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Cryo-EM reveals a double oligomeric ring scaffold of the CHIKV 
nsP3 peptide in complex with the NTF2L domain of host G3BP1
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ABSTRACT Chikungunya virus (CHIKV) poses a severe threat to global public health. 
The interaction between CHIKV nsP3 and host G3BP1 is critical for viral replication. 
However, the exact structural mechanism of the nsP3–G3BP1 interaction is scarce. Here, 
we report a cryo-electron microscopy structure of an octameric-heterotrimer formed by 
CHIKV nsP3 peptide (designated as CHIKV-43) in complex with the nuclear translocation 
factor 2-like (NTF2L) domain of G3BP1. The overall structure presents a double-layer ring 
scaffold. Two FGDF motifs and two alpha helices of CHIKV-43 are essential to bind NTF2L. 
Particularly, the secondary alpha helix plays key roles in forming the CHIKV-43–NTF2L 
high-order oligomer. We next analyzed the detailed interactions between CHIKV-43 and
the NTF2L domain. The different binding patterns of NTF2L with its various partners 
were described as well. Subsequently, we demonstrated that the CHIKV-43 peptide is a 
crucial factor for nsP3 co-localization with G3BP1, reducing stress granule formation and 
interfering with interferon production. Overall, our findings present the structural and 
functional mechanisms on CHIKV nsP3 modulating host G3BP1 and provide a potential 
antiviral target based on the protein–protein interaction interface.

IMPORTANCE Chikungunya virus (CHIKV) is an arbovirus responsible for causing fever, 
headache, and severe joint pain in humans, with widespread outbreaks affecting millions 
worldwide. The CHIKV nsP3 is a key protein that interacts with multiple host proteins. In 
this study, we present the cryo-electron microscopy structure of a high-order oligomer 
formed by the CHIKV nsP3 peptide and the nuclear translocation factor 2-like (NTF2L) 
domain of host protein G3BP1, revealing a completely novel interaction model. The 
detailed interactions within this oligomer were illustrated. We also analyzed the binding 
patterns of the NTF2L domain of G3BP1 with its various partners, providing essential 
insights for the development of peptide-mimetic inhibitors targeting nsP3 and/or 
G3BP1. Furthermore, our data indicate that the nsP3–G3BP1 interaction reduces stress 
granule formation and antagonizes interferon production. Overall, this study provides 
new knowledge on CHIKV biology and suggests a potential target for developing 
antiviral therapeutics.

KEYWORDS alphavirus, non-structural protein, stress granule, virus–host interaction, 
innate immune response

C hikungunya virus (CHIKV) is a positive-sense, single-stranded RNA virus transmitted 
by mosquito vectors (Aedes aegypti and Aedes albopictus). The outbreaks of CHIKV 

have occurred globally, including Africa, Asia, the Indian and Pacific Oceans, Europe, and 
America (https://www.cdc.gov/). The typical symptoms of people infected with CHIKV 
are fever and joint pain (1, 2). Other symptoms contain skin rash, muscle pain, headache, 
and joint swelling. 30% - 70% of CHIKV-infected patients appear in constant joint pain for 
months or even years (3). Furthermore, neonates and older individuals with preexist­
ing conditions have reported death after infection with CHIKV (4–6). Currently, CHIKV 
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infections are often misdiagnosed due to overlapping symptoms with Zika and dengue 
viruses (7, 8). The threat of CHIKV on public health is significantly underestimated. 
The first CHIKV vaccine (Ixchiq [9–11]) was just approved by the FDA; however, vaccina­
tion rates remain very low, and the outbreak of CHIKV is periodic, thus developing 
anti-CHIKV drugs is imperative in the clinic. Fundamental research on CHIKV is crucial for 
identifying potential antiviral targets.

CHIKV is a member of the Old World alphaviruses within the Togaviridae family 
(alphaviruses are classified into New World and Old World groups based on their disease 
characteristics and primary areas of endemicity). The genome of CHIKV is about 11.8 kb, 
consisting of a 5´ cap structure, two open reading frames (ORFs), and a 3´ polyadenylated 
tail. Two ORFs encode non-structural proteins (nsP1, nsP2, nsP3, and nsP4) and structural 
proteins (capsid, envelope protein [E1–E3], 6K, and transframe [TF]), respectively. The 
nsPs compose the viral replication complex to facilitate viral genome synthesis (12–14). 
The structural proteins act in nucleocapsid formation and virion assembly (15). CHIKV 
nsP3 plays multiple roles in viral replication and host modulation (16). It is divided into 
three domains: an N-terminal macrodomain (Macro), a central zinc-binding domain (ZBD, 
also designated as alphavirus unique domain), and a C-terminal hypervariable domain 
(HVD). Macro possesses ADP-ribosylhydrolase activity; it activates the protease activity of 
nsP2 (17, 18). ZBD is critical for viral RNA replication (19). Very recently, Kril et al. reported 
that CHIKV nsP3 polymerizes through its ZBD domain, forming tubular scaffolds that are 
crucial for infection (20). The C-terminal HVD has been reported to interact with various 
host proteins (21–27).

Ras GTPase-activating protein-binding protein (G3BP) is one of such host proteins to 
bind the HVD region (24–27). G3BP is a multi-domain protein, composed of the nuclear 
translocation factor 2-like (NTF2L) domain, the acidic domain, the proline-rich (P-rich) 
motif, the RNA recognition motif (RRM), and the C-terminal arginine-glycine-glycine-rich 
(RGG-rich) region. Three homologous proteins, G3BP1, G3BP2a, and G3BP2b, exist in 
humans. They have a similar protein domain architecture. G3BP1 plays a key role in the 
assembly and dynamics of host stress granules (SGs) (28). Notably, G3BP1 can inhibit 
RNA virus replication through stimulating SG formation (29, 30). Also, it recruits antiviral 
proteins to enhance innate immune response (31–34). Owing to the essential antiviral 
roles of G3BP1, different viruses employ various strategies to antagonize the function 
of G3BP1. For example, picornaviruses digested G3BP1 through their viral protease to 
inhibit the formation of SG (35, 36). Severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) nucleocapsid (N) protein directly binds to G3BP1 to counteract SG 
formation (37, 38).

Old World alphaviruses, including Semliki Forest virus (SFV) and CHIKV, have also 
evolved ways to prevent SG formation by viral nsP3 binding to G3BP1 (24, 39, 40). 
Disrupting the nsP3–G3BP1 interaction significantly attenuates the replication and 
proliferation of SFV and CHIKV (26, 40, 41). Panas et al. proved that nsP3 interacts with 
G3BP1 through its two FGDF (Phe–Gly–Asp–Phe) motifs localized in the HVD region 
(24). Crystal structures of single SFV FGDF motif (the N-terminal motif ) and both FGDF 
motifs (named as SFV nsP3-25, containing a 25-residue peptide) in complex with the 
NTF2L domain of G3BP1/2 were reported (25, 26). The FGDF motif interacts with the 
typical hydrophobic pocket of the NTF2L region. Particularly, in the latter structure, 
Schulte et al. reported a possible poly-complex of G3BP1 dimers interconnected by 
SFV nsP3-25 during crystallization (26). In addition, a central helix (designated as alpha 
helix 1 [α1] in our study) between the two FGDF motifs is identified. According to 
the hypothetical model, these authors supposed that the corresponding α1 in CHIKV 
contributes significantly less to the binding of G3BP1 than that of nsP3 in SFV. However, 
the exact structural information on the CHIKV nsP3–G3BP1 complex has not yet been 
elucidated.

