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ABSTRACT 34 
 35 
Many viruses use specific viral proteins to bind calcium ions (Ca2+) for stability or to 36 

modify host cell pathways, however, to date no Ca2+ binding protein has been reported 37 

in Bluetongue virus (BTV), the causative agent of Bluetongue disease in livestock. 38 

Here, using a comprehensive bioinformatics screening, we identified a putative EF-39 

hand-like Ca2+ binding motif in the carboxyl terminal region of BTV non-structural 40 

phosphoprotein 2 (NS2). Subsequently, using a recombinant NS2, we demonstrated 41 

that NS2 binds Ca2+ efficiently and that Ca2+ binding was perturbed when the Asp and 42 

Glu residues in the motif were substituted by Alanine. Using Circular dichroism 43 

analysis, we found that Ca2+ binding by NS2 triggered a helix-to-coil secondary 44 

structure transition. Further, cryo-electron microscopy in presence of Ca2+, revealed 45 

that NS2 forms helical oligomers which, when aligned with the N-terminal domain 46 

crystal structure, suggest an N-terminal domain which wraps around the C-terminal 47 

domain in the oligomer. Further, an in vitro kinase assay demonstrated that Ca2+ 48 

enhanced the phosphorylation of NS2 significantly. Importantly, mutations introduced 49 

at the Ca2+ binding site in the viral genome by reverse genetics failed to allow recovery 50 

of viable virus and that the NS2 phosphorylation level and assembly of VIBs were 51 

reduced. Together, our data suggest that NS2 is a dedicated Ca2+ binding protein and 52 

that calcium sensing acts as a trigger for VIB assembly, which in turn facilitates virus 53 

replication and assembly. 54 

 55 

Importance 56 
 57 
After entering the host cells viruses use cellular host factors to ensure a successful 58 

virus replication process. For replication in infected cells members of Reoviridae family 59 

form an inclusion body like structure known as viral inclusion bodies (VIB) or viral 60 

factories. Bluetongue virus (BTV) forms VIBs in infected cells through non-structural 61 

protein 2 (NS2), a phosphoprotein. An important regulatory factor critical for VIB 62 

formation is phosphorylation of NS2. In our study, we discovered a characteristic 63 

calcium binding EF hand like motif in NS2 and found that the calcium binding 64 

preferentially affects phosphorylation level of the NS2 and has a role in regulating VIB 65 

assembly.   66 

 67 

 68 
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Introduction 69 

Bluetongue virus (BTV) of the Orbivirus genus in the Reoviridae family is an insect-70 

borne animal pathogen. BTV is vectored by Culicoides spp. and causes infection in 71 

vertebrate hosts (sheep, cattle and goat) in many parts of the world that has 72 

considerable economic impact. The non-enveloped BTV particle is a complex 73 

icosahedral structure, consisting of seven structural proteins (VP1 to VP7) that are 74 

organised in an outer capsid and an inner capsid (core). The outer capsid is composed 75 

of two major proteins, VP2 and VP5, and is responsible for attachment and membrane 76 

penetration. Both proteins are lost during endocytosis and the inner core is 77 

subsequently released into the cytoplasm. The BTV core consists of the remaining five 78 

proteins and the viral genome of 10 double-stranded RNA (dsRNA) segments. In 79 

addition to 7 structural proteins, also four non-structural proteins, NS1-NS4 are 80 

synthesised during virus replication. Two of these are major non-structural (NS) 81 

proteins, NS1 and NS2, which are synthesised during early infection, and each plays 82 

an essential role in virus replication. The third NS protein, NS3/NS3A is a trans-83 

membrane protein and facilitates release of the newly assembled BTV (1-3), NS4 is 84 

newly identified and its function is still not fully characterised and a fifth putative non-85 

structural protein (4-6). Previously we reported that NS3 interacts with cellular exocytic 86 

pathway protein p11 (S100A10), a protein known to facilitate Ca2+ uptake, suggesting 87 

indirect involvement of NS3 with Ca2+ related signaling pathways (1,7). Several 88 

enveloped and non-enveloped viruses employ their proteins (Tat, gp120, nef of HIV-89 

1, HBx of HBV, NSP4 of rotavirus, P7 of HCV) to modulate cellular Ca2+ haemostasis 90 

for ensuring a successful viral life cycle (8,9). For example, rotavirus expresses 91 

membrane-localising NSP4 protein that binds Ca2+ and influences Ca2+ homeostasis 92 

(9). BTV and rotavirus belong to the same family, however unlike rotavirus NSP4, a 93 

Ca2+ binding protein in BTV is yet unknown.  94 

  In this study, we used bioinformatics to identify whether any of the BTV proteins 95 

has Ca2+ binding motif. We identified EF hand-like motif in NS2 which is the only viral 96 

encoded phosphoprotein and essential for replication (10). The 357 amino acid (aa) 97 

long NS2 is the major component of viral inclusion bodies (VIBs), the sites for viral 98 

capsid assembly and genome packaging. The identified EF hand-like motif in NS2 was 99 

comparable to those found in other member proteins of EF-hand superfamily that are 100 

characteristically known for Ca2+ binding. Using recombinant purified protein, together 101 

with biochemical and biophysical analysis we demonstrated that Ca2+ binding changes 102 
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the secondary structural conformation of NS2. Moreover, our cryo-electron microscopy 103 

