti-CHIKV E2 mouse monoclonal antibodies
using a total of 84, 15-mer synthetic peptides (each with a 10-
mer overlap) covering the E2 protein (1—362 aa), Chua et al.
found that mouse B-cell epitopes were distributed at different
functional domains of the E2 glycoprotein, namely, at domain
A (16—30 and 76—8S5 aa), junctions of S-ribbons with domains
A and B (126—135 aa and 166—175 aa), and domain C (301—
310, 321-330, and 331—340 aa).”* In this study, we further
identified a few unique B-cell epitopes using two distinct
methods ABCpred and BCEpred. Our ABCpred results
predicted four potential B-cell epitopes in the extra C-terminal
region of the CHIKV E2-FL protein, which were absent in
both the truncated CHIKV E2-AC and E2-ANC proteins
(shown in red, Figure 11). Our results using BCEpred
predicted three epitopes, which overlapped with the already
predicted four unique B-cell epitopes predicted through
ABCpred. The importance of epitopes located in the C-
terminal region of the CHIKV E2-FL protein has also been
reported by Lum et al, who found that the anti-CHIKV
antibodies generated in CHIKV-infected mice targeted
epitopes located mainly at the C-terminus of the virus E2
glycoprotein (spanning 130—411 aa), along with the N-
terminal epitope (1—19 aa).”> Using a bacteriophage Qf
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viruslike particle (VLP) platform, Basu et al. reported that
epitopes spanning 1—18 and 226—259 aa elicited high-titer
antibodies and the C-terminal epitope (spanning 378—411 aa)
was the least reactive, possibly due to the truncated E2 protein
fragment used in this study.”” In an in silico B-cell epitope
prediction study, the epitope residues at 386 and 388 aa
positions were predicted to evoke significant immune
response.”” Of note, an immuno-informatics study by Hasan
et al. reported the peptide region spanning 9 aa from 397 to
40S aa as the most potential B-cell epitope, along with epitopes
identified in the N-terminal region (1—29 aa).” Rodriguez et
al. also predicted B-cell epitopes located in the N-terminal
(spanning 14—22 and 27—3S aa) and C-terminal (spanning
367—389 aa) regions, suggesting that the presence of these
amino acids in the CHIKV E2-FL protein may be contributing
in its increased immunogenicity.60

Since T-cell epitope content is one of the factors that
contributes to protein antigenicity, we performed in silico T-
cell epitope prediction for the extra C-terminal region of the
CHIKV E2-FL protein for understanding immunogenicity
differences observed in E2-FL with respect to E2-AC and E2-
ANC proteins. The binding strength of T-cell epitopes to the
major histocompatibility complex (MHC or HLA) molecules
is a key determinant in T-cell epitope immunogenicity. Using
the IEDB T-cell epitope prediction server, we identified two
potential T-cell epitopes (ATVPFLLSL: 0.87 and YELTP-
GATV: 0.85) in the CHIKV E2-FL extra C-terminal region
binding exclusively to MHC class I alleles (score value > 0.75)
spanning 406—414 and 400—408 aa, respectively (Table 6).
These two potential T-cell epitopes were absent in the
truncated forms of E2 fragments. A study by Sreekumar et al.
also identified the FLLSLICCI epitope (410—418 aa) present
in the C-terminal region of the CHIKV E2-FL protein among
the six T-cell epitopes identified using the EpiJen online server
and implicated the importance of C416G mutation present in
the cytoplasmic domain of the E2 protein.’’ Including CTL
epitopes in multiepitope peptide-based CHIKV vaccine is
extremely beneficial as they are necessary for the clearance of
intracellular pathogens by arbitrating cell-mediated immunity.
It has been demonstrated that epitope-based vaccines
containing epitopes recognizing multiple HLA molecules can
provide the broadest possible coverage of the human
population. In a separate study, the CHIKV E2 peptide
KTDDSHD (spanning 57—63 aa) was predicted to be the
most probable T-cell epitope and the peptide FVRTSAPCT
(84—92 aa) was predicted to be the common T- and B-cell
epitope having a high antigenicity.”” While both of these
peptides were located in Domain A wherein the major
secondary structure was f-strands, it was reported that Domain
C of the E2 protein, which consisted of a long a-helix (362—
423 aa), comprised the highly conserved “TPY” domain (398—
400 aa) and the transmembrane domain (365—38S aa).’” In
addition to the above-mentioned reports, MHC class I
peptides “TAECKDKNL” and “VITWGNNEPY” were pre-
dicted to be extremely antigenic in studies by Qamar et al. and
Narula et al,, respectively.””** Using an in silico immunoinfor-
matic approach, Khan et al. identified key mutations in the
CHIKV E2 region of circulating Pakistani isolates along with
the CHIKV-S27 strain and predicted a total of 18 potential
CTL epitopes using bioinformatics tools.”> Among the 18
potential CTL epitopes predicted, four epitopes were located
in the extra C-terminal region of the CHIKV E2-FL protein
sequence as per our study.