In this study, we presented the structure of the CHIKV nsP3 peptide (named as 
CHIKV-43) in complex with the NTF2L domain of G3BP1 for the first time. CHIKV-43 
interacts with the NTF2L domain to form a high-order oligomer within a double-layer 
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ring scaffold. The CHIKV-43 adopts two distinct conformations. The two FGDF motifs 
(motifs 1 and 2) and the alpha helix following each motif (α1 and α2) in CHIKV-43 
play important roles in binding to G3BP1. Particularly, the α2 is an essential factor in 
stabilizing this oligomer, which is also illustrated for the first time. The detailed interac­
tions between CHIKV-43 and NTF2L were described. We then analyzed the different 
binding patterns of the NTF2L domain with its various partners. We confirmed that 
the CHIKV-43 peptide is a key factor for co-localization with G3BP1. The nsP3–G3BP1 
interaction disrupts the SG formation, leading to the reduction of interferon (IFN) 
production. Overall, our results provide new structural information on CHIKV nsP3 
interacting with G3BP1 and suggest a potential antiviral target based on the structure
interface between nsP3 and G3BP1.

RESULTS

A novel alpha helix of CHIKV nsP3 is a crucial factor for interacting with 
G3BP1 to form a high-order oligomer

CHIKV nsP3 comprises the Macro, the ZBD, and the HVD, while host G3BP1 contains 
the NTF2L domain, the acidic domain, the P-rich motif, the RRM, and the C-terminal 
RGG-rich region (Fig. 1A). The NTF2L domain of G3BP1 has been verified to bind to 
various partners through the FGxF (Phe–Gly–x–Phe; x: Asp, Glu, or Ser) motif (24, 26, 
42). By performing multiple sequence alignment of the HVD region of nsP3 in Old 
World alphaviruses, we found that almost all nsP3 proteins contain two canonical 
FGxF motifs, namely, motifs 1 and 2 (Fig. 1B). The crystal structure of the SFV nsP3-25 
peptide (residues Leu449–Asp473, including two FGDF motifs) in complex with the 
NTF2L domain has been reported (26). Two FGDF motifs are important for binding to 
the NTF2L dimer. Unexpectedly, an alpha helix (residues 458EVDALA463, referred to as 
α1), following motif 1, also plays an essential role in binding to NTF2L (26) (Fig. S1A). 
Of note, we identified another alpha helix (we designated it as α2, following motif 2) 
through secondary structure analysis (Fig. 1B; Fig. S1B through D). This α2 is present in 
CHIKV, Sindbis virus (SINV), Barmah Forest virus (BFV), etc., but is absent in SFV and Ross 
River virus (RRV). Additionally, the residues of the α2 (500EVDDLT505) in CHIKV are similar 
to those of α1 (458EVDALA463) in SFV (Fig. 1B). Given the importance of the SFV α1 in 
binding to the NTF2L domain, it is interesting to investigate whether the α2 in CHIKV 
plays any role in interacting with NTF2L, and whether there are various binding modes 
between nsP3 and NTF2L across different alphaviruses.

Thus, we first expressed and purified nsP3 peptides of CHIKV (residues Glu469–
Thr511, named as CHIKV-43), SINV (Thr484–Lys537, named as SINV-54), and SFV (Asn445–
Ala482, named as SFV-38) (Fig. 1B; Fig. S1E through G). The CHIKV-43 and SINV-54 
peptides include two FGDF motifs and the α1 and α2, whereas the SFV-38 does not 
possess the α2 part (Fig. 1B). We next prepared the NTF2L domain (residues Met1–
Phe138, Fig. S1H). Each peptide was mixed with NTF2L and subjected to size-exclusion 
chromatography (SEC) experiments (Fig. 1C). The results showed that the peak position 
of each mixture was obviously shifted left, compared to that of NTF2L alone. The SDS-
PAGE results indicated the presence of the corresponding peptide and NTF2L in the 
elution fraction derived from the mixture peak (Fig. 1D through F). Notably, the mixture 
of CHIKV-43 (or SINV-54) and NTF2L formed a stable peak. Based on the SEC with multi-
angle static light scattering (SEC-MALS) assays, the molecular weights (M.W.) of the 
CHIKV-43–NTF2L and SINV-54–NTF2L complexes are approximately 310 kDa (Fig. 1G) and 
290 kDa, respectively (Fig. 1H). In contrast, the SFV-38–NTF2L mixture showed an 
irregular, wide-range peak (Fig. 1C). Additionally, the protein solution became turbid 
during the preparation of the SFV-38–NTF2L mixture. We suspected that these observa­
tions are likely due to the absence of the α2 in SFV-38.

To verify our hypothesis, CHIKV-26 peptide (residues Ile473 to Pro498, without the α2 
region) of CHIKV nsP3 was prepared and mixed with the NTF2L protein. Compared to the 
CHIKV-43–NTF2L complex, we found that the CHIKV-26 peptide and NTF2L cannot form 
the high-order oligomer (Fig. 2A). The M.W. of the CHIKV-26–NTF2L complex becomes 

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.03967-24 3

https://doi.org/10.1128/mbio.03967-24


FIG 1 High-order oligomer of alphavirus nsP3 interacting with host G3BP1. (A) Domain architecture of CHIKV nsP3 (Asian strain JC2012, GenBank: AGJ84081.1) 

and host G3BP1 (NCBI Reference Sequence: NM_005754.3), with individual domains color coded. (B) Sequence alignment of the nsP3 HVD regions in Old World 

alphaviruses. The conserved G3BP-binding motifs (motifs 1 and 2) are annotated in red font. Two alpha helices (α1 and α2) of HVD are labeled in blue font. 

The sequences of CHIKV-43, SINV-54, and SFV-38 are boxed in gray. SFV nsP3-25 sequence (PDB code: 5FW5, [26]) is boxed in yellow. CHIKV, Chikungunya virus 

(AGJ84081.1); SINV, Sindbis virus (NP_062888.1); SFV, Semliki Forest virus (NP_463457.1); BFV, Barmah Forest virus (NP_818997.1); ONNV, O’nyong’nyong virus 

(NP_740705.1); EILV, Eilat virus (YP_006732326.1); AV, Aura virus (NP_819014.1); WHAV, Whataroa virus (YP_005351236.1); RRV, Ross River virus (NP_740680.1). 