(CryoEM) analysis of NS2 oligomer in presence of Ca2+ exhibited a helical 104 

architecture. By site-specific targeted mutagenesis in the recombinant NS2 and in the 105 

replicating viral genome by reverse genetics, we identified the specific Ca2+ binding 106 

site of NS2 and demonstrated its importance in NS2 phosphorylation level, formation 107 

of VIBs and virus replication. Altogether, our results suggest that Ca2+ sensing by NS2 108 

influence NS2 phosphorylation and may be involved in the regulation of VIB 109 

assembly/disassembly a process critical for virus replication and the release of newly 110 

assembled cores from VIBs (2, 11). 111 

 112 

Results  113 

Computer based sequence analysis of BTV proteins reveals putative Ca2+ 114 

binding site in NS2 115 

In order to identify putative Ca2+ binding motif, we used SMART motif search program 116 

for each of the eleven BTV proteins, including seven structural proteins (VP1-VP7) 117 

and four NS proteins (12). In our linear sequence search, only NS2, exhibited 118 

signature residues (200-300aa) of EF hand like motif, found in Ca2+ binding proteins 119 

of EF hand superfamily (Fig. 1). In particular, presence of acidic amino acid, Asp and 120 

Glu in the region 250-262aa, suggests the calcium binding potential of this segment 121 

of NS2 (Fig. 1A) (13-14). However, we found that the relative positioning of signature 122 

residues of EF hand motif and Ca2+ binding residues identified in NS2 are different 123 

than that has been observed in typical EF hand containing calcium binding proteins 124 

(CaBP), thus making this putative motif less obvious. These acidic residues in NS2 125 

are continuous rather than alternate as found in the case of standard EF hand motifs 126 

(Fig. 1A). These clusters (250-262aa) of Asp (D) and Glu (E) of NS2 resemble more 127 

like “Ca2+ bowl” found in BK (big potassium) channels (15-21). Further, these Asp and 128 

Glu residues are highly conserved among different BTV serotypes indicating that the 129 

putative Ca2+ binding motif is likely to be important for BTV replication (Fig.1B).  130 

 131 

Demonstration of Ca2+ binding ability of NS2 oligomers and helix-to-coil 132 

transition in secondary structure   133 

To validate our bioinformatics analysis, we expressed NS2 in E coli, in a non-134 

phosphorylated form, purified and analysed by SDS-PAGE gel (Fig. 2A). Purified NS2, 135 

free of any bound metals and pre-treated with chelex-100, was examined for Ca2+ 136 
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binding activity during metal titration experiment through Circular Dichroism (CD). The 137 

changes in intrinsic far-UV CD spectra were recorded, as the direct measure of Ca2+ 138 

binding to purified NS2, without (apo) or with (holo) Ca2+ at the increasing 139 

concentrations of Ca2+, from 5 µM to 10 mM, to calculate the dissociation constant, Kd. 140 

NS2 showed Kd value of 53.9 (± 8.4) µM for Ca2+ binding. In comparison, another 141 

divalent ion Mg2+ when tested for NS2 binding in a parallel titration experiment with 142 

same concentrations range, showed a Kd value of 2.48 (± 0.4) mM suggesting a 143 

weaker binding of Mg2+ as compared to Ca2+ (Fig. 2B, 2C).  144 

Also, NS2 formed stably intact oligomers and eluted at an elution volume on the size 145 

exclusion column corresponding to an estimated molecular weight of ~440 kDa 146 

suggesting decamers (Fig. 2D). The stability of the oligomers was not dependent on 147 

Ca2+ binding as both apo NS2 and NS2-Ca2+ eluted at the same elution volume. To 148 

investigate further the effect of Ca2+ on NS2 secondary structure, which was largely 149 

alpha helical, we analyzed the far UV CD spectrum at optimum Ca2+ concentrations 150 

based on the prior titration experiments (Fig. 3A). NS2 showed dose dependent 151 

changes in secondary structure elements in the presence of Ca2+ (Fig. 3B). 152 

The effect of Ca2+ on NS2 spectra was diminished in the presence of 0.4M EGTA 153 

consistent with chelation of the Ca2+ ion (Fig. 3A) (18). Importantly, at a higher molar 154 

concentration of Ca2+ ([Ca2+] = 44.67 M), NS2 showed a very different CD spectrum 155 

(Fig. 3B) suggestive of a helix-to-coil transition in response to Ca2+ binding, as shown 156 

by other Ca2+ binding proteins from the EF hand superfamily, for example, Calmodulin 157 

(22). The change of helix to coil also prompted us to analyze in silico predicted 158 

secondary structure of NS2 near the Ca2+ binding site. The computer program 159 

PSIPRED suggested helix, beta strands and coils in NS2 protein in different regions, 160 

however IUPred2, a specific program to predict intrinsic unfolded regions or coil, 161 

suggested unfolded regions are mainly located near and at the Ca2+ binding site (Fig. 162 

4A, 4B) (23,24). 163 

 164 

Identification of Ca2+ binding site of NS2 165 

To determine which Asp and Glu residues in the predicted region 250-262aa, are 166 

responsible for Ca2+ binding activity, we generated a series of recombinant NS2 167 

mutant proteins by site-specific mutagenesis targeting these three sites (Fig. 1, Table 168 

