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a b s t r a c t

Chikungunya virus (CHIKV) is a re-emerging mosquito-transmitted RNA virus causing joint and muscle
pain. Although the protein-protein interactions (PPIs) between nonstructural proteins of CHIKV have
been extensively established, the complete CHIKV intraviral interactome remains to be elucidated. In this
study, we examined all possible CHIKV intraviral PPIs by immunoprecipitation and constructed the
intraviral interactome of CHIKV. We reported 19 novel PPIs including the homo-oligomerization of TF.
Disulfide bonds promoted the oligomerization of CHIKV TF protein. 2-BP, a palmitoylation inhibitor
reduced the palmitoylation of TF and increased TF oligomerization. A quadruple mutant of Cys33, Cys35,
Cys41, and Cys43 in TF blocked its palmitoylation and reduced oligomerization. Furthermore, we
determined the association of TF with nsP1 and nsP3 in a palmitoylation-dependent manner. Con-
struction of intraviral interactome of CHIKV provides the basis for further studying the function of CHIKV
proteins.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Chikungunya virus (CHIKV) is transmitted to human by
mosquitoes including Aedes albopictus and Aedes aegypti [1]. The
common symptoms for CHIKV infection are severe joint andmuscle
pain, fever, headache, and rash [2]. In recent years, CHIKV causes re-
emerging epidemics in countries in the Indian Ocean region, United
States and Europe, considering a major threat to public health [3].
There is currently no approved vaccine available to prevent CHIKV
infection. Our knowledge about CHIKV infection contains
numerous gaps that hamper the development of new therapeutic
methods against CHIKV.

CHIKV belongs to the genus Alphavirus in the family Togaviridae,
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which encodes a 12-kb positive-sense RNA genome including two
open reading frames (ORFs) [4]. One ORF encodes four nonstruc-
tural proteins (nsP1, nsP2, nsP3 and nsP4) that are involved in
genome replication. The other ORF encodes structural proteins
including capsid, E3, E2, 6 K, transframe (TF), and E1. Alphavirus TF
is generated from 6 K by�1 ribosomal frameshifting (�1 PRF) [5,6].
TF is not essential for virus replication, although disrupting TF
production decreases virus particle release. Recently, we demon-
strated that CHIKV nsP1 is palmitoylated. Mutations that prevented
nsP1 palmitoylation reduced the CHIKV infection [7]. TF from
Sindbis virus (SINV) was reported to be palmitoylated [8]. However,
whether CHIKV TF is palmitoylated remains unexplored.

A classical approach for investigating viral life cycle is to eluci-
date intraviral protein-protein interactions (PPIs). Many intraviral
interactomes of viruses are available including hepatitis C virus [9],
severe acute respiratory syndrome coronavirus [10], hepatitis E
virus [11], Kaposi sarcoma-associated herpesvirus [12], varicella-
zoster virus [12], herpes simplex virus 1 [13], murine cytomegalo-
virus [13], Epstein-Barr virus [13], and vaccinia virus [14]. Previ-
ously, PPIs between nonstructural proteins of CHIKV have been
reported [15]. However, the complete CHIKV intraviral interactome
remains to be elucidated. In this study, we constructed the CHIKV
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intraviral interactome based on immunoprecipitation method.
CHIKV TF was identified to be palmitoylated and homo-
oligomerized. Our finding could shed important lights on further
studying CHIKV biology.

2. Materials and methods

2.1. Cells and reagents

293T cells was cultured in Dulbecco's Modified Eagle's Medium
(DMEM, Thermo scientific, Waltham, MA, US) supplemented with
10% fetal bovine serum (FBS), 50 mg/mL gentamicin, and 1% L-
glutamine. 2-bromopalmitate (2-BP) and hydroxylamine (HAM)
were from Sigma-Aldrich (St. Louis, MO, US).

2.2. Antibodies

Mouse antibodies used in this study are listed: anti-actin
(Sigma-Aldrich, Piscataway, NJ, US, catalogue no. A2228), anti-
FLAG (Sigma-Aldrich, Piscataway, NJ, US, catalogue no. A2220),
anti-GFP (Xuheyuan, Beijing, China, catalogue no. XHY038L). Rabbit
antibody used in this study is listed: anti-GFP (Xuheyuan, Beijing,
China, catalogue no. XHY026L). Secondary antibodies are horse-
radish peroxidase (HRP)-conjugated ECL goat anti-mouse IgG
(Jackson ImmunoResearch, West Grove, PA, US, catalogue No.
A4416), HRP-conjugated ECL goat anti-rabbit IgG (Sigma-Aldrich,
St. Louis, MO, US, catalogue No. A6154).