X has been used for marking the residue that is generated from the leaky stop codon. (C) Size-exclusion chromatography (SEC) profiles of NTF2L alone and 

NTF2L incubated with CHIKV-43, SINV-54, and SFV-38, respectively. The peak positions of three standard proteins are shown as gray dashed lines. (D–F) SDS-PAGE 

analysis showing the CHIKV-43–NTF2L (D), SINV-54–NTF2L (E), and SFV-38–NTF2L (F) complexes. (G and H) SEC with multi-angle static light scattering analysis of 

the CHIKV-43–NTF2L (G) and SINV-54–NTF2L (H) complexes. M.W., molecular weight.
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approximately 40 kDa (Fig. 2B). Moreover, NTF2L and CHIKV-43 with point mutations in 
the α2 region cannot form the high-order oligomer either (see below). In addition, based 
on our isothermal titration calorimetry (ITC) assays, the binding affinity of CHIKV-26 with 
NTF2L is reduced approximately 100-fold, compared to that of CHIKV-43 with NTF2L (Fig. 
2C and D). Meanwhile, we noticed that the binding molar ratio between CHIKV-43 and 
NTF2L is about 1:2, while the corresponding value is 1:1 between CHIKV-26 and NTF2L. 
These observations suggest that the α2 region does play a key role in the formation of 
the CHIKV-43–NTF2L oligomeric complex.

Cryo-electron microscopy (cryo-EM) structure of CHIKV-43 in complex with 
the NTF2L domain of G3BP1

The fresh proteins of CHIKV-43, SINV-54, and SFV-38 in complex with NTF2L were 
evaluated using the negative-staining electron microscopy method. The overall shape of 
the former two complexes resembles a ring, but no structured protein particles were 
found in the latter complex (Fig. S2A through C). The CHIKV-43–NTF2L complex structure 
was subsequently determined using the single-particle cryo-EM method to a resolution 
of approximately 2.7 Å (Fig. 3A; Fig. S2D and S3A). The structure of the NTF2L domain 
(PDB entry: 5FW5 [26]) was used as an initial model, and the CHIKV-43 peptides were 
then manually built. The final model consists of eight CHIKV-43 peptides and eight NTF2L 
homodimers (Fig. 3A). The theoretical M.W. of this complex is about 304 kDa, which is 
close to the result obtained from the SEC-MALS analysis (Fig. 1G). In the final model, the 
N-terminal residues Glu469–Phe471 and the C-terminal residues Trp509–Thr511 (or 
Ser510–Thr511) of the CHIKV-43 peptide cannot be built due to the absence of electron 
density (Fig. S3B and C). The complete NTF2Ls (residue 1–138) were built in four chains, 
C, G, N, and R, while other chains lack residues Met1–Glu4 owing to incomplete electron 
density map. Three alpha helices (αI–III) and five β-strands (βI–V), except for a loop region 
(Gly43–Asp53), of the NTF2L domain fit well into the map (Fig. S3D through N).

Totally, three continuous yet distinguishable conformations (referred to as Conforma­
tions I, II, and III) of the CHIKV-43–NTF2L complex were identified, accounting for 49.1%, 
32.9%, and 18.0% of the total particles, respectively (Fig. S2D; Table S1). Conformation I 
represents an intermediate state between Conformations II and III (Fig. S4). These three 
conformations could interconvert to each other in solution (Fig. S4; Video S1).

Since the overall folds and interaction surfaces of the three conformations are nearly 
identical, we used Conformation I, which has the highest proportion, to illustrate the 
details. The overall structure of the CHIKV-43–NTF2L complex consists of a double-ring 
architecture (Fig. 3A). Each ring contains four NTF2L dimers and four CHIKV-43 peptides, 
presented in a parallelogram shape (Fig. 3B). The N-termini of all NTF2L chains faced 
outward, while the C-termini were oriented face-to-face (Fig. 3A). The two parallelograms 
displayed a rotation angle of approximately 50° (Fig. 3B). NTF2L forms the vertices of 
these two parallelograms; for simplicity, we designated these two quadrilaterals as 
“ACEG” (in the upper ring) and “NPRT” (in the lower ring) using the chain IDs of NTF2L 
(Fig. 3B).

The parallelogram “ACEG” was illustrated to reveal the binding mode between 
CHIKV-43 and NTF2L proteins. The CHIKV-43 peptide interacts with NTF2L at a molar ratio
of 1:2, which is consistent with our ITC result (Fig. 2C). Four CHIKV-43 peptides can be 
divided into two groups based on two distinct conformations (Fig. 3C): chains L and J as 
well as chains K and I. Chain L (or J) interacting with two NTF2L protomers presents a 
compact conformation (Fig. 3D), while chain K (or I) binding to two NTF2Ls forms an 
extended conformation (Fig. 3E). The FGDF motifs 1 and 2 and the α1 and α2 of CHIKV-43 
were involved in binding to the NTF2L molecules (Fig. 3D and E); the detailed interac­
tions were described in the next section.
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Detailed analysis of the CHIKV-43 peptide interacting with the host NTF2L 
domain

The interface between CHIKV-43 and the NTF2L domain is mediated by hydrogen (H)
bonds, hydrophobic interactions, and ionic interactions. The N-terminal region 
(473ITFGDFNDGEIESLSSEL490, containing the motif 1 and α1) and C-terminal region 
(491LTFGDFLPGEVDDLTDSD508, including the motif 2 and α2) of CHIKV-43 displayed 
almost the same binding mode to NTF2L. Their binding affinities with NTF2L are 3.4 ± 
0.7 and 2.2 ± 0.5 µM, respectively (Fig. 4A and B). The detailed interactions between 
CHIKV-43 and NTF2L were illustrated based on N- and C-terminal regions of the CHIKV-43 
peptide.

FIG 2 The secondary alpha helix region is crucial for the CHIKV-43–NTF2L high-order oligomer formation. (A) SEC profiles of NTF2L alone and NTF2L incubated 

with CHIKV-43 and CHIKV-26, respectively. The peak positions of three standard proteins are shown as gray dashed lines. (B) SEC-MALS analysis of the CHIKV-26–

NTF2L complex. (C) Affinity between CHIKV-43 and NTF2L. (D) Affinity between CHIKV-26 and NTF2L. Kd, dissociation constant. n, molar ratio.
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Taking the compact conformation (Fig. 3D) as an example, the side chain of Ile473 (in 
the N-terminal region) or Leu491 (in the C-terminal region, residue is underlined and as 
follows) inserts into the hydrophobic cavity formed by the side chains of Pro6, Leu10, 
Val11, and Phe124 in NTF2L (residues of NTF2L are in italics and as follows, Fig. 4C, left 
panels, Table S2). The main-chain nitrogen and oxygen atoms of Thr474 (or Thr492) make 
H-bonds with Asn122 and Phe124, respectively (Fig. 4C, middle panels, Table S2). In the 

FIG 3 Overall structure of CHIKV-43 in complex with the NTF2L domain. (A) Cryo-EM density map of the CHIKV-43 peptide 

(light pink and pale yellow) and the NTF2L dimer (pale cyan, light blue, pale green, blue white, wheat, green cyan, char­

treuse, and gray) complex. (B) Cartoon presentation of the CHIKV-43–NTF2L complex. (C) Structural overlay of two distinct 

conformations (chains J, L, V, and X vs I, K, U, and W) of the CHIKV-43 peptides. Cartoon views of chain J (in pale yellow) and 