1). The amino acid substitutions were introduced, by replacing negatively charged 169 
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residues Asp (D) and Glu (E) with Ala (A), a neutral amino acid, which would have 170 

minimal impact on overall protein structure, unlike deletion mutants. The NS2 alanine 171 

mutant proteins such as DDDE250-3AAAA (A1), ED256-7AA (A2) and DDE260-2AAA (A3) 172 

respectively, were then purified and analysed by gel electrophoresis to determine that 173 

each mutant protein expressed was stable and equivalent to wild type NS2 (wtNS2) 174 

(Fig. 4C). Further, size exclusion chromatography analysis of each protein, showed 175 

that all three mutant proteins appeared equivalent to wtNS2, with an approximate 176 

molecular mass of ~ 440kDa (data not shown). Prior to investigation of Ca2+ binding 177 

activity of NS2 mutants, we compared their CD spectra with the wtNS2 and calculated 178 

the estimated secondary structure elements using BeStSel program (25) (Fig. 5A). 179 

There was no significant change in the percentage of helix, beta strands or turns in 180 

mutants indicating no major changes in the secondary structure elements (Fig. 5B). 181 

CD titration analysis of each NS2 mutant protein was then performed in presence of 182 

Ca2+. The two mutants A2 and A3 showed the Kd values (~64 M, ~44 M 183 

respectively) similar to that of wtNS2 (Kd value ~54 M) suggesting not much change 184 

in the Ca2+ binding activities of mutants A2, A3 (Fig. 5C, 5D). However, the mutant A1 185 

showed weak Ca2+ binding as reflected from an increase in Kd values to ~ 150 M 186 

(Fig. 5C, 5D). Thus, the four alanine residues (250-253aa) substitutions of Glu and 187 

Asp residues have affected Ca2+ binding ability significantly, indicating the three 188 

consecutive Glu and an Asp DDDE, at aa250-253 are important for Ca2+ binding 189 

activity of NS2.  190 

 191 

Ca2+ binding enhances phosphorylation level of NS2 in vitro 192 

Since Ca2+ binding site (aa250-253) is in juxtaposition of serine residues (S249, S259), 193 

known for phosphorylation modification, it was more likely that Ca2+ mediated 194 

transition in the secondary structure elements could affect the level of NS2 195 

phosphorylation. Therefore, we undertook an in vitro kinase assay for NS2 196 

phosphorylation, a modification required for VIB assembly (2,11). Since Casein Kinase 197 

II alpha (CK2α) is responsible for NS2 phosphorylation, we used CK2α and purified 198 

unmodified NS2 as substrate (11). Our data showed that for the fixed ratio of substrate 199 

and kinase, much higher signal of γ-[32P] labelled-phosphate-group transfer to NS2 200 

was achieved in the presence of Ca2+ ions than that in the presence of Mg2+ ions (Fig. 201 

6A, 6B). Presence of Mg2+ ion showed a minimum basal level of phosphorylation of 202 
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substrate NS2, determined at two different metal ion concentrations. Taken together, 203 

of these two ions, Ca2+ binding specifically increases phosphorylation level of purified 204 

NS2 protein. Further, we did not observe any increase in the activity of CK2α for 205 

another substrate (e.g. Glutathione S-transferase, GST) in the presence of Ca2+ ions 206 

(control, data not shown). To confirm further, the specificity of Ca2+ binding activity on 207 

NS2 phosphorylation, we assessed the three NS2 mutants A1, A2 and A3 as 208 

substrates, for CK2α kinase assay in presence of Ca2+ (Fig. 6C). The NS2 mutants 209 

A2, A3 did not show any significantly change in the level of phosphorylation as 210 

compared to the wtNS2. In contrast, NS2 mutant A1 showed a marked decrease in 211 

the level of phosphorylation suggesting a critical role of calcium binding site on 212 

phosphorylation of the protein by the CK2α kinase (Fig. 6C). 213 

 214 

Subunits in NS2 oligomers are arranged in helical fashion  215 

Since NS2-Ca2+ interaction changes the percentage of helix in NS2, we investigated 216 

whether this change has any destabilizing effect on the oligomeric state of NS2. To 217 

this end, purified NS2 in the presence of Ca2+ was visualized by cryo-electron 218 

microscopy (cryoEM). In total, 159,361 particle images were selected from 2,712 219 

cryoEM micrographs and subjected to image classification to obtain 2D class 220 

averages. Particles with clear helical organizational features were observed in some 221 

2D classes (Fig. 7). The pitch and outer diameter of those helical particles were 222 

measured to be 75 Å and 91 Å, respectively (Fig. 7A & 7B), matching the parameters 223 

of the helical structure of NS2 N-terminal domain observed by X-ray crystallography 224 

(26). Modeling of the crystal structure into this cryoEM average suggests that a single 225 

turn of the NS2 helix is contributed by 10 monomers (Fig. 7C). The full-length NS2 226 

oligomer showed a helical overall structure and the N-terminal domain of NS2 227 

contributes to the formation of the helical configuration. 2D classes with clear “ring-228 

like” feature could be further assigned to helical NS2 oligomers on their front view (Fig. 229 