https://doi.org/10.1021/acsomega.1c05975
ACS Omega 2022, 7, 3491-3513


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

On analyzing the MHC class II binding of helper T-cell
(HTL) epitopes present in the extra region of the CHIKV E2-
FL protein, we identified a total of 37 unique T-cell epitopes,
which showed binding to MHC class II alleles (Table 6). On
performing immunogenicity predictions using the IEDB server
for evaluating the immunogenicity of these HTL epitopes, we
found two highly immunogenic peptides (MTVVVVSVAT-
FILLS: 366—380 aa position; immunogenicity score: 97.67
and FILLSMVGMAAGMCM: 376—390 aa position; immu-
nogenicity score: 90.43) in the extra C-terminal region of
CHIKV E2-FL (Table 7). The peptide sequence
(MTVVVVSVATFILLS; score 97.67) having the highest
predicted immunogenicity was exclusively located in the
extra C-terminal region of the CHIKV E2-FL protein and
was absent in the two truncated E2 protein fragments. From
the allele cumulative frequency distribution graphs, we found
that the predicted T-cell epitope MTVVVVSVATFILLS (score
97.67) binds to 41% of MHC class II alleles, while
FILLSMVGMAAGMCM (score 90.43) showed 19% binding
to MHC class II alleles (Figures 12A,B). The MHC class II
alleles that exhibit good binding affinities (IC5, < S00 nM)
with these two peptides are listed in Table 8. Our results
indicate that 16 MHC class II alleles can interact with
MTVVVVSVATFILLS and 10 MHC class II alleles can
interact with FILLSMVGMAAGMCM epitopes, present in the
E2-FL protein. Since the epitopes that interact with numerous
alleles are considered more efficient for imparting broad
population coverage, including these two immunogenic
epitopes located in the extra C-terminal region of the
CHIKV E2-FL protein in a multiepitope-based anti-CHIKV
vaccine may prove beneficial. Using an immune-informatics
approach, a previous study identified the IMLLYPDHPTLL-
SYR epitope spanning 284—298 aa in the CHIKV E2
glycoprotein as a potent HTL epitope, which could interact
with five MHC class 1I alleles (ICs, < 250).°° Interestingly, a
proteome-wide screening study by Teo et al. identified a
dominant CD4" T-cell epitope in the N-terminal E2EP3 region
(spanning 1—19 aa) of the E2 protein, by performing
ELISPOT assays on splenocytes obtained from CHIKV-
infected mice.”” It is likely that a vaccine containing such a
type of peptide epitope will have a large population coverage
and will provide future direction for vaccine design and
development against chikungunya infection. Furthermore, a
multiepitope-based peptide can be used as an alternate antigen
to CHIKV E2-FL for immunodiagnosis of CHIKV infections
with high sensitivity and specificity.”® In summary, we
identified the potential B- and T-cell epitopes present in the
extra C-terminal region of the CHIKV E2-FL protein. Since
the extra C-terminal region of the CHIKV E2-FL protein
contains extra immunogenic epitopes that are absent in the
truncated fragments and can bind with a more diverse human
MHC allele repertoire, it is expected to significantly enhance
the effective immune response and therefore may be
advantageous to be included when designing multiepitope
vaccines or immunotherapies for CHIKV.

4. CONCLUSIONS

Several reports have shown that the CHIKV E2 protein can
serve as an effective subunit vaccine candidate against
chikungunya infection. This study provides a detailed method-
ology optimized for cloning, expression, and purification of
CHIKV E2-FL and E2 truncated proteins using a prokaryotic
expression system. Using an E. coli-based expression system is a

