7/ Acta Virologica

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Viktéria Cabanova,
Slovak Academy of Sciences, Slovakia

REVIEWED BY

Vladimir Zelnik,

Slovak Academy of Sciences, Slovakia
Pablo Daniel Thomas,

Slovak Academy of Sciences, Slovakia

*CORRESPONDENCE
Sonalika Mahajan,
sonalikaml@gmail.com

RECEIVED 12 June 2025
REVISED 20 January 2026
ACCEPTED 04 February 2026
PUBLISHED 24 February 2026

CITATION

Chaple AR, Sharma GK, Chander V,
Ganie S, Nandi S, Muthuchelvan D,
Ramakrishnan MA and Mahajan S (2026)
Identification of host proteins
interacting with NS3 protein of
Bluetongue virus.

Acta Virol. 70:15087.

doi: 10.3389/av.2026.15087

COPYRIGHT

© 2026 Chaple, Sharma, Chander,
Ganie, Nandi, Muthuchelvan,
Ramakrishnan and Mahajan. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Acta Virologica

TvPE Original Research
PUBLISHED 24 February 2026
po1 10.3389/av.2026.15087

|Identification of host proteins
interacting with NS3 protein of
Bluetongue virus

Ashwini R. Chaple?, Gaurav K. Sharma?, Vishal Chander?,
Saima Ganie?, Sukdeb Nandi?, Dhanavelu Muthuchelvan?,
Muthannan Andvar Ramakrishnan® and Sonalika Mahajan™*

Division of Veterinary Biotechnology, ICAR-Indian Veterinary Research Institute, Izatnagar, Uttar
Pradesh, India, ?Centre for Animal Disease Research and Diagnosis, ICAR-Indian Veterinary Research
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A wide range of species contract a haemorrhagic disease caused by
Bluetongue virus (BTV), which is transmitted by hematophagous midges of
Culicoides species. The virus shows variation in its pathogenicity and
virulence between the mammalian and insect hosts, implicating the role
of host proteins in its life cycle. NS3, a versatile protein of BTV, performs a
major role in viral egress by acting as perforin. Multifunctional roles of
NS3 have also been reported in viral pathogenesis, but there are critical
gaps in explaining the exact mechanisms of its crosstalk with the host,
creating the space for NS3-host interaction studies. In this study, we
report the screening of host proteins interacting with NS3 protein of
BTV using yeast-two hybrid (Y2H) assay. An ovine cDNA library derived
from sheep lung and the truncated NS3 (NS3,) bait were constructed and
evaluated for competency parameters. Following stringent screening,
37 putative host interaction partners were identified, of which eight
proteins were selected for validation using alternative yeast-based assays;
seven of these interactions were confirmed as positive. NAP1L1/NS3 interaction
was further verified with GST pull-down, co-immunoprecipitation and
mammalian two-hybrid assays. The results indicate that NAP1L1, a protein
involved in nucleosome assembly and cell cycle regulation, interacts with the
BTV NS3 protein.
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Introduction

Bluetongue (BT) is an arthropod-borne infectious viral disease caused by bluetongue
virus (BTV), a type species of genus Orbivirus belonging to the family Sedoreoviridae
(Attoui et al., 2009; Duan et al., 2022; Matthijnssens et al., 2022). It affects both domestic as
well as wild ruminants but has a more serious impact on sheep, leading to haemorrhagic
syndrome, abortion, and congenital deformities (Maclachlan et al., 2009; Osburn et al.,
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1971). The disease is primarily transmitted by Culicoides midges,
although vertical and horizontal transmission has also been
observed (Lopez-Olvera et al., 2010; Menzies et al., 2008; van
der Sluijs et al., 2016). BTV is a non-enveloped virus with a
segmented, double-stranded (ds) RNA genome of ~19.2 kb. To
date, 36 (including putative) serotypes, 24 notifiable serotypes,
and 3 more or less “serotyped” atypical serotypes, and 9 atypical
putative novel serotypes have been identified (Ries et al., 2021).
However, none have been reported to offer cross-protection.