I (in light pink). The FGDF motifs are colored in red. (D and E) Cartoon presentations of the compact (D) and extended (E) 

conformations of the CHIKV-43–NTF2L complex. All figures were generated using PyMOL (http://www.pymol.org).
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FIG 4 Structural analysis of the CHIKV-43–NTF2L complex. (A and B) Affinity between 473ITFGDFNDGEIESLSSEL490 (A) or 

491LTFGDFLPGEVDDLTDSD508 (B) and NTF2L. Kd, dissociation constant. n, molar ratio. (C) Detailed interactions between 

CHIKV-43 and NTF2L in the compact conformation. H-bonds are indicated by black dashed lines. Ionic bonds are displayed 

by red dashed lines. (D) SEC profiles of NTF2L alone and NTF2L incubated with CHIKV-43 and CHIKV-43 mut, respectively. The 

peak positions of three standard proteins are shown as gray dashed lines. (E) SEC-MALS analysis of the CHIKV-43 mut–NTF2L 

complex. (F) Affinity between CHIKV-43 mut and NTF2L. (G) Sequence alignment of the CHIKV-43 peptides among Asian 

strain JC2012 (GenBank: AGJ84081.1), African strain S27 (AAN05101.1), and Indian strain DRDE-06 (ABP88821.1). Residues

involved in binding to NTF2L are absolutely conserved. They are marked with asterisks. Panel C was generated using PyMOL 

(http://www.pymol.org).
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475FGDF478 and 493FGDF496 motifs, the aromatic ring of Phe475 (or Phe493) makes 
hydrophobic contacts with Val11, Phe15, Phe33, Leu114, and Phe124, and the aromatic 
ring of Phe478 (or Phe496) is stabilized via hydrophobic interactions with the side chains 
of Leu22, Met29, Arg32, and Phe33 (Fig. 4C, left panels, Table S2). The main-chain nitrogen 
atom of Gly476 (or Gly494) forms an H-bond with the backbone oxygen of Phe124 (Fig. 
4C, middle panels, Table S2). Meanwhile, the main-chain nitrogen atom of Asp477 (or 
Asp495) and the backbone oxygen of Arg32, as well as the main-chain oxygen atom of 
Phe478 (or Phe496) and the side chain of Lys123, make up additional H-bonds (Fig. 4C, 
middle panels, Table S2). Following each FGDF motif, two alpha helices (α1 and α2) are 
also involved in binding to NTF2L. Glu482 and Glu484 of α1 interact with Arg32 and Arg17 
in NTF2L through ionic interactions, respectively (Fig. 4C, right-upper panel, Table S2). 
The interaction model involving two motifs and α1 between CHIKV-43 and NTF2L is 
consistent with the observations as reported in SFV (26). However, we noticed that 
Glu500 and Asp502 of α2 make another two ionic bonds with Arg32 and Arg17 of NTF2L 
(Fig. 4C, right-lower panel, Table S2). In particular, Glu500 is completely conserved in the 
other Old World alphaviruses that contain the α2 (Fig. 1B). To clarify the role of these two 
salt bridges, both residues Glu500 and Asp502 were mutated to Ala (designated as 
CHIKV-43 mut, Fig. S1I). Of note, CHIKV-43 mut and NTF2L mainly form a complex with 
the M.W. of about 60 kDa (Fig. 4D and E). The ITC assay showed that the binding affinity 
between CHIKV-43 mut and NTF2L is ~15-fold weaker than that of CHIKV-43 and NTF2L 
(Fig. 2C and 4F). These results indicate that Glu500 and Asp502 are crucial for the 
CHIKV-43 binding to NTF2L and, once again, suggest that α2 plays a key role in the 
formation of the CHIKV-43–NTF2L high-order oligomer.

In the extended conformation structure (Fig. 3E), the interface between CHIKV-43 and 
NTF2L is exactly the same as that in the compact conformation structure (Fig. S5). Further 
sequence alignment of CHIKV-43 in the Asian strain JC2012, African strain S27, and Indian 
strain DRDE-06 revealed that the residues of CHIKV-43 involved in binding to NTF2L 
are absolutely conserved (Fig. 4G), indicating that the nsP3–NTF2L interaction mode is 
preserved across various CHIKV strains.

Different interaction interfaces among the NTF2L domains

Based on the CHIKV-43–NTF2L complex structure, adjacent NTF2L dimers (in each ring) 
present two distinct interfaces. In the compact conformation (Fig. 3D), Thr75 and Arg78 
in chain A make H-bonds with Asn101 and Asn69 in chain H (Fig. 5A; Table S3), respec­
tively. Arg13 in chain A makes ionic interaction with Asp28 in chain H. In the extended 
conformation (Fig. 3E), the N-terminal residues (1MVMEK5) of one NTF2L domain (chain 
G) insert into the other NTF2L (chain F). Met1 and Glu4 in chain G form H-bonds with 
Arg17 and Thr75 in chain F, respectively. Glu4 also makes an ionic bond with His74. 
Additionally, Lys5 in chain G forms two H-bonds with Asn24 and Asn72 in chain F (Fig. 5B; 
Table S3).

Meanwhile, the NTF2Ls in the upper and lower rings also interact with each other. 
These interfaces are located at the vertices of the two parallelograms (AN, CP, ER, and GT) 
(Fig. 5C). Taking chains A (in the upper ring) and N (in the lower ring) as examples, five 
H-bonds are formed between these two chains (Fig. 5D; Table S3). They are Asn24-Arg78, 
Asn69-Arg13, Asn72-Arg78, and Asn101-Val80 (two H-bonds). The same interactions exist 
in the other three interface regions, i.e., CP, ER, and GT; thus, a total of 20 H-bonds 
maintain the two-layer ring structure.

Different binding modes between the NTF2L domain and its various partners

Currently, five crystal structures of the NTF2L domain in complex with its partners, i.e., 
SFV nsP3 (26), ubiquitin-specific peptidase 10 (USP10) (42), SARS-CoV-2 N protein (38), 
cytoplasmic activation/proliferation-associated protein 1 (caprin-1) (42), and nucleoporin 
(43), have been reported. Typically, NTF2L presents a surface groove shaped like a 
letter “T,” formed by helices I and II and the loop connecting βIV–βV of the NTF2L 
domain (Fig. 6A). This groove is involved in binding to the FGxF motif. To investigate 
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the binding patterns between NTF2L and its various partners, we performed a structure-
based multiple-sequence alignment among different NTF2L-binding peptides (Fig. 6B). 
The results showed that the first phenylalanine (designated as p1 site, following the 
nomenclature from the literature [38]) of the FGxF motif is absolutely conserved. The 
p1-site Phe inserts into a hydrophobic cavity formed by the side chains of Val11, Phe15, 
Phe33, Leu114, and Phe124 in NTF2L (Fig. 6C and D). The residues at position p-2 are 
completely hydrophobic; they bind to another hydrophobic pocket composed of Pro6, 
Leu10, Val11, and Phe124 in NTF2L (Fig. 6C and E). However, the second phenylalanine 
(p4 site) of the FGxF motif is not strictly conserved. Based on our CHIKV-43–NTF2L 
structure, this Phe residue is located in the hydrophobic pocket formed by the side
chains of Leu22, Met29, Arg32, and Phe33 (Fig. 4C and 6F). Interestingly, the NTF2L-bind­
ing peptides of CHIKV nsP3, SFV nsP3, and USP10, which contain a phenylalanine at 
position p4, display a “T-shaped” fold (Fig. 6B and F through H). In contrast, the binding 
peptides of SARS-CoV-2 N, caprin-1, and nucleoporin, which have other residues at the 
p4 site, present a “▬-shaped” scaffold (Fig. 6B and I through K). The p4-site residue of 
the NTF2L-binding peptides appears to determine whether they adopt a “T-shaped” or 
“▬-shaped” conformation.