2.3. Plasmids

CHIKV strain 181/25 plasmid (pSinRep5-181/25ic, plasmid
60078) was provided by Dr. Terence Dermody through Addgene
[16]. Constructs encoding for nsP1, nsP2, nsP3, nsP4, E1, E2, E3, 6 K,
capsid and TF from pSinRep5-181/25ic were generated using
pEGFP-C1 or p3xFlag-CMV-14 expression plasmids. All constructs
were sequence verified. Plasmid transfection was performed using
FuGENE HD (Promega Promega, Madison, WI, US) according to the
manufacturer instructions. Constructs expressing TF-C/A mutants
with GFP tag or Flag tag were generated using the Stratagene
mutagenesis kit.

2.4. GFP-Trap assays

293T Cells were lysed with lysis buffer (50mM Tris-HCl pH 7.5,
150mM NaCl, 0.5mM EDTA, 0.5% NP-40, protease inhibitor cock-
tail). Cell lysates were incubated with GFP-Trap_A beads (Chro-
motech, Planegg-Martinsried, Germany) for 1 h at 4 �C and then the
beads were washed three times with wash buffer (50mM Tris-HCl
pH 7.5, 150mM NaCl, 0.5mM EDTA) and analyzed by Western
blotting.

2.5. Immuno-precipitation assays

293T cells were lysed in lysis buffer 1 (1% Triton X-100, 50mM
Tris-HCl pH 7.4, 150mM NaCl, protease inhibitor cocktail). Cell ly-
sates were precleared with protein A/G beads for 30min at 4 �C to
reduce nonspecific binding affinity. Then, cell lysates were incu-
bated with protein A/G beads pre-bound with 1 mg antibody for
1 h at 4 �C. Samples were washed three times with washing buffer
(50mM Tris-HCl pH 7.4, 150mM NaCl, 0.1% Triton X-100) and
analyzed by Western blotting.

2.6. HAM treatment

The cell lysates was treated with HAM buffer (1M HAM, 1%
IGEPAL CA-630, 50mM Tris-HCl pH 7.2, 150mMNaCl, 10% Glycerol)
or control buffer (1% IGEPAL CA-630, 50mM Tris-HCl pH 7.2,
150mM NaCl, 10% Glycerol) for 1 h at room temperature with
gentle shaking.

2.7. Western blotting

Protein samples were loaded on 12% or 15% SDS-PAGE gels and
transferred to polyvinylidene fluoride membrane. Blots were
blocked in 5% nonfat milk in TBS with 0.2% Tween 20 and probed
with primary antibodies followed by HRP conjugated secondary
antibody. Blots were imaged by ECL detection kit (Millipore
Immobilon, Burlington, MA, US) according to manufacturer's
instructions.

2.8. Bioinformatics analysis

The potential disulfide bonds in TF from CHIKV strain 181/25
was predicted by DiANNA 1.1 web server (http://clavius.bc.edu/
~clotelab/DiANNA/) [17]. The potential palmitoylation site in TF
from CHIKV strain 181/25 was predicted by CSS-Palm (http://
csspalm.biocuckoo.org/online.php) [18].

3. Results

3.1. Construction of CHIKV intraviral interactome

In order to provide the first genome-wide map of intraviral
CHIKV PPIs, we performed a co-immuniprecipitation (co-IP)
screening of intraviral PPIs for CHIKV proteins. Plasmids expressing
each pair of CHIKV proteins with GFP or Flag tag were transfected
into 293T cells. Cellular lysates were incubated with GFP-Trap_A
beads for immunoprecipitation assay. As shown in Figs. 1 and 2,
Western blotting identified 19 novel PPIs between CHIKV proteins.
Combined with published known PPIs, we constructed the intra-
CHIKV interactome (Fig. 2G).

3.2. Oligomerization of CHIKV TF

Interestingly, we found the self-interaction of TF, 6 K, E1, and E2.
(Fig. 1F, G, 1H, and 1I). CHIKV nsP1 and nsP4 have been reported to
be self-interacted [15]. Together, self-interaction was occurred in
six CHIKV proteins. TF oligomerization was further confirmed by
the appearance of higher molecular weight bands of TF in SDS-
PAGE without disulfide reducing agent dithiothreitol (DTT)
(Fig. 3A), indicating that TF oligomerization was dependent on di-
sulfide bonds.