The 10 genomic segments of BTV encode seven structural
(SPs) and five non-structural proteins (NSPs), each performing
a distinctive role in viral morphogenesis and pathogenesis
(Ratinier et al., 2011; Stewart et al., 2015). Despite its small
size, BTV plays diverse and versatile functions during
replication, highlighting the role of host factors in its
survival (Patel and Roy, 2014). Pathogenesis of BTV differs
in mammalian and insect hosts, suggesting the involvement of
host proteins (Mortola et al., 2004). Notably, the NS3 protein
of BTV executes multiple functions crucial for virus survival.
As the only glycoprotein in BTV, NS3 plays a critical role in
virus assembly, maturation, and intracellular trafficking. It
modulates membrane permeability, creates pores through
lipid bilayers, and facilitate virus release, functioning as a
viroporin (Han and Harty, 2004; Labadie et al., 2020).
NS3 is considered an important virulent factor in host
protein shutdown (Janowicz et al., 2015). However limited
information is available concerning the interaction of NS3 with
host proteins, highlighting the need for further studies on BTV
NS3-host protein-protein interactions (PPI).

The yeast two-hybrid (Y2H) system is the most widely used
technique to screen the PPI (Briickner et al., 2009). It is an in
vivo genetic approach based on the reconstitution of a
functional transcription factor when two proteins or
polypeptides of interest interact (Fields and Song, 1989) and
has been utilized to study virus-host PPI for several viruses
(Gladue et al., 2012; Mahajan et al., 2021; Ohta et al., 2018;
Paiano et al,, 2019). A well-characterized and high-quality
cDNA library is imperative for conducting Y2H to identify
interacting host proteins. For BTV, ¢cDNA libraries from
human, bovine, and Culicoides origin has been previously
used for BTV-host interaction studies (Beaton et al., 2002;
Pourcelot et al., 2019; Fablet et al., 2022). To date, the cDNA
library from the susceptible host, i.e., sheep, has not been
employed in screening BTV-host PPI studies. In this study, we
constructed a yeast two-hybrid compatible cDNA library of
sheep origin and screened for the host cellular proteins
interacting with the BTV NS3. Using the developed library,
we identified seven different PPIs with BTV NS3, which were
verified by yeast-based assays. We found that NAPILI, a
member of the nucleosome assembly protein, strongly
interacts with BTV NS3 and this was further confirmed by
the GST pull-down assay and the Mammalian two-hybrid
(M2H) system.
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Materials and methods
Virus, cell lines, and tissue

BTV serotype 10 and BHK 21 cells were procured from the
repository (CADRAD, ICAR-IVRI). The BHK 21 cells were
cultured in Glasgow minimum essential medium (GMEM,
Sigma, USA) supplemented with 2% foetal bovine serum
(Hyclone, Thermo Scientific, USA). Fresh BTV 10 cultured on
BHK 21 cells was utilized to amplify the NS3 coding region. HEK
293 T cells were employed for transfection in GST pull-down and
M2H assays. A fresh sheep lung was obtained from an abattoir at
IVRI, Izatnagar for library construction. The tissue was rapidly
frozen in liquid nitrogen and stored at —80 °C for further use. The
tissue sample was tested for the presence of BTV RNA using real-
time reverse transcriptase PCR (q-RT-PCR) (Maan et al., 2016).

cDNA library construction and characterization

The frozen lung tissue was homogenized to extract total RNA
using the RNeasy® Mini kit (Qiagen, Hilden, Germany). The poly
(A) mRNA was extracted using MN-NucleoTrap® mRNA kit
(Machery-Nagel, Germany) according to the manufacturer’s
instructions followed by single-stranded (ss) cDNA synthesis
using SMART 1II oligo (5'- AAGCAGTGGTATCAACGCAGA
GTGGCCATTATGGCCGGG-3'), CDS I primer (5'-
ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30VN-3')
and SMART MMLV Reverse Transcriptase provided in Make
Your Own “Mate & Plate” Library System (Clontech, USA). The
double-stranded (ds) cDNA was amplified by long distance PCR
(LD-PCR) using Advantage 2 PCR kit (Clontech, USA) and size-
fractioned using CHROMA-SPIN TE-400 columns (Clontech,
Takara, USA). Subsequently, the Smal-linearized pGADT7-rec
vector and purified ds cDNA were co-transformed into
Saccharomyces cerevisiae (S. cerevisiae) Y187 cells using
YeastMaker™ Yeast Transformation System 2 and cultured
on SD/-Leu agar plates at 30 ‘C for 4 days. The resulting
transformants were harvested in freezing medium and stored
at —80 °C. Following this, the transformed cells (1 mL) were
diluted in YPDA medium, and 100 uL of 107", 107, 107, 107%,
and 107° dilutions were grown on SD/-Leu plates to estimate
library quality parameters. The library’s average insert size and
recombination rate were calculated from randomly selected 50
colonies using Matchmaker Insert Check PCR Mix 2 (Clontech,
Takara, USA) as described earlier (Mahajan et al., 2015).
Plasmids rescued from the selected colonies were re-
transformed in competent Escherichia coli (E. coli) DH5a
cells and positive transformants were subjected to nucleotide
sequencing. The assembled cDNA sequences were submitted to
GenBank and annotated for gene ontology (GO) terms using the
WEB-based GEneSeTAnaLysiS Toolkit (Liao et al, 2019,
WebGestalt).
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Bait construction and characterization