Collectively, these findings suggest that the residues at the p1 and p-2 sites of the 
NTF2L-binding partners interact with the conserved binding pocket of NTF2L, whereas 
the residue at the p4 position likely determines the binding pattern with NTF2L.

CHIKV-43 is a key factor in modulating SG formation and interferon produc­
tion

Previous studies have shown that the nsP3 protein of alphaviruses inhibits SG formation 
by interacting with G3BP1 through the FGDF motif (24, 40). To further confirm the role of 
CHIKV-43 in this process, we performed co-immunoprecipitation (Co-IP) assays of nsP3, 
CHIKV-43 peptide, and nsP3Δ43 (the deletion of the CHIKV-43 peptide in nsP3) with 
endogenous G3BP1 in HEK293T cells, respectively (Fig. 7A). The results showed that nsP3 
and CHIKV-43 obviously interact with G3BP1, while nsP3Δ43 displayed very weak 
interaction with G3BP1 (Fig. 7B). Consistent with these findings, nsP3Δ43 displayed weak 
co-localization with G3BP1 in immunofluorescence (IF) experiments (Fig. S6A), compared 
to the intact nsP3. In IF assays, nsP3 foci or G3BP1/nsP3 foci were observed, as reported 
in previous studies (39, 44). We then performed arsenite-induced SG formation assays in 
HEK293T cells transfected with control vector, nsP3, or nsP3Δ43 plasmids. Based on 
previous studies (27, 40), we used T cell-restricted intracellular antigen-1 (TIA-1) as an SG 
marker to distinguish SGs from G3BP1/nsP3 foci. The results displayed that SG formation 
was effectively reduced in the CHIKV nsP3 group, compared to the vector and nsP3Δ43 
groups (Fig. 7C; Fig. S6B). SG assembly can stimulate the host innate immune response, 
primarily through upregulating the production of type I IFNs, such as IFNβ (31, 33, 37). 
We proved that CHIKV-43 is essential for modulating SG formation, leading us to 
hypothesize that this peptide may affect interferon production. To test this hypothesis, 
we stimulated HEK293T cells with poly(I:C), transfected with control vector, nsP3, or 
nsP3Δ43 plasmids. Compared to the vector and nsP3Δ43 groups, we found that the 
transcription level of IFNβ was significantly reduced in the nsP3 group (Fig. 7D).

Overall, the above results demonstrate that the CHIKV-43 peptide of nsP3 is essential 
for binding to G3BP1 and plays an important role in nsP3-mediated reduction of SG 
formation and interferon production.

DISCUSSION

In our study, we revealed that the CHIKV-43 peptide of nsP3 binds to the NTF2L domain 
of G3BP1, forming a high-order oligomer with a completely novel binding scaffold. Two 
FGxF motifs (motifs 1 and 2) and two alpha helices (α1 and 2) are involved in binding to 
NTF2L. Particularly, the α2 is a key factor in stabilizing this oligomer. The nsP3–G3BP1 
interaction not only disrupts SG formation but also inhibits host interferon production in 
cell assays. Based on our results, we proposed a model to illustrate how CHIKV nsP3 
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hijacks G3BP1 to form a high-order oligomer and modulate SG formation and the host 
innate immunity (Fig. 7E).

We observed three continuous yet distinguishable conformations of the CHIKV-43–
NTF2L complex in solution. To investigate the cause of the slight conformational 
changes, we compared the NTF2Ls and CHIKV-43 peptides across three conformations 
(Fig. S7). The structures of NTF2Ls remain consistent in all conformations (e.g., chains A 
and B). However, the flexible loops between α1 and motif 2 in the CHIKV-43 peptides 
exhibit conformational variability. This suggests that the CHIKV-43 peptide may drive the 
observed differences. Whether these conformational changes have any biological 
significance requires further investigation.

According to our multiple-sequence alignment analysis, most nsP3 proteins in the 
Old World alphaviruses, such as SINV, BFV, and O’nyong’nyong virus, etc., contain two 
FGxF motifs and the α1 and 2 helices. Like CHIKV, these viruses could utilize the similar 
mechanism of nsP3 interacting with G3BP1. However, some alphaviruses, for example, 

FIG 5 Interface analysis between the NTF2L domains. (A and B) Detailed interactions between adjacent NTF2L domains in the compact (A) and extended (B) 

conformations. H-bonds are indicated by black dashed lines. Ionic bonds are displayed by red dashed lines. (C) Double-layer ring scaffold stabilized by interfaces 

between chains A and N, C and P, E and R, as well as G and T. (D) Detailed interactions between chains A and N. H-bonds are indicated by black dashed lines. 

Panels were generated using PyMOL (http://www.pymol.org).
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FIG 6 Structural comparison of NTF2L interacting with its various partners. (A) Surface representation of the NTF2L domain. “T-shaped” surface groove is used 

to bind partners. The surface of the NTF2L domain is colored in wheat. (B) Sequence alignment of the NTF2L-binding regions from its various partners: CHIKV 

nsP3, SFV nsP3, USP10, SARS-CoV-2 N protein, caprin-1, and nucleoporin. The p-2, p1, and p4 positions are colored in green, orange, and blue, respectively. (C) 

Superimposition of the NTF2L-binding partners, revealing conserved p-2 and p1 positions. Peptides of CHIKV nsP3, SFV nsP3, USP10, SARS-CoV-2 N protein, 

caprin-1, and nucleoporin are colored in yellow, green, magenta, cyan, light blue, and orange, respectively. (D) Phenylalanine at p1 position inserting into the 

hydrophobic cavity of NTF2L. (E) The side chains of hydrophobic residues at p-2 position inserting into the hydrophobic pocket of NTF2L. (F–K) “T-shaped” or 

“▬-shaped” conformation of the NTF2L-binding partners determined by residue at the p4 site. CHIKV nsP3 (F), SFV nsP3 (G), and USP10 (H) with phenylalanine 

at the p4 position present a “T-shaped” conformation. SARS-CoV-2 N (I), caprin-1 (J), and nucleoporin (K) with other residues at the p4 site exhibit a “▬-shaped” 

conformation. Panels A and C–K were generated using PyMOL (http://www.pymol.org).
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SFV and RRV, do not include the α2; even α1 is absent in RRV, suggesting their nsP3 
adopts a different mechanism on the nsP3–G3BP1 interaction. It is interesting to 
investigate why these alphaviruses exhibit the different nsP3–G3BP1 binding fashions in
the viral life cycle. In our study, the N-terminus (motif 1 and α1) and C-terminus (motif 2 

FIG 7 CHIKV-43 is an essential factor to interact with G3BP1 and regulate SG formation and IFN production. (A) Schematic diagram of CHIKV nsP3 and its 

truncations. (B) Co-IP analysis of the interaction between nsP3, its truncations, and endogenous G3BP1 in HEK293T cells. Red arrows indicate targeted proteins. 