In silico analysis (Fig. 3B) identified the cysteines pairs at sites of
33e56, 35e43, and 41e59 in CHIKV TF to be residues potentially
involved in disulfide bonds formation. We designed substitution
mutations targeting these disulphide-bonding Cysteines at position
33 (C33A), 35 (C35A), 41 (C41A) and 43 (C43A) and tested this TF
variant TF-C/A for disulfide bond formation (Fig. 3C). The associa-
tion between TF-C/A and TF was reduced (Fig. 3D). Thus, we
concluded that the cysteines of 33, 35, 41 and 43 in TF are critical for
TF oligomerization.

3.3. Palmitoylation of CHIKV TF

C43 of TF is not only predicted to be involved in disulfide bond
formation, but also is the potential site for palmitoylation (Fig. 4A).
To confirm the palmitoylation in TF, we used HAM to remove the
thioester-linked palmitate group. In agreement with our predic-
tion, HAM reduced themonomeric TF size on SDS-PAGE but not 6 K,
confirming the palmitoylation of TF (Fig. 4B). We next treated TF-
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Fig. 1. Identification the protein-protein interactions by immunoprecipitation of GFP tagged structural proteins. (AeI) 293T cells were transfected with plasmids expressing
GFP tagged structural proteins and plasmids expressing Flag tagged structural proteins. Cell lysates were immunoprecipitated with GFP-Trap and detected by Western blot.

Fig. 2. Identification the protein-protein interactions by immunoprecipitation of GFP tagged nonstructural proteins. (AeF) 293T cells were transfected with plasmids
expressing GFP tagged nonstructural proteins and plasmids expressing Flag tagged structural proteins. Cell lysates were immunoprecipitated with GFP-Trap and detected by
Western blot. (G) Protein-protein interaction network for CHIKV proteins. The connecting line indicated the interactions between viral proteins. The red lines represented the novel
PPIs. The black lines represented the known PPIs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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expressing 293T cells with a palmitoylation inhibitor 2-BP and
analyzed the protein lysates for oligomerization of TF wild type
protein or TF-C/A mutant by Western blot. 2-BP increased the
higher molecular weight (MW) signal corresponding to the oligo-
meric TF and reduced the lower MW signal corresponding to the
monomeric of TF. However, the oligomerization level of TF-C/A
remained the same in the presence of 2-BP (Fig.e 3A and 4C). We
reasoned that C43 palmitoylation might occupy the cysteine 43,
which in turn blocked formation of disulfide bonds based on
cysteine 43.

Although 6 K and TF shared the same N-terminal 49 amino
acids, 6 K did not associate with nonstructural proteins, indicating
the palmitoylation or C-terminal region of TF is critical for its
binding to nonstructural proteins. Compared towild type TF, TF-C/A
associated less efficiently with nsP1 (Fig. 4D). Similarly, interaction
between TF-C/A and nsP3 was weaker compared to that of the wild



Fig. 3. CHIKV TF forms homo-oligomer. (A) DTT reduced the oligomerization of CHIKV TF. Constructs expressing TF-Flag or TF-C/A-Flag were transfected to 293T cells. The cells
were incubated with 50 mM 2-BP for 6 h before isolation. The cell lysates were loaded with protein loading buffer containing no DTT, 10mM DTT, or 50mM DTT for Western blot
analysis. (B) Prediction of disulfide bonds in TF. TF from CHIKV strain 181/25 was predicted by DiANNA 1.1 web server (http://clavius.bc.edu/~clotelab/DiANNA/). (C) Diagram of TF-
C/A mutant. (D) TF-C/A mutation reduced the association of TF compared with wild type TF. Constructs expressing GFP, GFP-TF, or GFP-TF-C/A combined with TF-Flag were
transfected to 293T cells. GFP-Trap immunoprecipition was performed and accessed by Western blot with indicated antibodies.
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type TF and nsP3 (Fig. 4E). These data suggested that the palmi-
toylation of TF is important for its association with nonstructural
proteins.

4. Discussion

Giving that CHIKV genomes have limited encoding capacity,
each viral protein must perform multiple functions in viral life
cycles. Better understanding of how CHIKV proteins associate with
each other will potentially facilitate the development of antiviral
therapy which may block these interactions and consequently
inhibit viral replication. Here, we present an extensive study of
intraviral PPIs for CHIKV using GFP-Trap immunoprecipitation as
the main experimental method. By combining our results with
published references, we were able to draw the CHIKV intraviral
interactome. Construction of CHIKV intraviral interactome not only
advanced our understanding of CHIKV viral proteins, but also
provided more insights for antiviral development.

Twomajor strategies have been applied to build the intraviral or
cellular interactome of viral proteins. One strategy is based on yeast
two hybrids (Y2H) [11,12,14,19]. However, there was limited vali-
dation due to false-positive limitation of Y2H. Another strategy is
combined affinity purification with mass spectrometry or Western
blot [20e22]. Because CHIKV only encoded 10 viral proteins, we
took the second strategy using GFP-Trap method to immunopre-
cipitate GFP-fusion proteins and their interacting factors.