3508

cost-effective option and makes the process amenable to
inexpensive scale-up. The CHIKV E2 proteins were purified
using Ni-NTA chromatography and were refolded in vitro for
obtaining proteins in native conformation (devoid of any
aggregates or protein precipitates). Structural analysis
performed using CD and FTIR spectroscopies confirmed the
presence of CHIKV E2 proteins in their near-native state. The
biological function of the refolded and purified recombinant
CHIKYV E2-FL protein was confirmed by its ability to generate
high titers of E2-specific antibodies in BALB/c mice. The
recombinant CHIKV E2 proteins expressed in E. coli retained
their immunogenicity and could induce high antibody titers in
BALB/c mice, as evaluated using E2-specific ELISA. By
performing B-cell and T-cell epitope analyses using various in
silico approaches, our study identified highly immunogenic
unique peptides present in the CHIKV E2-FL protein.
Specifically, both the N-terminal region (1—32 aa) and the
C-terminal region (366—423 aa) present in the CHIKV E2-FL
protein demonstrated the presence of unique highly immuno-
genic peptides. We anticipate that our predicted B-cell and T-
cell epitopes could aid the design of a prospective anti-CHIKV
multiepitope vaccine. In conclusion, the results outlined in this
study could be valuable for the development of novel and
effective multiepitope subunit vaccine strategies for prevention
of CHIKV infections and also help in producing purified
antigens in large amounts for use in anti-CHIKV diagnostic
and/or serological tests. Furthermore, this approach of
expressing and purifying the CHIKV E2 protein in E. coli
with a high yield may also offer a promising method for the
production of other viral recombinant proteins.

5. EXPERIMENTAL SECTION

5.1. Materials. Chikungunya virus strain isolate (Ind-06-
Guj, Gen Bank Accession No. JF274082) was kindly provided
by Dr. Sudhanshu Vrati (RCB, Faridabad, India). The plasmid
vector pQE-30 Xa along with the bacterial host E. coli strains
XL1-Blue and SG13009 were kindly provided by Dr. Devinder
Sehgal (NII, New Delhi, India). Media for bacterial growth was
purchased from Himedia Laboratories, India. All restriction
enzymes, PCR components, and DNA Ligase were procured
from NEB (New England Biolabs). Oligoes were synthesized
from Eurofins, India. Ni-NTA resin was purchased from
Qiagen, Germany. Dialysis tubing was obtained from Spectrum
Labs. Antibodies for Western blotting were purchased from
Thermofisher Scientific. All chemicals were procured from
Sigma.

5.2. PCR Amplification and Cloning of E2 Gene
Constructs. The nucleotide sequence of CHIKV E2 was
downloaded from the NCBI database (Accession No.
JF274082) and used as a template to design gene-specific
primers. Total RNA was isolated from the chikungunya viral
lysate (Ind-06-Guj) using the High Pure Viral RNA kit as per
the manufacturer’s instructions (Roche Life Science). Total
RNA was used for cDNA synthesis following the commercial
protocol and the Oligo-dT primer (Verso cDNA Synthesis kit,
Thermo Fisher). The CHIKV E2-FL nucleotide sequence
(1269 bp; corresponding to 1—423 amino acid residues) was
PCR-amplified using high-fidelity Phusion DNA Polymerase
(NEB, England) and gene-specific forward (S§'-
CCCCGGATCCAGCACCAAGGACAACTTCAATG) and
reverse (5’-CCCCCAAGCTTCGCTTTAGCTGTTCT-
GATGCAG) primers, respectively (Table 1). The underlined
nucleotides in forward and reverse primer sequences signify
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BamHI and HindlII restriction enzyme sites, respectively. The
25 pl PCR reaction mix comprised 1X DNA polymerase buffer,
200 uM dNTP mix, 0.2 uM of each primer, 5 uL of cDNA, and
1 U of Phusion DNA polymerase. PCR was performed using a
programmable thermal cycler (GeneAmp PCR system 2720;
Applied Biosystems) starting with an initial denaturation step
at 95 °C for 2 min. This was followed by 25 cycles consisting
of denaturation at 95 °C for 1 min, annealing at 60 °C for 1
min, and an extension at 72 °C for 1 min. A final extension
step was conducted at 72 °C for 10 min. The PCR amplicon
(1269 bp) was subsequently digested with BamH1 and HindIII
restriction enzymes. The digested product was ligated into
BamH1-HindIII digested E. coli expression vector pQE-30 Xa
using T4 DNA ligase. The ligated product was transformed in
the E. coli XL1-Blue strain. Positive clones were identified by
restriction analysis and confirmed by sequencing.