BTV 10 virus was introduced to BHK 21 cells, and a
truncated form of NS3 (NS3,, consisting of amino acids 1-
115) was amplified and inserted into the pGBKT7-BD vector
(Clontech, USA) (Chaple et al., 2021). The positive recombinants
(pGBKT7-NS3,) were validated and were re-introduced into
competent Y2H Gold cells (Gietz et 1995). The
transformed mixture was cultured on SD/-Trp, SD/-Trp/X-a-
gal (SDO/X), and SD/-Trp/X-a-gal/Aureobasidin A (SDO/X/A)
agar plates and then placed in incubator at 30 °C for 3-5 days.

al.,

Additionally, the empty vector control, along with the positive
diploid, and negative diploid controls were similarly transformed
to assess the bait toxicity and auto-activation. To analyze
expression, a single, large colony of pGBKT7-NS3, bait, empty
pGBKT?7-53 (positive control) and Y2H gold (negative control)
was cultured overnight in 5 mL SD/-Trp medium at 30 °C and
230 rpm. The overnight culture was centrifuged, re-suspended in
50 mL YPD medium and incubated again at 30 °C and 230 rpm
until an ODggg of 0.4-0.6 was achieved. The protein lysates were
prepared by the TCA method according to the Yeast Protocols
Handbook (Clontech), and expression was detected using anti-c-
myc monoclonal (Clontech, USA) and anti-NS3 polyclonal
antibodies (kindly provided by Damian Vituor, ANSES,
Paris, France).

Library screening using NS3 bait

The library scale mating of viral bait protein and
characterized library was carried out using Matchmaker
two hybrid system (Clontech, USA) as per the manufacturer’s
protocol. Briefly, a concentrated bait culture containing >1 x 10°
cellsymL was combined with the 1 mL aliquot of the
characterized library and suspended in 45 mL of 2X YPDA
liquid medium. The mixture was incubated at 30 °C with
gentle shaking (30-40 rpm) for 20 h. After incubation, the
culture was screened for presence of three lobed zygotes and
plated on SD/-Trp, SD/-Leu, and SD/-Leu/-Trp (DDO) plates in
dilutions of 107}, 1072, 1073, and 107 to estimate the various
mating parameters. The remaining culture was plated on SD/-
Leu/-Trp/X-a-gal/AureobasidinA (DDO/X/A) agar plates and
incubated at 30 °C for 3-5 days. The interacting blue colonies that
developed on DDO/X/A were selected and transferred to SD/-
Leu/-Trp/-Ade/-His/X-a-gal/AureobasidinA (QDO/X/A) agar
plates for more rigorous screening. QDO/X/A positive
colonies were subjected to colony PCR using Matchmaker
Insert Check PCR Mix 2 (Clontech, USA) and amplicons
were sequenced with a single pass reading from the 5'end on
an ABI 3130 Genetic Analyzer using Big dye terminator v3.1
(Applied Biosystems). The colonies with repetitive sequences and
the inserts shorter than 500 bp were excluded. The remaining
confirmed colonies were streaked again on DDO/X/A agar plates,
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and plasmids were extracted from the isolated blue colonies.
These prey plasmids were re-transformed into competent E. coli
DHb5a cells, and the plasmids were rescued for sequence analysis.