7B & 7D), since their outer diameter are the same as “helical particles” (Fig. 7A). 230 

Interestingly, clear density could be observed inside the “ring”, which corresponds to 231 

the center of NS2 helical shape (Fig. 7B). Considering the C-terminal end of the N-232 

terminal domain points towards the inside of the helical particle (K160, labeled as 233 

purple sphere in Fig. 7C), we propose that the C-terminal domains of NS2 are located 234 

inside the helical structure formed by the N-terminal domains of individual subunits of 235 

the helical oligomers of NS2.       236 
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  237 

Disruption of putative Ca2+ binding residues in NS2 affects virus replication.   238 

Above data demonstrated that NS2 possesses specific Ca2+ binding site. Such specific 239 

calcium binding activity is likely to influence virus fitness in infected cells. To address 240 

this issue, we introduced site directed substitution mutations in BTV genome and 241 

studied the effect using reverse genetics (RG) as described previously (27). A set of 242 

alanine substitutions mutations on NS2 were designed (Table 1). Three of these 243 

mutations in the encoding S8 segment were the same NS2 sites, A1 (DDDE250-244 

3AAAA), A2 (ED256-7AA) or A3 (DDE260-2AAA). In addition, two multi-sites mutations in 245 

S8, A1+2 (DDDE250-3AAAA + ED256-7AA), and A1+2+3 (DDDE250-3AAAA+ED256-246 

7AA+DDE260-2AAA) were created (Table1) to assess if other two sites (A2, A3) have 247 

influence on Ca2+ binding residues 250-253aa during virus replication. For a negative 248 

control, we used an available NS2 phosphorylation mutant SAA, in which 249 

phosphorylated serine sites (S249 and S259) were previously substituted by alanine 250 

residues (SAA) that perturbed virus replication (2,11). When BSR cells were 251 

transfected with each mutant S8 together with 9 remaining RNA segments for virus 252 

recovery by reverse genetics, only A2 and A3 mutant viruses were recovered 253 

successfully but not A1 or the others that included A1 mutation (A1+2, A1+2+3) (Fig. 254 

8). Subsequently each RNA cocktail was then used to transfect BS8 cells, which stably 255 

express wtNS2 protein (Segment 8) to validate the RG experiment and viability of 256 

mutant viruses. In parallel, BSR cells were also transfected similarly for comparison. 257 

Cells were fixed 48 hours post transfection. The mutant virus A2 and A3, formed 258 

plaques both in BSR and BS8 cells with similar phenotypes of wt virus and titers 259 

(PFU/mL values ~7 log10) suggesting no apparent change due to these mutations 260 

(Fig. 8). In contrast, the mutant viruses A1, A1+2 and A1+2+3 and the negative control 261 

SAA mutant virus showed typical plaque forming phenotype only in the NS2 262 

complementary BS8 cells. These data highlighted the critical role of Asp and Glu 263 

residues at 250-253aa (site A1), and further validated the RG experiment of the mutant 264 

S8 that failed to recover in normal BSR cells (Fig. 8).    265 

  To investigate further the failure of virus recovery with the mutation at the A1 266 

site, we assessed whether Asp and Glu (250-53aa) residues identified for Ca2+ sensing 267 

was critical for the NS2-triggered VIBs formation, the sites of virus assembly. BSR 268 

cells were therefore infected, with either WT virus or one of the three mutant viruses 269 

A1 (DDDE250-3AAAA), A2 (ED256-7AA) or A3 (DDE260-2AAA) recovered from the NS2 270 
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complementary BS8 cells and VIBs morphology in the infected BSR cells was 271 

visualized by confocal microscopy. Changes in the average size (area in µm2) of VIBs 272 

in cells infected with WT and mutant viruses were quantified. Cells infected with A1 273 

mutant virus showed smaller VIBs as compared to the VIBs in the WT virus infected 274 

cells, however mutants A2, A3 showed no significant change in average size of VIBs 275 

(Fig. 9). The A1 mutant virus after infection in cell showed ~1.6-fold smaller VIBs than 276 

WT virus infected cells, (Fig. 9B). Taken together, these data suggest that Ca2+ binding 277 

Asp and Glu residues in aa250-253 has role in VIB formation and virus replication, 278 

consistent with the in vitro Ca2+ binding and kinase assay data (Fig. 2, Fig.6). 279 

 280 

NS2 phosphorylation decreases following disruption of putative Ca2+ binding 281 

motifs in NS2.   282 

To obtain direct evidence on whether the defective Ca2+ binding motif resulting 283 

diminished VIBs was due to poor phosphorylation of NS2, BSR cells were infected 284 

with WT and the mutant viruses in addition to NS2 phosphorylation negative mutant 285 

SAA, following optimized protocol for BTV (11). BSR cells were infected with the 286 

viruses at MOI = 1 and NS2 purified by immuno-precipitation (11). Pull-downs were 287 

confirmed by western blot and the gel stained with Pro-Q Diamond phosphoprotein gel 288 

stain followed by densitometry to determine the relative phosphorylation states. NS2 289 

phosphorylation for mutants A2 and A3 was not significantly different from the wt, 290 

however NS2 phosphorylation in mutant A1 was significantly reduced (~70%). The 291 