The truncated CHIKV E2-AC fragment (1095 bp;
corresponding to 1—365 amino acids) was obtained through
PCR amplification using the full-length E2 plasmid DNA as the
template along with gene-specific forward (5'-
CCCCGGATCCGAACGCATCAGAAATGAAGCGAC) and
reverse (5'-CCCCCAAGCTTAGTAGGGTACAGCTCA-
TAATAATAC) primers. The truncated CHIKV E2-ANC
fragment (993 bp; corresponding to 35—36S amino acids) was
obtained through PCR amplification using CHIKV E2-FL
plasmid DNA as the template along with gene-specific forward
(5'-CCCCGGATCCGAACGCATCAGAAATGAAGCGAC)
and reverse (5'-CCCCCAAGCTTAGTAGGGTACAGCT-
CATAATAATAC) primers, respectively. The PCR compo-
nents and cycling conditions used were the same as mentioned
above. The amplicons obtained were digested with BamH1
and HindIIl enzymes and cloned into the digested pQE-30 Xa
vector. Positive clones were identified by restriction analysis
and confirmed by sequencing.

5.3. Expression of Recombinant E2 Proteins. For
expression purposes, the CHIKV E2-FL and truncated E2
constructs were transformed in the E. coli expression strain
SG13009 (Qiagen). Bacterial cultures were grown in a Luria-
Bertani medium containing ampicillin (100 pg/mL) and
kanamycin (25 pg/mL) at 37 °C overnight with shaking at 220
rpm. The secondary cultures were induced at 0.2 ODg, by
adding 1 mM isopropyl-f-D-thiogalactopyranoside (IPTG) for
18 h at 18 °C. Bacteria were harvested by centrifugation at
8000 rpm for 30 min at 4 °C. Uninduced and induced bacterial
pellets were analyzed on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and visual-
ized using Coomassie brilliant blue R-250 staining. For
determining protein solubility, bacterial cell pellets obtained
after induction were lysed using a Lysis buffer (containing 25
mM pH 7.3, 300 mM NaCl, and S mM f-mercaptoethanol)
supplemented with 1X Protease inhibitor cocktail (Roche).
The lysate was sonicated briefly and centrifuged at 12 000 rpm
for 30 min at 4 °C. The soluble (supernatant) and insoluble
(pellet) protein fractions obtained were analyzed on 10% SDS-
PAGE gel. The expressed protein found in the insoluble
fraction was processed for subsequent purification steps.

5.4. Purification of Recombinant E2 Proteins. The
recombinant CHIKV E2-FL and truncated E2 proteins were
purified using Ni-NTA affinity chromatography under
denaturing conditions with some modifications from the
manufacturer’s protocol (Qiagen, Germany). Briefly, the cell
pellet obtained after induction was lysed in a Lysis buffer
(containing 8 M urea, 25 mM Tris pH 7.3, 300 mM NaCl, and
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S mM f-mercaptoethanol) supplemented with 1X Protease
inhibitor cocktail (Roche). Cell lysates were prepared by 20
sonication cycles of a 10 s duration pulse with a 10 s time
interval between pulses. The lysate was centrifuged at 12 000
rpm for 30 min at 4 °C, and the supernatant containing the
fusion protein was loaded onto a column containing 1 mL of
equilibrated Ni-NTA resin and allowed to bind at room
temperature for 15 minutes. The column was washed with
wash buffers (lysis buffer with 8 M urea supplemented with
increasing concentrations of imidazole (20, 50, and 100 mM)).
Finally, the column was washed with an elution buffer (lysis
buffer with 8 M urea, supplemented with 250 mM imidazole).
The washed and eluted fractions were analyzed on 10% SDS-
PAGE for purity estimation. During column washing steps in
Ni-NTA chromatography, wash buffers had 0.1% Triton X-114
added as the default as per the manufacturer’s instructions, for
removing endotoxin contamination. The endotoxin levels in all
immunogens were found to be between 0.5 and 0.1 EU/mL,
using the Pierce LAL Chromogenic Endotoxin Quantitation kit
(Thermo scientific).