Validation of PPl by yeast-based assays

To evaluate the interactions, small-scale mating was
conducted between the NS3, bait and each selected prey and
diploids were plated on DDO, DDO/X/A and QDO/X/A agar
plates, alongside the positive and negative mating controls. The
positive interactions were identified by development of blue
colonies on QDO/X/A plates. Additionally, the interactions
were qualitatively confirmed by p-Gal expression level by
colony lift filter assay and ONPG liquid culture assay
(Mahajan et al, 2021). To measure the P-Gal expression, a
125-mm sterile grade 40 Whatman filter paper (HiMedia,
India) was gently pressed on the colonies patched out on
DDO and QDO agar plates, immersed in liquid nitrogen for
10 s, thawed it, and then placed on another filter paper pre-
soaked with Z-buffer containing X-gal. The filter papers were
incubated at 30 °C until a blue colour appeared (within 8 h). The
quantitative determination of the interaction’s strength was
carried out with the ONPG assay. The p-Gal expression was
determined using the formula: 1,000 x ODy,/(t x V X ODgqp),
where OD,, represents optical density at 420 nm due to the
yellow colour developed, ODg is the cell density of the culture, ¢
is the reaction time in minutes, and V is the volume in ml. Each
interaction was assessed in triplicate, and B-Gal% was calculated
in comparison to the controls. The interactions exhibiting the
manifold higher f-Gal% than their respective prey-pGBKT7-BD
combination were marked as positive while those with no or
minimal variation in respect to their corresponding control were
marked as negative.

GST pull-down assay

The DNA fragment NS3, was amplified and sub-cloned in
PGEX-4T-1 vector (GE healthcare, USA). Similarly, NAP1L1 was
amplified from pGADT7-NAPIL1 plasmid (Supplementary
S7) and into pCMV-Myc-N  vector
(Clontech, USA). The resulting recombinant clones were

Figure sub-cloned
validated by restriction enzyme (RE) analysis and sequencing.
The GST-NS3, protein was expressed in E. coli BL21 (DE3)pLysS
and confirmed using an anti-GST antibody (Invitrogen, USA). In
parallel, HEK 293 T cells were transfected with Myc-NAP1L1, and
expression was assessed using an anti-c-Myc antibody (Clontech,
USA). The protein interaction pull down was carried out using the
Pierce™ GST Protein Interaction Pull-Down Kit (Thermo
Scientific, USA) following the manufacturer’s instructions.
Subsequently, the eluted sample was analyzed using anti-GST,
anti-c-Myc, and anti-NS3 antibodies.
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Co-immunoprecipitation assay

The DNA fragment NS3, was amplified and sub-cloned in
pCMV-HA-N vector (Clontech, USA). HA-NS3; plasmid was
co-transfected with pPCMV-Myc-NAPI1LI in HeLa cells and the
cell lysate was harvested 48 h post transfection. The co-IP was
performed using Pierce c-Myc-TagIP/Co-IP Kit (Thermo
Scientific, USA) as per manufacturer’s instructions. The
then SDS-PAGE  followed
immunoblotting using anti-c-Myc, anti-HA and anti-B-actin

eluates were subjected  to

antibodies.

M2H assay

The M2H assay utilized the Matchmaker™ Mammalian
Assay Kit 2 (Clontech, USA) to quantify the secreted alkaline
phosphatase (SEAP) level in the supernatant of the mammalian
cell culture, providing an indication of PPI intensity. The
amplified NS3, and NAPILI were incorporated into the pM
and pVP16 vectors, respectively. These recombinant constructs,
along with the pG5SEAP reporter plasmid, were co-transfected
in HEK 293 T cells. SEAP activity was measured using the Great
EscAPe™ SEAP Chemiluminescence Detection Kit (Clontech,
USA) after 48 h of incubation.

Results

Construction and evaluation of an ovine
cDNA library

The quality of the total RNA extracted from sheep lung
tissue was evaluated via agarose gel electrophoresis, which
revealed distinct 28S and 18S rRNA bands, with the 28S
than that of 185 rRNA
(Supplementary Figure SI). The total RNA concentration

intensity being more

was found to be 738ng/ul with an A,4,/Ag0 ratio of 2.1.
mRNA
determined to be 375 ng/ul with an A,40/Ayg0 ratio of

Following  purification, concentration  was
2.2 and mRNA showed a smear of across the lane with a
higher intensity from 500 bp to 6 kb, indicating its high
quality for library preparation (Supplementary Figure SI).
The ds cDNA synthesized from ss cDNA displayed a
widespread smear before purification, however the smear
ranged from 500 bp to 5,000 bp post-purification
(Supplementary Figure S2). The library’s transformation

efficiency was calculated to be 5.6 x 10°/ug of pGADT7-rec

vector, representing 1.68 x 10° independent clones.
Additional parameters for evaluating library competency
were also examined (Supplementary Table S1) to

determine the library index. The insert size of the library
was calculated from the randomly selected 50 colonies and it
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ranged from 350 bp to 2,500 bp with an average fragment size
of 896 bp (Supplementary Figure S3). Since 49 out of
50 colonies were positive, the recombination rate was 98%,
indicating the library’s complexity (Supplementary Figure
§3). The PCR positive clones from the cDNA library were
sequenced by Sanger Sequencing by a commercial vendor
(Eurofins India), analyzed using nucleotide BLAST against
Nucleotide collection (nr/nt) database and deposited in the
GenBank (Supplementary Table S2). The identified protein
coding sequences were annotated in GO terms, and their
molecular function and cellular

biological processes,

compartment were determined (Supplementary Figure S4).