SAA mutant virus showed no phosphorylation in BSR cells as previously reported (Fig. 292 

10) (11). The decrease in phosphorylation in mutant A1 is consistent with the data 293 

obtained from in vitro phosphorylation experiment and poor Ca2+ binding observed 294 

from CD (Fig. 5, Fig. 6). These data indicate that poor Ca2+ binding, due to disruption 295 

of Asp and Glu amino acid residues in Ca2+ binding motif (250-253aa), specifically 296 

interfere with NS2 phosphorylation in cells infected with Ca2+ mutant virus. 297 

 298 

Discussion  299 

Several viruses are known to synthesize Ca2+-binding proteins containing EF hand-300 

like motif (28). Our in-silico methods predicted the presence of a unique EF hand-like 301 

calcium binding motif in NS2, resembling more like a “Ca2+ bowl” like structure with 302 

clusters of Asp and Glu residues. The absence of a high-resolution structure of full 303 

length NS2 limits our understanding of the detailed structural features of the “Ca2+ 304 
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bowl”.  Therefore, we have taken a genetic approach to validate the predicted Ca2+ 305 

binding activity of this region.  We tested alanine substitution of these residues by 306 

generating recombinant mutant NS2 proteins, A1, A2, and A3 targeting three sites of 307 

the putative Ca2+ binding region. Our biochemical and biophysical experiments with 308 

these mutant proteins demonstrated that NS2 is indeed a Ca2+ binding protein and the 309 

binding of Ca2+ to the negatively charged residues in the A1 site (aa 250-253) is highly 310 

specific. Our data also suggest that this unusual “Ca2+ bowl” like motif of NS2 acts as 311 

a Ca2+ sensor. In addition, in the presence of a specific chelating agent such as EGTA, 312 

the CD spectrum of NS2-Ca2+ was partially reversed. Further, like several other CaBP, 313 

NS2 also demonstrated a contrasting change in the percentage of helix in NS2 (helix-314 

to-coil) upon Ca2+ binding in far UV-CD spectroscopic measurements. The Ca2+ 315 

concentrations used in the far UV-CD experiments was to a 1:1 stoichiometry 316 

(approximately) with NS2, which is a decamer in purified form. More importantly when 317 

we introduced the same mutations in the NS2 encoding gene of replicating viral 318 

genome, A1 mutation failed to recover infectious virus and plaque formation, reflecting 319 

the importance of the Ca2+ sensing activity of NS2 for the production of infectious virus. 320 

 To investigate the mechanism behind failure of virus recovery, we tested effect 321 

of calcium binding mutants on the phosphorylation state of NS2 protein both in vitro 322 

(recombinant NS2 protein) and in vivo (NS2 expressed by mutant virus particles in 323 

cells). In our in vitro kinase assay, the level of phosphorylation was increased in the 324 

presence of Ca2+, indicating that Ca2+ mediated changes in secondary structural 325 

elements in NS2 might have led to better access to the phosphorylation sites to the 326 

enzyme. The data from the kinase assay was consistent with the CD data on Ca2+ 327 

mediated changes in secondary structural elements (helix) in NS2. These Ca2+ 328 

induced changes in NS2 is significant, although it does not appear to destabilize its 329 

oligomeric state, as revealed by cryo-EM analysis and size exclusion chromatography. 330 

This suggests that it is the oligomeric NS2 that senses the Ca2+ ions possibly through 331 

coordination between the protomers rather than individual monomeric subunits 332 

independently sensing Ca2+ ions and forming a decamer. Interestingly, a ring-like 333 

shape was inferred for full-length NS2 based on negative-stain electron microscopy 334 

(29). In this study, CryoEM analysis of full-length NS2 shows that the subunits are 335 

arranged in helical configuration (10 subunits / pitch). In vivo, similar effects on 336 

phosphorylation state of NS2 in cells infected with mutant virus suggests crucial role 337 
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of NS2 in host’s calcium homeostasis, which possibly is linked to the wider role of NS2 338 

in VIB assembly/disassembly.      339 

 Several viral proteins are reported to alter cellular calcium homeostasis to 340 

assist viral life cycle, by modulating mainly membrane-associated Ca2+ pumps. For 341 

instance, HBx of HBV, modulate Ca2+ pumps at the plasma membrane (30), viral 342 

proteins such as Vpr (HIV-1) modulates Ca2+ pumps associated with mitochondrial 343 

membranes (31) and NSP4 of rotavirus (Reoviridae) do the same to Ca2+ pumps at 344 

the Endoplasmic Reticulum (32). It is noteworthy that although NS2 is largely cytosolic 345 

not localising to any membrane, yet it demonstrates significant potential to manipulate 346 

host’s Ca2+ signaling through characteristic calcium binding motif (EF hand-like) during 347 

the assembly of VIBs, the viral assembly factories.  348 

 Specifically, different members of Reoviridae family also form similar VIB-like 349 

structures (referred as viral factories or viroplasms in rotavirus/reovirus), although 350 

each having their own unique features (33,34). One of the important regulatory factors 351 

critical for VIBs/viroplasms assembly is phosphorylation of viral proteins, such as 352 