It is remarkable that structural protein TF associated with most
of the CHIKV proteins except E3 (Fig. 2G). Hence, TF may act as a
central hub that connects proteins involved in multiple steps of
CHIKV life cycle. Why is TF able to interact with so many viral
proteins? Protein palmitoylation plays a key role in regulating
protein localization and function. For instance, palmitoylation is
critical for the plasma membrane localization of nsP1 from CHIKV
[7]. Here, we identified that CHIKV TF was palmitoylated to pro-
mote its interaction with nonstructural proteins. It is possible that
palmitoylated TF located in plasma membrane to associate with
other CHIKV proteins for virus assembly.

We observed the self-interaction of TF, 6 K, E1 and E2 by coim-
munoprecipitation of GFP- and FLAG-tagged constructs in tran-
siently transfected 293T cells (Fig. 1F, G, 1H, and 1I). Inhibitor and
mutagenesis experiments suggested that disulfide bonds formation
was required for oligomerization of TF. However, the function of
oligomeric state of CHIKV TF remains to be studied. Interestingly,
palmitoylation of CHIKV TF reduced the homo-oligomerization of
TF, which is consistent with previous reports that less palmitoyla-
tion of SNAP-25 and sortilin increased disulfide bonds formation
[23,24]. CHIKV TF formed homo-oligomer with an intermolecular
disulfide bond at the cysteine 43, which could be palmitoylated. It is
plausible that cysteine 43 could be shared by palmitoylation and an
intermolecular disulfide bond.

The interactome map in Fig. 2G reflected the interaction be-
tween full length viral proteins. We also found that E1 interacted
with capsid protein (106e261) (Fig. 1H), which confirms the
structure study of CHIKV [25]. In the future, it will be of high in-
terest to use co-immunoprecipitation assay to map protein do-
mains crucial for the intra-CHIKV protein interactions.
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Fig. 4. CHIKV TF is palmitoylated. (A) Prediction of palmitoylation site in CHIKV TF. TF from CHIKV strain 181/25 was predicted by CSS-Palm (http://csspalm.biocuckoo.org/online.
php). (B) TF was palmitoylated. Constructs expressing TF-Flag, TF-C/A-Flag, or 6 K-Flag were transfected into 293T cells. The cell lysates were treated with HAM buffer (1M HAM, 1%
IGEPAL CA-630, 50mM Tris-HCl pH 7.2, 150mM NaCl, 10% Glycerol) or control buffer (1% IGEPAL CA-630, 50mM Tris-HCl pH 7.2, 150mM NaCl, 10% Glycerol) for 1 h at room
temperature and then analyzed with SDS-PAGE followed by Western blot. (C) 2-BP reduced palmitoylation of CHIKV TF and increased TF oligomerization. Constructs expressing TF-
Flag or TF-C/A-Flag were transfected to 293T cells. The cells were incubated with 50 mM 2-BP for 6 h before isolation. The cell lysates were treated with HAM buffer (1M HAM, 1%
IGEPAL CA-630, 50mM Tris-HCl pH 7.2, 150mM NaCl, 10% Glycerol) or control buffer (1% IGEPAL CA-630, 50mM Tris-HCl pH 7.2, 150mM NaCl, 10% Glycerol) for 1 h at room
temperature and then loaded with protein loading buffer containing 10mM DTT for Western blot analysis. (D) TF associated with nsP1 in a palmitoylation dependent manner.
Constructs expressing GFP, GFP-6K, GFP-TF, or GFP-TF-C/A combined with nsP1-Flag were transfected to 293T cells. GFP-Trap immunoprecipition was performed and accessed by
Western blot with indicated antibodies. (E) TF associated with nsP3 in a palmitoylation dependent manner. Constructs expressing GFP, GFP-6K, GFP-TF, or GFP-TF-C/A combined
with nsP3-Flag were transfected to 293T cells. GFP-Trap immunoprecipition was performed and accessed by Western blot with indicated antibodies.
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In this study, we constructed an intraviral interactome of CHIKV
proteins. We showed that CHIKV TF protein oligomerizes and is
palmitoylated. TF interacts with nsP1 and nsP3 in a palmitoylation
dependentmanner. Given that CHIKV proteins are conserved across
alphaviruses, many PPIs identified in this study might also exist in
other alphaviruses. Our findings will not only set up the basis for
studying the function of these proteins in the viral replication cycle,
but also provide key targets for the development of potential
antiviral drugs.
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