Construction and characterization of bait

The PCR amplified NS3; amplicon of ~345 bp was cloned
into the pGBKT7-BD vector (Supplementary Figure S5). Upon
transformation into Y2H Gold cells, the recombinant
pGBKT7-NS3; plasmid exhibited growth only on SD/-Trp
and SDO/X but not on SDO/X/A plates (Figure 1). This
confirms that the bait cannot activate the reporter genes in
Y2H Gold cells, in the absence of a prey protein. Additionally,
on SD/-Trp plates, the transformed pGBKT7-NS3, plasmid
exhibited robust growth with colony size similar to those of
the pGBKT7-53 colonies, indicating that the constructed
bait is not toxic to the yeast cells (Figure 1). The bait
protein was successfully expressed in yeast, as evidenced by
the appearance of a protein band at the expected size of
~34 kDa (Figure 2).

Two-hybrid screening of ovine library

The mating of prey library and bait resulted in a mating
efficiency of 3.14%. Approximately 4.9 x 10° clones underwent
screening, and all the recorded mating quality parameters
were found to be well above the recommended threshold
values (Supplementary Table S3). During the preliminary
65 on DDO/X/A
agar plates. When subjected to a higher-stringency QDO/X/

screening, colonies appeared blue
A screening, the number was reduced to 37. The identified
interactors were PCR amplified, sequenced, and analyzed by
BLAST search. Eight colonies were selected after excluding the
repetitive clones and insert fragment <500 bp, and plasmids

were rescued for further confirmation (Table 1).

Confirmation of positive interactions with yeast-
based assays

The interaction between the rescued prey plasmids and
bait was once again confirmed through small-scale mating
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FIGURE 1
Characterization of pGBKT7-NS3t bait for auto-activation, toxicity and expression. (A) pGBKT7-BD (empty vector) - white colonies grew in
absence of Tryptophan but not in presence of Aureobasidin A; (B) pGBKT7-NS3,-white colonies grew in absence of Tryptophan but not in presence of
Aureobasidin A and no blue colouration observed in presence of X-a-Gal indicating absence of auto-activation; (C) Positive control (0GBKT7-53 +
pGADT7-T) colonies grew blue on DDO/X/A agar plates; (D) Negative control (0GBKT7-lam + pGADT7-T) white colonies grew on SDO, DDO/X
agar plates but no colonies on DDO/X/A agar plates.{SDO - SD/-Leu/-Trp; SDO/X - SD/-Trp/X-a-gal; SDO/X/A - SD/-Trp/X-a-gal/Aureobasidin A,
DDO/X/A - SD/-Leu/-Trp/X-a-gal/Aureobasidin A}.

of individual prey and bait, along with their respective
prey controls. All the prey-bait diploids formed blue
colonies on QDO/X/A agar plates, whereas the prey
controls did not grow in same manner (Figure 3a).
Additionally, the strength of these interactions was
verified through P-Gal assays. Seven out of eight prey
proteins produced blue colour on X-gal-soaked filter
paper, while one prey (DCTN2) did not (Supplementary
Figure S6). Similarly, in the ONPG assay, seven prey-bait
exhibited higher p-Gal
DCTN2 demonstrated very low B-Gal activity, close to its

interactions activity, while
prey control, and therefore identified as negative interactor
(Figure 3b). The seven prey proteins that tested positive in

all yeast-based assays were recognized as true interactors
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and their interpretation with alternative yeast-based assays
is mentioned in Table 2.

Confirmation with GST pull-down and Co-
Immunoprecipitation assay

The coding region of NAPILI was amplified, resulting in an
expected size band of ~1,179 bp (Supplementary Figure S7)
observed during gel electrophoresis. NAP1L1 was then cloned in
the pCMV-Myc-N vector and confirmed through RE digestion
(Supplementary Figure S7) and sequencing. Expression analysis of
the c-Myc-fused NAPIL1 in transfected HEK 293 T cell lysate
revealed an anticipated band size of ~45 kDa (Figure 4a). Further,
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FIGURE 2

Western blot analysis of NS3t -BD fusion bait protein expressed in Y2H Gold cells with (a) Anti c-Myc Monoclonal Antibody (Clontech, USA) and
(b) Polyclonal rabbit Anti-NS3 antibody. Lane 1 and 3: NS3t -BD protein (~34 kDa); Lane 2: pGBKT7-53 (Positive control); Lane M1: PageRuler
Prestained ladder (Thermo Scientific, USA); Lane M2: Puregene Prestained ladder (Genetix, India).