(C) Quantitative analysis of SG percentage in HEK293T cells from Fig. S6B. The number of cells with SGs was analyzed for at least 50 cells per condition. (D) 

The impact of CHIKV nsP3 or nsP3Δ43 on IFNβ production. HEK293T cells were transfected with plasmids of control vector, nsP3, and nsP3Δ43, then cells were 

further stimulated with poly(I:C). Subsequently, cells were collected for real-time quantitative PCR analysis to determine the relative expression levels of IFNβ 

normalized by GAPDH. (C and D) All experiments were replicated three times. Error bars represent mean ± standard deviation, **P < 0.01, ***P < 0.001, and ****P 

< 0.0001 (Student’s t-test, n = 3). (E) The model of CHIKV nsP3 hijacking host G3BP1 to form a high-order oligomer and antagonize SG formation and interferon 

production. Two motifs (1 and 2) and the helices (α1 and α2) of nsP3 are marked.
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and α2) of CHIKV-43 exhibited similar binding affinities to NTF2L. In contrast, previous 
research on the SFV nsP3 peptide reported a significantly stronger binding of motif 1 to 
NTF2L compared to motif 2 (26). We hypothesize that the α1, adjacent to motif 1, may 
stabilize its conformation and enhance binding to NTF2L. In comparison, the absence of 
a corresponding α2 for motif 2 in SFV may hinder its ability to adopt a favorable confor­
mation for binding. In addition, the CHIKV-26 and NTF2L form a complex with an 
approximate M.W. of 40 kDa and a 1:1 molar ratio (Fig. 2B and D). We speculate that this 
complex consists of two CHIKV-26 peptides and one NTF2L dimer (the theoretical M.W. is 
38 kDa), which is consistent with our crystal structure of the CHIKV-26–NTF2L complex 
(PDB code: 9J5S). While the CHIKV-43 mut–NTF2L complex has an approximate M.W. of 
60 kDa with a 1:2 molar ratio (Fig. 4E and F), it suggests that this complex comprises two 
CHIKV-43 mut peptides and two NTF2L dimers (the theoretical M.W. of ~76 kDa). A 
similar discrepancy between the SEC-MALS and theoretical M.W. values was also 
observed for the SFV nsP3-25–NTF2L complex (24).

A recent study reported that CHIKV nsP3 forms helical scaffolds (HSs) via its ZBD 
domain (20). In CHIKV-infected cells or cells stably expressing nsP3, these scaffolds 
organize into higher-order tubular structures (Fig. S8A). However, the mechanism driving 
this arrangement remains unclear. Transmission electron microscopy studies (20) show 
that the distance between two nsP3 HSs is approximately 12 nm–20 nm, while the width 
of our CHIKV-43–NTF2L cryo-EM structure is about 8 nm (Fig. S8A and B). This suggests 
sufficient space to accommodate the entire HVD region and G3BP1 between the HSs. 
Based on these findings, we hypothesize that our double-layered structure may link 
nsP3 HSs, facilitating the formation of higher-order tubular structures (Fig. S8C and D). 
Supporting this model, confocal and electron microscopy studies have demonstrated 
that CHIKV-nsP3 tubes incorporate host G3BPs (20). Nevertheless, further experimental 
validation is needed to confirm this hypothesis.

CHIKV nsP3 is a multiple-domain protein with the Macro, the ZBD, and HVD. We 
verified that CHIKV-43 of the HVD is a key region binding to G3BP1. However, the 
construct nsP3Δ43 still showed a weak interaction with G3BP1 (Fig. 7B), suggesting that 
other region(s) of nsP3 may be involved in binding to G3BP1. In our cell assays, we 
also noticed that nsP3Δ43 exhibits slight reduction in SG formation (Fig. 7C; Fig. S6B). A 
previous study reported that the macrodomain of CHIKV nsP3 can disrupt SG formation 
(45), which could partially explain our observations. It is worth investigating whether 
different domains of nsP3 play a synergistic role in modulating SG formation in the 
future.

G3BP1-driven SG formation not only affects viral replication (35–39, 46) but also 
plays roles in oncogenesis (47), cancer chemoresistance (48), and neurodegeneration 
occurrence (49). Thus, targeting G3BP1 to develop inhibitors is an essential therapeu­
tic strategy. For example, two compounds (imatinib and decitabine) targeting G3BP1 
have been utilized to inhibit SARS-CoV-2 propagation (50). Peptide analog GAP161, 
which targets G3BP1, has been proven to suppress colon carcinoma development (51). 
Epigallocatechin gallate inhibits lung cancer cell growth through targeting G3BP1 (52). 
By comparing the binding patterns of the NTF2L domain of G3BP1 with its different 
partners, we identified an essential “T-shaped” pocket of NTF2L and illustrated the 
key residue to determine the adopted binding mode of the NTF2L-binding peptides. 
These results provide useful structural information for the development of peptide-like 
inhibitors against G3BP1.

In conclusion, we reported a cryo-EM structure of a high-order oligomer formed by 
CHIKV nsP3 peptide (CHIKV-43) in complex with the NTF2L domain of G3BP1 for the 
first time. The α2 of CHIKV-43 plays a key role in stabilizing this oligomer. The detailed 
interaction interfaces between CHIKV-43 and NTF2L were described. Additionally, we 
illustrated the different binding patterns between NTF2L and its partners. Moreover, 
we demonstrated the important role of CHIKV-43 in binding to G3BP1, regulating 
SG formation, and antagonizing host interferon production. Collectively, our findings 
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provide new structural insights into the interaction between CHIKV nsP3 and host 
G3BP1, as well as a potential antiviral target based on their interaction interface.

MATERIALS AND METHODS

Plasmid constructs

DNA fragment encoding human G3BP1-NTF2L domain (residues 1–138, NCBI Refer­
ence Sequence: NM_005754.3) was PCR-amplified from a HEK293T cDNA library. The 
cDNA library was created by Hifair III 1st Strand cDNA Synthesis SuperMix (YEA­
SEN, 11184ES03). DNA fragment encoding G3BP1-NTF2L domain was inserted into 
the modified pET28a(+) plasmid containing an N-terminal hexahistidine (6xHis) tag 
and a tobacco etch virus (TEV) protease cleavage site. CHIKV-43 fragment (residues 
469–511, GenBank: AGJ84081.1) adding C-terminal 6xHis tag was amplified by PCR 
using pCold TF-nsP3 plasmid (GENERAL BIOL., Anhui, China) and then cloned into 
the pGEX-6P-1 plasmid. The 6xHis tag was used to further purify the CHIKV-43 pep­
tide. pGEX-6P-1-SINV (residues 484–537)−6xHis (SINV-54, NCBI Reference Sequence: 
NP_062888.1) and pGEX-6P-1-SFV (residues 445–482)−6xHis (SFV-38, NCBI Reference 
Sequence: NP_463457.1) were purchased from GENERAL BIOL., Anhui, China. The 
pGEX-6P-1-CHIKV-43 mut-6xHis was obtained by introducing mutations using the 
corresponding primers.