5.5. Protein Refolding. The purified recombinant CHIKV
E2-FL and E2 truncated protein fractions were refolded using a
single step or the stepwise dialysis method. In the single-step
dialysis procedure carried out for 6 h at 21 °C with continuous
stirring, a visible protein precipitate was observed. Sub-
sequently, refolding was optimized using a stepwise dialysis
procedure. Briefly, eluted fractions were pooled and dialyzed
against refolding buffer (containing 20 mM Tris pH 7.3, S mM
DTT, 400 mM NaCl, and S mM EDTA), which had
decreasing amounts of urea in subsequent buffer changes.
The concentration of urea was decreased gradually (6, 4, 2, 1,
0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015, and 0 M), keeping the
concentration of the rest of the constituents constant. Each
dialysis step was carried out at room temperature (21 °C) at
pH 7.3 for 3 h with gentle stirring. All dialysis procedures were
performed at 4 °C once the urea concentration was decreased
to 2 M. While performing urea-free dialysis in the last step, the
dialysis buffer was supplemented with 20% glycerol. The
refolded protein samples were removed from the dialysis bags
and centrifuged to remove any residual aggregates. The
dialyzed and undialyzed protein samples were stored at —20
°C and analyzed on 10% SDS-PAGE gel. The concentration of
the refolded protein was estimated spectrophotometrically by
the BCA protein microassay (Genetix) using bovine serum
albumin (BSA) as the standard. The in vitro refolding yield was
calculated as per the following formula

total recovered refolded protein (mg)

refolding yield =
initial protein used for refolding (mg)

100

5.6. Western Blotting. Purified N-terminal histidine-
tagged full-length and truncated E2 fusion proteins were
separated on a 10% SDS-PAGE gel along with protein marker,
positive control (histidine-tagged fusion protein), and negative
control (bovine serum albumin, BSA) proteins and transferred
to a nitrocellulose membrane (Bio-Rad Laboratories). The
membrane was blocked using 3% (w/v) BSA in Tris-buffered
saline (TBS) for 1 h at room temperature. Subsequently, the
membrane was washed four times with 1X TBS containing
0.05% Tween-20 (TBST). Next, the membrane was incubated
with the anti-His monoclonal antibody (Santa Cruz Bio-
technology) at 1:1000 dilution for 1 h at room temperature.
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After washing four times with TBST, the membrane was
incubated for 1 h at room temperature with HRP-conjugated
goat antimouse IgG (Santa Cruz Biotechnology) at 1:5000
dilution. After washing four times with TBST and once with
TBS, the membrane was incubated with a 3,3’-diaminobenzi-
dine (DAB) substrate solution (0.5 mg/mL) at room
temperature. Color development was stopped by washing
with water, following which the blots were air-dried and stored.

5.7. Circular Dichroism. To evaluate the secondary
structure content of purified recombinant CHIKV E2 proteins,
both the unfolded and refolded CHIKV E2-FL, E2-AC, and
E2-ANC proteins were subjected to CD analysis using a
Chirascan Circular Dichroism Spectrometer (Applied Photo-
physics Ltd., Surrey KT22 7PB, United Kingdom). CD spectra
were collected using a 1 mm quartz cell under constant
nitrogen purge between 190 and 250 nm in 1 nm wavelength
steps and an average time of 2.0 s at 18 °C. Protein samples at
concentrations of 0.5 mg/mL were analyzed in a 20 mM Tris,
pH 7.3 buffer containing 400 mM NaCl, S mM EDTA, and
20% glycerol. For each sample, five scans were collected and
averaged. The final average spectrum of all of the samples was
estimated by subtracting the baseline spectrum of the
corresponding buffer. The data was analyzed by the CAPITO
web tool (https://capito.uni-jena.de). Thereafter, the secon-
dary structure-specific graphs were obtained by plotting the
molar ellipticity against wavelength. Recorded CD data in
millidegrees were converted to molar ellipticity as per the
following formula: molar ellipticity (8) = (m° x M)/(10 X L X
C), where 0 (theta) is the molar ellipticity in deg cm?®/dmol,
m°® is the recorded ellipticity in millidegrees, M is the mean
residual weight (g/mol), L is the path length in cm, and C is
the concentration in g/L.69 Smoothening of the raw CD data
was performed using the Savitzky—Golay filter on CAPITO
software online.

5.8. FTIR Spectroscopy. The secondary structure
elements of the denatured and refolded E2 protein samples
were further analyzed by Fourier transform infrared (FTIR)
spectroscopy. A PerkinElmer Spectrum Two FTIR spectrom-
eter was used to measure the spectrum in the spectral range of
400—4000 cm ™" at a resolution of 8 cm ™" and an average of 16
scans, using potassium bromide (KBr) pellets. FTIR spectros-
copy was performed at the Department of Chemistry, IIT
Roorkee.