NSP2 of rotavirus and NS2 of BTV, which controls self-oligomerization of VIB-forming 353 

viral proteins (2,33). Thus, our study provides further insights on the mechanism 354 

behind the regulation of this phosphorylation of VIB forming protein NS2 in BTV. We 355 

found that Ca2+ binding preferentially affects phosphorylation level of the NS2, 356 

suggesting the broader relevance of NS2 in the context of modulating Ca2+ related 357 

signaling. During VIB assembly in the infected cells, phosphorylated NS2 is produced 358 

abundantly and its level can be correlated with the abundance of CaBP calmodulin. 359 

These NS2 molecules play multiple roles such as recruiting different RNA segments, 360 

self-oligomerization forming large inclusion bodies for replication and viral genome 361 

packaging. The complex mechanism of assembly and disassembly of VIBs must be 362 

reversible and precisely regulated such that it is in sync with several other cellular 363 

processes, which is necessary to avoid any aggregate formation within the host cells 364 

during the assembly/disassembly.  365 

 Ca2+ signaling controls diverse cellular processes. Understanding the details of 366 

NS2-Ca2+ interaction greatly expands our knowledge of VIB assembly and 367 

disassembly in the context of calcium homeostasis of the cell (35-41). Although the 368 

details of the complex mechanism of VIB assembly is not well understood, the 369 

importance of phosphorylation of NS2 in VIB assembly was clearly demonstrated in 370 

our earlier study where mutations of serine residues S249, S259 (phosphorylation site) 371 
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aborted VIB assembly (2). In light of our current data, we propose a model of NS2 372 

mediated VIB assembly in which the Ca2+ sensing activity of NS2 is linked to its 373 

phosphorylation status (2,11), which in turn control the VIB assembly required for virus 374 

replication and genome packaging.  375 

 376 

Materials and Methods 377 

Construction of expression plasmids, protein purification and gel filtration 378 

Based on the SMART motif search results (12), the plasmids for NS2 mutants were 379 

 generated by the QuikChange mutagenesis method (Agilent Technologies) from the 380 

 expression plasmids pET 15b-NS2 for bacterial expression and pCAG NS2 for 381 

 mammalian cell expression (27,42). Plasmids used for reverse genetics were 382 

 pCAGGS BTV1 protein expression plasmids (pCAG-VP1, pCAG-VP3, pCAG-VP4, 383 

 pCAG-VP6, pCAG-NS2) and T7 plasmids for BTV transcripts as previously 384 

 described (27). Site-directed mutagenesis of BTV1 NS2 was performed in both T7 385 

 plasmid for segment 8 (encoding NS2) template, pET15b-NS2 and pCAG-NS2 386 

 template, using the following mutagenic primers (5’−3’): DDD250-2AAA 387 

 (AGGTGAAGACTCTGAGTGCCGCTGCTGAACAAGGTGAGGATGC), ED256-7AA 388 

 (CGATGATGAACAAGGTGCGGCTGCGAGTGACGATGAAC) and DDE260-2AAA 389 

 (CAAGGTGAGGATGCGAGTGCCGCTGCACACCCAAAAACTCATA). Obtained 390 

 mutants were sequenced using internal NS2 primers in order to confirm the 391 

 presence of the desired mutation(s). The wild type NS2 and mutant proteins were 392 

 expressed in the E. coli bacteria strain BL21 (DE3) pLysS. The culture was grown at 393 

 37 °C until OD600 nm reached 0.5-0.6 and induced with 0.5 mM IPTG. The bacterial 394 

 cultures were grown at 37 °C for the next 4 hours, post induction. Cells were then 395 

 lysed for the protein purification. The Ni-NTA affinity purification was used, to purify 396 

 the wild type and mutant proteins eluting in the presence of 250 mM Imidazole 397 

 (Elution buffer: 20mM Tris-HCl, 150 mM NaCl, pH 7.4, 250 mM Imidazole). In order 398 

 to remove traces of nucleic acid from the purified protein, samples were treated with 399 

 Benzonase® Nuclease or Micrococcal Nuclease where necessary. For gel filtration     400 

 Superdex® 200 10/300 GL (GE/Cytiva) column was used in running buffer 20 mM 401 

 HEPES, 100mM NaCl, pH 7.4 at the flow rate of 0.2 mL per minute.  402 

 403 

Circular dichroism 404 
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The circular dichroism (CD) spectra of wild type apo NS2 (treated with Chelex-100 405 

 resin, Bio-Rad) were recorded in CD buffer (20 mM HEPES, 100mM NaCl, pH 7.4) 406 

 at room temperature (20 °C). All buffers were pre-treated with Chelex-100 resin to 407 

 remove divalent metal ions contaminants. For Calcium binding studies the apo NS2 408 

 sample was titrated with Ca2+ salts in increasing concentration. Far ultra-violet (UV) 409 

 CD spectrum data were collected from 260 –195 nm with a 0.5 mm rectangular cell 410 

 path length at 20 °C on the Applied Photophysics Chirascan & Chirascan Plus 411 

 spectrometers (Leatherhead, UK) attached to a Peltier unit (Quantum NorthWest 412 