TABLE 1 List of BTV NS3,-interacting host proteins.

S. No. Gene Symbol
1 Ovis aries EP300 interacting inhibitor of differentiation 1 EID1

2 Ovis aries ubiquitin conjugating enzyme E2 D4 (putative) UBE2D4
3 Ovis aries dynactin subunit 2, transcript variant X3 DCTN2
4 Ovis aries protein disulfide isomerase family A member 4 PDIA4

5 Ovis aries nucleosome assembly protein 1 like 1, transcript variant X9 NAPILIL
6 Ovis aries Golgin subfamily A member 2 GOLGA2
7 Ovis aries tumor susceptibility gene 101 Tsgl01

8 Ovis aries actinin alpha 1 ACTN1

NS3, was sub-cloned in the pGEX-4T-1 vector and its expression as performed to evaluate the binding ability between the GST-NS3,
a GST-fused protein in E. coli BL21 (DE3)pLysS resulted in a band and Myc-NAPIL1 fusion proteins. The pull-down elutes
with an expected size of~39 kDa (Figure 4a). A pull-down assay was determined the formation of GST-NS3-Myc-NAPIL1 protein

Published by Frontiers
Institute of Virology
Acta Virologica 06 Biomedical Research Center, Slovak Academy of Sciences


https://doi.org/10.3389/av.2026.15087

Chaple et al. 10.3389/av.2026.15087

a
pGBKT7 pGADT? DDO DDO/X/A QDO/X/A pGBKT? pGADT? DDO DDO/X/A QDO/X/A
(Bait) (Prey) (Bait) (Prey)
NS3, NS3,
GOLGA2 Tsg101
BD 8D -
NS3, NS3,
UBED24 DCTN2
BD BD
NS3, NS3,
NAP1ILY ACTN1
BD BD
NS3, NS3,
PDIA4 EID1
BD BD
b 707 pGBKT7-NS3,
J =1
60+ == pGBKT7-BD
so-
2 4
[
P
% 30+
[
& 4
20+
10+
0-
N N N N N2 N
VoS Qe S & &
é# <2 00 0@' v Q
FIGURE 3
Verification of NS3t and prey (GOLGA2/UBED24/NAP1L1/Tsg101/DCTN2/ACTN1/EID4) interactions by alternative yeast based assays (a) Small-
scale mating; and (b) ONPG liquid culture assay.
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TABLE 2 Verification of preliminary interactions with alternative yeast-based assays.

Small-scale mating (colonies Colony lift filter assay ONPG assay (relative f- Final
on QDO/X/A agar) galactosidase %)* interpretation
(+/-)
pGBKT?7- pGBKT?7- pGBKT7- pGBKT7- pGBKT?7- pGBKT?7-
NS3t+ BD+ NS3t+ BD+ NS3t+ BD+
PGADT7- PGADT7- PGADT7- pPGADT7- pGADT7- pGADT7-
prey prey prey prey prey prey
1 EID1 Blue Nil Blue Nil 25.948 0.584 +
2 UBE2D4 Blue Nil Blue Nil 39.039 0.801 +
3 DCTN2 Pale blue Nil Nil Nil 2188 1.87 -
4 PDIA4 Blue Nil Blue Nil 45.02 0.629 +
5 NAPIL1 Blue Nil Blue Nil 61.455 0.78 +
6 GOLGA2 Blue Nil Blue Nil 21.047 0.834 +
7 Tsgl01 Blue Nil Blue Nil 49.803 0.81 +
8 ACTNI1 Blue Nil Blue Nil 10.899 1.0306 +
Negative interactions in all the assays are highlighted in italics.
*Mean value.
Anti-GST
-
p
s ¢
3. x Anti-NS3
“w
45 KD -
~39Lbs  Anti-c-myc
a
b
FIGURE 4
Confirmation of NAP1L1/NS3t interaction by GST pull-down assay. (a) Expression of c-Myc fused NAP1L1 in HEK 293 T cells and GST tagged
NS3t (0GEX-NS3t) protein expressed in E.coli BL21(DE3)pLysS cells, and (b) GST Pull-down assay confirming NAP1L1/NS3t interaction.