The mCherry-nsP3 fragment was obtained by overlapping extension PCR method­
ology. Briefly, overlapping fragments encoding mCherry and CHIKV nsP3 (residues 1–
526, GenBank: AGJ84081.1) were PCR-amplified from pLVX-IRES-mCherry and pCold 
TF-nsP3 plasmids (GENERAL BIOL., Anhui, China). Two fragments were mixed in an 
equimolar ratio and used as a template to generate the mCherry-nsP3 fragment. 
This fragment was then cloned into the pCMV-3xFlag plasmid using the Hieff Clone 
Universal II One Step Cloning Kit (YEASEN, 10923ES20). Similarly, pCMV-3xFlag-mCherry-
CHIKV-43 and pCMV-3xFlag-mCherry-nsP3Δ43 were constructed as described above, 
while pCMV-3xFlag-mCherry was used as the control vector.

All constructs were confirmed by sequencing (Tsingke Biotech Co., Ltd., Chengdu, 
China). The sequences of the primers used in this study are listed in Table S4.

Protein expression and purification

The pET28a(+)-NTF2L plasmid was transformed into Escherichia coli BL21 (DE3) 
(Novagen). Then, the bacteria were cultured at 37°C in Luria-Broth medium supplemen­
ted with antibiotic and induced for 18 h with 0.5 mM isopropyl-β-D-thiogalactoside 
at 18°C. The expression culture was subsequently harvested by centrifugation, and 
the bacterial pellet was re-suspended in buffer A (20 mM Tris-HCl, 10 mM imidazole, 
500 mM NaCl, 10% glycerol, pH 7.5) and lysed by sonication on ice. Debris was removed 
by centrifugation, and the supernatant was purified by the Ni-NTA QZT 6FF (Senhui 
Microsphere Technology Co., Ltd., Suzhou, China) with buffer A and buffer B (20 mM 
Tris-HCl, 500 mM imidazole, 500 mM NaCl, 10% glycerol, pH 7.5). Then, 6xHis-tagged 
NTF2L was digested overnight with TEV protease to remove the 6xHis tag (left with three 
extra residues Gly–Ala–Ser at the N-terminus after this processing step) and dialyzed 
against buffer C (20 mM Tris-HCl, 150 mM NaCl, 10% glycerol, pH 7.5) overnight at 4°C.
The next day, the target protein was applied to Ni-NTA QZT 6FF again to remove the 
uncleaved 6xHis tag protein. NTF2L without the 6xHis tag was further purified by SEC 
(Superdex 75 Increase 10/300 GL, GE Healthcare) in buffer C. The quality of purified 
NTF2L was checked by SDS-PAGE.

The CHIKV-43, SINV-54, SFV-38, and CHIKV-43 mut were expressed using the same 
strategy as that of NTF2L (see above). Then, they were purified by GST QZT 4FF (Senhui 
Microsphere Technology Co., Ltd., Suzhou, China) with GST buffer (20 mM Tris-HCl, 
500 mM NaCl, 10% glycerol, pH 7.5). Proteins were eluted with 10 mM glutathione 
(LABLEAD, GGGTH01) in GST buffer. The eluted proteins were incubated with PreScission 
protease at 4°C overnight to remove the GST tag (left with five residues Gly–Pro–Leu–
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Gly–Ser at the N-terminus). Cleaved peptides were further purified by the Ni-NTA QZT 
6FF. These peptides were then purified by SEC (Superdex 75 Increase 10/300 GL, GE 
Healthcare) in buffer C. The quality of CHIKV-43, SINV-54, SFV-38, and CHIKV-43 mut was 
checked by SDS-PAGE.

Purified NTF2L protein was mixed with CHIKV-43, SINV-54, SFV-38, and CHIKV-43 
mut, respectively. Each mixture was incubated at 4°C overnight and purified by SEC 
(Superdex 200 Increase 10/300 GL, GE Healthcare). The CHIKV-43–NTF2L complex was 
further purified by SEC (Superose 6 Increase 10/300 GL, GE Healthcare) for the cryo-EM 
experiment. Similarly, the NTF2L protein was mixed with CHIKV-26 peptide (synthesized 
by GL Biochem Ltd., Shanghai, China), then the mixture was purified by SEC (Superdex 
200 Increase 10/300 GL, GE Healthcare).

SEC-MALS

CHIKV-43–NTF2L, SINV-54–NTF2L, CHIKV-26–NTF2L, and CHIKV-43 mut–NTF2L 
complexes were concentrated to ~2 mg/mL in phosphate-buffered saline (PBS) (2.0 mM 
KH2PO4, 137 mM NaCl, 10.0 mM Na2HPO4, 2.7 mM KCl, pH 7.4). Each complex was 
injected into column Superdex 200 Increase 10/300 GL (GE Healthcare) with a flow rate 
of 0.5 mL/min. Protein in the eluent was detected via a Wyatt Dawn Heleos II Multi-Angle 
Light Scattering detector (Wyatt Technologies). The data were recorded and analyzed 
with Wyatt Astra software (version 8.1.2.1).

Negative-staining electron microscopy

The CHIKV-43–NTF2L and SINV-54–NTF2L complexes were diluted to ~0.05 mg/mL in 
HEPES buffer (20 mM HEPES, 150 mM NaCl, pH 7.5), respectively. The mixture of SFV-38 
and NTF2L was diluted to ~0.1 mg/mL in HEPES buffer.

Each sample (3 µL) was applied on the glow-discharged 300-mesh Cu grids (Quanti­
foil). The grid was washed three times with HEPES buffer and was then stained with 
uranyl acetate (3%, vol/vol). Excessive uranyl acetate was removed, and the grid was 
finally air-dried. Next, the grid was loaded into a JEM-1400 operated at 120 kV, condenser 
lens aperture 150 µm, spot size 1. Negative-staining images were captured using RADIUS 
software on a Morada G3 direct electron camera.

Cryo-EM sample preparation

All cryo-EM samples were prepared using Vitrobot Mark VI operated at 100% humidity 
and 4°C. The grids (ANTcryo R 1.2/1.3 Cu 300 mesh) were glow discharged at 10 mA for 
60 s (EM ACE200, Leica Microsystems). A 3-µL sample was applied to each grid and then 
incubated for 5 s and blotted for 3 s with blotting force 2. Prepared grids are stored in 
LN2 until data collection.