5.9. Mice Immunization. Five- to six-week-old inbred
male BALB/c mice were obtained from CDRI (Lucknow,
India) and were housed in the Institute Animal Facility at IIT
Roorkee (Uttarakhand, India). All animals were maintained at
a 12:12 h light/dark cycle at 25 °C and were provided with a
pellet diet and water ad libitum. Approval from the Institutional
Animal Ethics Committee was obtained for all experimental
procedures involving mice for this study. Different groups of
BALB/c mice (n = S) were immunized subcutaneously with 10
ug of purified recombinant CHIKV E2-FL and E2 truncated
proteins along with SO pg of alum (Pierce) as the adjuvant in
PBS. After 3 weeks (day 21) and 6 weeks (day 42), mice were
boosted with the same dose of antigen and adjuvant. Sham-
immunized mice received an equal amount of adjuvant in
saline on day 0, day 21, and day 42. Mice (n = S) were bled
retro-orbitally every week, at indicated timepoints (days 7, 14,
19, 28, 35, 42, 49, 56, 63). The isolated blood samples were
allowed to clot for 2—3 h at room temperature and later
centrifuged to separate serum. The serum samples were
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removed by aspiration and stored at —20 °C for further
analysis.

5.10. E2-Specific ELISA. For determining E2-specific
antibody titers, 96-well ELISA plates (Nunc MaxiSorp,
Thermo) were coated with S yg/mL recombinant full-length
E2 protein in a carbonate-bicarbonate buffer overnight at 4 °C.
All blocking steps were performed using 5% milk protein in
PBS for 1 h at 37 °C, and plates were washed with 0.05%
Tween-20 in PBS (PBST) before use. The plates were then
incubated with serially diluted serum samples obtained from
mice immunized with CHIKV E2-FL, E2-AC, and E2-ANC
proteins along with commercially available monoclonal
antibody (18HO1) purchased from The Native Antigen
(Oxford, United Kingdom) as a positive control. Serum
samples were incubated for 1 h at 37 °C, following which the
plates were washed, and CHIKV E2-specific antibody levels
were detected with the HRP-conjugated goat antimouse IgG
secondary antibody (Southern Biotechnology) (1:5000
dilution) for 1 h at 37 °C. Plates were subsequently developed
with 0.4 mg/mL o-phenylenediamine dihydrochloride (SRL,
India) dissolved in citrate-phosphate buffer (pH 5.0). The
reaction was stopped with 2 N H,SO,, and optical density at
490 nm was measured using a microplate reader (Tecan,
USA). Titers were defined as the highest dilution of serum that
gave an optical density at least twice the mean background
reading (wells with all reagents except sera).

5.11. Epitope Analysis. 5.11.1. B-Cell Epitope Analysis.
The B-cell epitopes of CHIKV E2-FL, E2-AC, and E2-ANC
proteins are delineated as per previously published reports,
which included experimental validation of these epitopes.”*”
Since B-cell epitopes are characterized by four parameters,
namely, surface accessibility, antigenicity, flexibility, and
hydrophilicity, tertiary 3D structure modeling was performed
using both SWISS-MODEL (https://swissmodel.expasy.org)
and I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/download/) for CHIKV E2-FL, E2-AC, and E2-
ANC antigens based on available structure templates. The
modeled 3D structures of the three CHIKV E2 proteins were
superimposed using Pymol 3D structure visualization software
(http://www.pymol.org/) for comparison of their respective
epitope structures and surface accessibility. The physical and
chemical properties {including amino acid composition,
molecular weight, theoretical isoelectric point, instability
coefficient, and grand average of hydropathicity (GRAVY)}
of the three different CHIKV E2 proteins and their respective
epitopes were analyzed using ProtParam (http://web.expasy.
org/protparam/). Additionally, two freely available online
epitope prediction servers, namely, ABCpred (https://webs.
iiitd.edu.in/raghava/abcpred/ABC_submission.html) and
Bcepred (http://www.imtech.res.in/raghava/bcepred/), were
used to predict the B-cell epitopes using their default threshold
values for CHIKV E2-FL, E2-AC, and E2-ANC antigens used
in this study.

5.11.2. T-Cell Epitope Prediction. The MHC I binding
affinity of T-cell epitopes was predicted using the default
IEDB-recommended 2020.09 NetMHCpan EL 4.1 method
(http://tools.iedb.org/mhci/), and the MHC II binding
affinity of T-cell epitopes was identified using the default
IEDB-recommended 2.22 method (http://tools.iedb.org/
mhcii/). Further, the immunogenicity values of the in silico-
predicted MHC class II binding peptides of the E2-FL and
truncated CHIKV E2 proteins used in the study were
calculated using the IEDB CD4 T-cell immunogenicity
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(http:// tools.iedb.org/ CD4episcore/ ) tool against seven refer-
ence sets of human HLA alleles.
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