complex, validated by the observation of the targeted bands with
anti-GST, anti-Myc, and anti-NS3 antibodies (Figure 4b),
confirming the interaction between NS3; and NAPILI in vitro.
Similarly, the interaction of NAPILI with NS3; was
examined by Co-IP. As seen in Figure 5, HA-tagged NS3, co-
precipitated with the Myc-tagged NAP1L1, whereas no HA-
tagged protein was detected in absence of NAP1LI-Myc.
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M2H assay

To validate the NS3/NAPIL1 interaction, M2H was
performed. NS3, and NAPILI were subcloned into the pM
and pVP16 vectors, respectively, and then co-transfected in
HEK 293 T cells along with reporter plasmids. The SEAP
activity was measured, revealing high SEAP activity for NS3,/
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FIGURE 5

Confirmation of NAP1L1/NS3t interaction by Co-immunoprecipitation assay. Hela cells were transfected with Myc- NAP1L1-expressing
plasmid (+), HA-NS3t—expressing plasmid (+), empty pCMV-myc vector (=), or empty pCMV-HA vector (=) for 48 h. The cells were harvested, lysed
and the lysates were immunoprecipitated. The IP antibody—antigen complexes and whole-cell lysates were subjected to immunoblot analysis (IB)

with anti-Myc, anti-HA, and anti-B-actin antibodies.

NAPIL1 and pM3-VP16 (Figure 6) compared to other controls,
confirming the interaction between NS3; and NAPILI.

Discussion

PPIs play a crucial role in cellular processes, and
understanding and mapping these interactions can help us
better understand how functional units works in biological
systems. The BTV life cycle involves complex biochemical and
biological interactions between viral and host cellular components
(Patel and Roy, 2014). The different strains of BTV vary in term of
their pathogenicity, virulence and capacity to infect mammalian
and insect hosts, highlighting the significant role of host factors for
their survival. Bluetongue virus (BTV) proteins extensively exploit
host cellular machinery throughout the replication cycle, including
entry, trafficking, egress, and immune evasion, though few such
interactions have been reported till date. The outer capsid protein
VP5 associates with host membrane lipid rafts via a conserved
SNARE-like WHXL motif essential for viral assembly
(Bhattacharya and Roy, 2008) while VP2 interacts with
vimentin intermediate filaments and is required for efficient
virus release (Bhattacharya et al., 2007). BTV NS3 along with
NS3a engages the host exocytic pathway by binding the ESCRT-I
component Tsgl01 (Wirblich et al., 2006) and NS3 also interacts
with the cellular trafficking protein S100A10/p11 (Celma and Roy,
2011) to regulate the virus egress. In addition, BTV suppresses
innate immune responses as the core protein VP3 disrupts RIG-I
signaling by targeting MAVS and the IRF3 kinase IKKe (Pourcelot
et al., 2021), while the virulence factor NS4 binds Wilms’ tumor 1-
associated protein (WTAP) as reported by Fablet et al. (2022). The
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limited understanding of how virus manipulate host cells for their
benefit, as well as how they inhibit the host’s antiviral response,
underscores the need for further studies on PPI on BTV.

Discrete techniques are available for studying host-virus PPI
with, Y2H being the most economic and widely used one by many
researchers (Sardiu and Washburn, 2011; Walhout and Vidal,
2001). Y2H has been reported to recognise the minimal interacting
domains and can demonstrate even weak protein interactions
(Paiano et al., 2019; Yang et al., 1995). High-quality, complex and
diverse cDNA libraries are essential for conductingY2H-based
screening. Previous researchers have described the construction
of Y2H-compatible libraries derived from various sources for
screening host factors interacting with several viruses (Cao and
Yan, 2013; Mahajan et al., 2015; Xu et al., 2020; Zhao et al., 2014).
Similarly, in case of BTV, Beaton et al. (2002) used a cDNA library
derived from HeLa cell line to identify the host factors interacting
with BTV. Recently, Fablet et al. (2022) studied BTV-NS4
interactions using a bovine cDNA library. Albeit, to date,
noY2H studies have been conducted using the cDNA library
derived from sheep, the most susceptible host for BTV.