Single-particle cryo-EM data collection, processing, model building, and 
refinement

The cryo-EM data sets of CHIKV-43–NTF2L were collected on Titan Krios electron 
microscopes (FEI) operated at 300 kV with a Falcon 4i detector in eer format. The pixel 
size was 0.725 Å and the total dose was 40e- per Å2. An energy filter at 10 eV was applied 
during data collection. All data were processed using cryoSPARC v.3.4 (53) following the 
procedures outlined in Fig. S2D and Table S1. The data were initially processed using 
patch motion correction and patch contrast transfer function (CTF) determination. Blob 
particles with a diameter of 100 Å–140 Å were picked without templates and extracted to 
a small box size with bin2 for initial particle cleaning and 2D classification. The full-sized 
particles with box size of 320 pixels were re-extracted and processed following standard 
cryoSPARC workflow including 2D classification, ab initio model reconstitution, multiple 
rounds of heterogeneous refinement, and non-uniform refinement. The crystal structure 
of SFV nsP3-25 peptide with NTF2L dimer (PDB entry: 5FW5 [26]) was used as an initial 
model for model building. The final CHIKV-43–NTF2L complex structure was yielded 
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through several rounds of real-space refinement by Phenix (54) and manual adjustment 
using Coot (55). In all three final models, the N-terminal residues Glu469–Phe471 and the 
C-terminal Trp509–Thr511 (or Ser510–Thr511) as well as 6xHis-tag of CHIKV-43 peptide 
cannot be built due to the absence of electron density. The complete NTF2Ls (residue 1–
138) were built in four chains, C, G, N, and R, while other chains lack residues Met1–Glu4 
owing to the incomplete electron density map.

All structural figures were generated using PyMOL (http://www.pymol.org), UCSF 
Chimera (56) (https://www.cgl.ucsf.edu/chimera/), or UCSF ChimeraX (57) (https://
www.cgl.ucsf.edu/chimerax/).

ITC

Freshly purified NTF2L protein was concentrated to 100 µM in HEPES buffer (20 mM 
HEPES, 150 mM NaCl, pH 7.5). Its ligand peptides (473ITFGDFNDGEIESLSSEL490 and 

491LTFGDFLPGEVDDLTDSD508, synthesized by GL Biochem Ltd., Shanghai, China) were 
adjusted to 1 mM in the same buffer, respectively. In parallel, the CHIKV-43 peptide 
concentration was adjusted to 50 µM, and the corresponding NTF2L concentration was 
adjusted to 10 µM. The CHIKV-26 peptide concentration was adjusted to 500 µM, and 
the corresponding NTF2L concentration was adjusted to 50 µM. The CHIKV-43 mut 
peptide concentration was adjusted to 200 µM, and the corresponding NTF2L concen­
tration was adjusted to 40 µM. The measurements of binding affinity were carried out 
using AFFINITY ITC (TA Instruments, USA). The titration assay was performed at 20°C by 
injecting 2.5 µL peptide into a full cell containing 182 µL NTF2L protein every 150 s–200 s 
for a total of 20 injections, and the stirrer syringe speed was set at 125 revolutions per 
minute. All raw titration data sets were processed in NanoAnalyze Data Analysis software, 
version 3.12.0.

IF assay

HEK293T cells (National Collection of Authenticated Cell Cultures, Shanghai, China) were 
seeded into 24-well cell culture plates with glass coverslips and then transfected with 
the recombinant plasmids using TransIntro PEI Transfection Reagent (TransGen Biotech, 
FT401-01). Twelve hours after transfection, the cells were treated with 0.5 mM sodium 
arsenite for 1 h. The cells were washed three times with PBS buffer and then fixed 
in 4% paraformaldehyde for 20 min. Cells were permeabilized in PBS plus 0.3% Triton 
X-100 for 30 min and subsequently incubated in blocking solution (5% bovine serum 
albumin in PBS plus 0.1% Tween-20 [PBST]) for 4 h at 25°C. Samples were incubated 
with mouse anti-TIA-1 antibody (Santa Cruz, sc-166247) or mouse anti-G3BP1 antibody 
(Santa Cruz, sc-365338) overnight and incubated with Alexa 488-conjugated secondary 
antibody (Thermo, A-11029) and 4´,6-diamidino-2-phenylindole (Roche, 28718-90-3). 
After antibody incubations, samples were washed three times with PBST. Finally, 
coverslips were mounted on microscopy slides. Images were captured using ZEISS LSM 
900 with Airyscan 2. The SG-positive cells were quantified from at least 50 cells per 
condition. All experiments were replicated three times.

Real-time quantitative PCR (RT-qPCR)

HEK293T cells were seeded into 24-well cell culture plates and transfected with the 
recombinant plasmids using TransIntro EL Transfection Reagent (TransGen Biotech, 
FT201-01). Twelve hours after transfection, the cells were transfected with poly(I:C) 
(Sigma-Aldrich, P1530) for 12 h. Total RNA was isolated using the FastPure Cell/Tissue 
Total RNA Isolation Kit (Vazyme, RC101-01). Genomic DNA was then removed, and the 
reverse transcription was performed using Hifair III 1st Strand cDNA Synthesis SuperMix 
(YEASEN, 11141ES10) according to the manufacturer’s instruction. The expression levels 
of IFNβ and GAPDH were determined by RT-qPCR using a Hieff UNICON Universal Blue 
qPCR SYBR Green Master Mix (YEASEN, 11184ES03) and an Applied CFX96 Real-Time PCR 
Detection System (Bio-Rad). The sequences of the primers used in this assay are listed in 
Table S4. All experiments were replicated three times.
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Co-IP and western blot analysis

HEK293T cells were seeded into a six-well cell culture plate and then transfected with 
the recombinant plasmids using TransIntro PEI Transfection Reagent (TransGen Biotech, 
FT401-01). Thirty-six hours after transfection, the cells were lysed with cell lysis buf­
fer (Beyotime, P0013J) supplemented with proteinase inhibitor phenylmethylsulfonyl 
fluoride (Solarbio, P8340). Cell lysates were then centrifuged, and the supernatants were 
immunoprecipitated with Flag magnetic beads (LABLEAD, PFM025). Beads were washed 
three times with washing buffer (50 mM Tris-HCl, 500 mM NaCl, 0.1% Triton X-100, 1 mM 
EDTA, pH 7.5). Cell lysates or immunoprecipitants were analyzed with immunoblotting.

The proteins were then transferred to polyvinylidene fluoride membranes. Mem­
branes were blocked for 4 h with 5% non-fat dry milk solution in Tris-buffered saline 
containing 0.1% Tween-20 (TBST) and then incubated with primary antibodies mouse 
anti-G3BP1 (Santa Cruz, sc-365338), mouse anti-Flag (Proteintech, 66008-4-Ig), and rabbit 
anti-β-actin (Proteintech, 81115-1-RR) overnight at 4°C. The membranes were washed 
with TBST and then incubated with the corresponding secondary antibodies. Proteins 
were visualized by SuperKine West Femto Maximum Sensitivity Substrate according to 
the manufacturer’s instruction (Abbkine, BMU102).

Quantification and statistical analysis

Statistical analysis was performed in GraphPad Prism 8 Software. Differences between 
the two groups were analyzed using Student’s t-test and considered significant at *P < 
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. P > 0.05 was considered not significant. 
All data are presented as mean ± standard deviation.
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