 TC125). The UV & CD spectra were smoothed (window factor of 4, Savitzky-Golay 413 

 method) and analyzed using Origin V6 and APL Prodata Viewer v4.2.15. For 414 

 comparative metal ion titration experiments, same preparation of wtNS2 protein 415 

sample was  aliquoted in two halves just before titration on CD instrument. Equal 416 

amount of Ca2+ and Mg2+ were added to each tube respectively in the increasing 417 

concentrations to obtain same concentrations for two metal ions. The Ca2+ or Mg2+ 418 

concentrations were taken from 5 μM to 10 mM range. For Kd measurement CD222nm 419 

was plotted (Y axis) for each Ca2+ concentrations (X-axis) and Kd value was derived 420 

using Graphpad Prism choosing inbuilt one-site total function for nonlinear regression 421 

(curve fit). Likewise, similar concentrations of mutant proteins A1, A2, A3 were used 422 

for titration and similar Ca2+ concentration range (5μM to 10mM) was studied.       423 

In vitro kinase assay with [γ-32P] – ATP 424 

For the kinase assay, substrate protein NS2 (6X-His tag) and kinase enzyme CK2 425 

 (GST tag) were expressed separately in E.coli cells and purified using nickel and 426 

 glutathione sepharose respectively. The kinase reaction was conducted in a 50 µL of 427 

 reaction-mixture volume in 1X reaction buffer (20mM Tris, 100mM NaCl, pH 7.4, 428 

 1mM DTT). The reaction tubes were prepared by adding two different concentrations 429 

 of Mg2+ or Ca2+ while keeping the substrate (0.7mg/mL) and enzyme (0.4mg/mL) 430 

 concentrations unchanged. For another tubes different mutants of NS2 was added 431 

 with Ca2+. The reaction was started by adding 10 µCi of γ-[32P] ATP (Pekin Elmer, 432 

 250 µCi) and 0.5mM ATP in each tube at the interval of 15s.  Additional 1X buffer 433 

 was added to the tubes to adjust the dilution factor and making each tube up to 50 434 

 µL of reaction volume. The reaction tubes were then incubated for 30 minutes at 37 435 

 °C. After incubation, the reaction tube was boiled in SDS sample buffer and loaded 436 
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 on SDS-PAGE to run at 90V 3 hours. The SDS-PAGE gel was then dried, exposed 437 

 to film and observed under imager.  438 

 439 

CryoEM sample preparation, image collection and data processing  440 

For cryoEM, 2.5 µL of NS2 in 20mM Tris, 150mM NaCl, pH 7.4, supplemented with 441 

 0.1mM CaCl2), was applied to thin continuous carbon film on lacey grid (Ted Pella) 442 

 and blotted using a Vitrobot Mark IV (Thermo Fisher Scientific) with the standard 443 

 Vitrobot filter paper at 4°C. The blotting time was set to 6 s, blotting force was set to 444 

 2 and drain time was set to 1s. The grid was flash-frozen in liquid ethane and stored 445 

 in liquid nitrogen. 2,712 micrographs were collected on a Titan Krios 300 kV electron 446 

 microscope (Thermo Fisher Scientific) equipped with a Gatan imaging filter (GIF) 447 

 Quantum LS and a Gatan K2 Summit direct electron detector operated in super-448 

 resolution mode at magnification of 130K (calibrated pixel size of 0.535 Å on the 449 

 sample level). The GIF slit width was set to 20 eV. The dose rate on the camera was 450 

 set to ~6.5 electrons/pixel/s. The total exposure time of each movie was 8 s, which 451 

 fractionated into 40 frames of images with 0.2 s exposure time for each frame. Dose-452 

 fractionated frames were 2x binned (pixel size 1.07 Å) and aligned for beam-induced 453 

 drift correction using UCSF MotionCorr2 (43). The defocus values of the 454 

 micrographs were determined by CTFFIND4 (44) to be in the range of -1.0 m and -455 

 4.0 m. From a total of 2,712 micrographs, 463,691 particles were boxed out in 400 456 

 x 400 square pixels and 2x binned to 200 x 200 square pixels (pixel size of 2.14 Å) to 457 

 speed up further data processing with RELION 3.0 (45). After one round of 2D 458 

 classification,159,361 particles (34.4% of all particles) were selected and subjected 459 

 to the second round of 2D classification. Represented 2D classes are selected and 460 

 used for the measurement of pitch and diameter of spiral NS2 oligomers. 461 

Cells, viruses and reverse genetics 462 

BSR cells (BHK-21 subclone) or BS8 (BSR cells stably expressing NS2/Segment of 463 

BTV) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 464 

with 5% (v/v) fetal bovine serum (FBS) at 35°C in 5% CO2. Media for BS8 was also 465 

supplemented with puromycin. Each mutant and wild type virus were recovered (either 466 

from BSR or BS8 cells) by reverse genetics as previously described (27). Each 467 

recovered virus was plaque-purified, amplified and titrated using plaque assay. For 468 

reverse genetics: Synthetic single-stranded RNAs were prepared by runoff in vitro 469 
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transcription from T7 PCR products using T7 RNA polymerase. Transcripts were 470 

prepared with anti-reverse cap analogue (ARCA) using mMESSAGE mMACHINE T7 471 

Ultra kit (Ambion) as previously described (27). Reverse genetics was performed as 472 

previously described (27). Briefly, at day 1, 70–80% confluent BSR monolayers were 473 