In this study, we constructed a cDNA library derived from
sheep lung tissue and identified NAP1L1 as an interacting
partner of BTV NS3. Sheep is the most affected host, and
BTV replicates primarily in vascular endothelial cells (ECs),
macrophages, conventional dendritic cells (cDC), and tissues
like the lung and spleen (Saminathan et al., 2020). This is why we
chose sheep lung tissue for the library construction, as the virus
tends to localize in greater concentrations in the lungs due to its
high ECs content (DeMaula et al., 2002; Uren and Squire, 1982;
Wang et al., 1988). The SMART technique used in constructing
the ovine libraryemploys template switching and reverse
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Verification of NAP1L1/NS3t by Mammalian two-hybrid assay.

transcription properties to enhance the length of cloned
templates and the quality of the cDNA library (Kapteyn et al.,
2010; Wellenreuther et al., 2004). The constructed library has
more than one million independent clones and has passed all the
threshold parameters indicating its suitability to screen PPI by
Y2H. The ovine library can be stored at —80 °C, with a titre drop
of ~10% post-storage, allowing for future usage.

Based on our experience, using full-length NS3 as a bait
was found to be challenging (Chaple et al., 2021). Previous
studies have also mentioned the use of truncated NS3 (Beaton
et al,, 2002; Mohanty et al., 2016). The BTV NS3, bait was
analyzed for toxicity, auto-activation, and expression was
found to be suitable for pairing with the ¢cDNA library.
After going through the multiple rounds of strict screening
and yeast-based assay, we discovered seven proteins that
interacted with NS3, bait. While the NS3/Tsgl01 interaction
has been documented by Wirblich et al. (2006), the rest of the
interactions has not been reported before. We confirmed
NAPILI as a novel interacting partner with the NS3 protein
of BTV through GST pull-down and Co-IP assay, and their
interaction was also verified in mammalian cells using M2H.
The SEAP activity of the NAPIL1/NS3 interaction was
appreciably higher than that of the negative control and
comparable to that of the positive control, indicating a
legitimate interaction between NAP1L1 and BTV NS3 protein.

NAPILI is a multifunctional protein engaged in various
cellular processes such as chromatin assembly and remodelling,
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nucleo-cytoplasmic shuttling, cell-cycle regulation, transcription
regulation, and apoptosis (Park and Luger, 2006; Zlatanova
et al., 2007). It is conserved in all eukaryotes, from yeast to
humans (Ishimi and Kikuchi, 1991). Studies suggest that
NAPIL] interacts with viruses through their transcription
activating proteins (Rehtanz et al, 2004; Vardabasso et al,
2008). For example, human NAPIL1 (hNAP-1) has been
identified as an interaction partner for the E2 protein of
Bovine Papilloma virus 1 for transcription activation
using Y2H system (Rehtanz et al, 2004). Additionally,
Chikungunya virus utilizes the NAPIL1 protein to facilitate
its replication in vertebrates (Dominguez et al., 2021). Also,
NAPI1LI has been confirmed as a binding partner for Hepatitis C
virus (HCV)NS5A and NS3 protein. Besides, HCV NS5A
subverts the host innate response by targeting NAPILI,
leading to downmodulation of NF-kB, which elucidates
NAPILI’s role as antiviral effector (Cevik et al, 2017; Yin
et al, 2018). BTV NS3 has also been implicated in host
protein shutdown and is reported as an interferon (INF)
antagonist (Chauveau et al, 2013), which sheds light on
NAPILI’s potential BTV-mediated
modulation. While our study identifies NAPIL1 as potential
interacting partner for BTV NS3, we cannot definitively label
NAPIL1 as a confirmed interacting candidate for BTV
NS3 because further validation studies have not been

role in immune

conducted. Future research should include functional studies
under wild-type, overexpressed and knock-down conditions.
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In summary, we have developed a valuable useful biological
product for studying interactions between hosts and BTV. We
have screened this product for BTV NS3 and have identified
NAPIL1 as potential interactor. The interaction between
NAPIL1 and NS3 protein has been confirmed through Y2H,
GST pull-down and M2H technique. Additionally, the ovine
library we constructed could be useful for studying PPI of other
important animal pathogens.

The commercial antibodies that are used in this study are as
follows: anti-c-Myc mAb (Clontech, USA), anti-GST mAb
(Invitrogen, USA), Goat anti-Mouse IgG-HRP (SantaCruz,
USA) and Goat anti-Rabbit IgG-HRP (SantaCruz, USA).
Polyclonal rabbit anti-NS3 antibody was kindly provided by
Damian Vituor, ANSES, Paris, France.
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