transfected with pCAG-VP1, pCAG-VP3, pCAG-VP4, pCAG-VP6 and wild-type or 474 

mutated pCAG-NS2 (120 ng each) using Endofectin (GeneCopoeia), according to the 475 

manufacturer’s instructions and incubated at 35°C in 5% CO2 overnight. At day 2, the 476 

cells were transfected with each BTV1 exact copies RNA transcripts (S8 wild-type or 477 

mutated) using Endofectin (GeneCopoeia), overlaid with 1% agarose and incubated 3 478 

days at 35°C in 5% CO2. Visible plaques were picked up and resuspended in 1% FBS 479 

containing medium, and/or cells were subsequently fixed with 10% formaldehyde and 480 

stained with crystal violet. Each recovered virus was plaque-purified, amplified and 481 

harvested 3 days post infection. Viruses were titrated using plaque assay. 482 

   483 

Immunofluorescence and VIB analysis from microscopy data 484 

BSR cells were grown on coverslips and infected at MOI 1 (Multiplicity of infection) 485 

 with NS2 wild-type or mutant recovered viruses. Twenty-four hours post infection 486 

 cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) solution, permeabilized 487 

 with 0.5 % Triton X100 (Sigma), blocked with 1% BSA (Bovine Serum Albumin, 488 

 Sigma), and subsequently stained using a guinea pig anti-NS2 primary antibody (lab 489 

 made) and an anti-guinea pig Alexa 488 coupled secondary antibody (Thermo Fisher 490 

 Scientific). Nuclei were stained using Hoechst 33342 (Thermo Fisher Scientific). 491 

 Images were acquired using an x100 oil objective and a Zeiss Axiovert LSM880 492 

 confocal microscope supplied with the Zen software. For each infection condition 493 

 (wild type virus versus A1, A2 or A3 mutant viruses, Table 1), five fields were 494 

 randomly selected and z-stacks (14 to 19 slices) were acquired (x:1912, y:1912, 12-495 

 bit). Each field contained in average 17 infected cells, and the experiment was 496 

 repeated three times independently. Maximum intensity projection of each z-stack 497 

 was performed using the Zen software and obtained images were further processed 498 

 using the ImageJ software (version 1.52a, http://imagej/nih.gov/ij). Only particles 499 

 (i.e., VIBs) with a size > 0.5µm2 were selected for particle analysis. The experiment 500 

 was performed three times and in total 1600 VIBs were used for the wild-type virus, 501 

 764 VIBs for the DDD250-2AAA mutant, 1534 VIBs for the ED256-7AA mutant and 1597 502 

 VIBs for the DDE260-2AAA mutant virus respectively. 503 
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 504 

Immuno-precipitation and Phosphoprotein staining 505 

NS2 was purified from BTV1 infected BSR cells (MOI=1) after 18 hours.  Cells were 506 

 washed with PBS before lysis.  Cells were lysed in lysis buffer (50 mM Tris-HCl (pH 507 

 7.5), 125 mM NaCl, 5 % Glycerol, 0.2 % NP-40, 1.5 mM MgCl2, 25 mM NaF, 1 mM 508 

 Na3VO4, 1 mM Beta-glycerophosphate, 10 mM sodium pyrophosphate and protease 509 

 inhibitor) for 30 minutes on ice.  Lysates were centrifuged at 800g for 15 minutes.  510 

 Supernatants were recovered and added to protein A sepharose beads conjugated 511 

 to Guinea-pig anti-NS2 and were incubated on ice overnight.  Samples were 512 

 centrifuged at 2,000g for 2 minutes. The supernatant was removed and the protein A 513 

 sepharose beads washed with lysis buffer.  Samples were centrifuged at 2,000g for 514 

 2 minutes.  This wash process was repeated 4 times.  SDS loading buffer was then 515 

 added to the protein A sepharose beads before being boiled. SDS-PAGE gels were 516 

 stained with Pro-Q Diamond phosphoprotein gel stain (ThermoFisher).  For stain, the 517 

 respective fluorescence was detected and quantified. 518 

 519 
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Table 1: Alanine substitution mutations of NS2 669 

Alanine mutants Abbreviations 

S249A + S259A SAA 

DDDE250-3AAAA A1 

ED256-7AA  A2 

DDE260-2AAA  A3 

DDDE250-3AAAA + ED256-7AA A1+ 2 

DDDE250-3AAAA + ED256-7AA + DDE260-2AAA  A 1+2+3 

 670 
Figure legends 671 

Figure 1: Sequence analysis of the BTV1 NS2 protein. (A) Amino acid sequence 672 

of NS2 (residues 204-300) with signature residues of the EF hand motif highlighted in 673 

bold and location of the three putative calcium binding sites (A1, A2, A3) containing 674 

Aspartic acid and Glutamic acid residues are indicated. (B) Amino acid sequence 675 

alignment showing the conservation of the three putative calcium binding sites in NS2 676 

among 24 different BTV serotypes.  677 

Figure 2: Calcium binding by NS2 and its oligomeric state. Purified NS2 was pre-678 

treated with Chelex 100 resin and then incubated with different Ca2+ concentrations (5 679 

μM to 10 mM range) and analysed by circular dichroism. (A) The NS2 protein was 680 

expressed in E. coli and analysed by SDS-PAGE gel followed by Coomassie blue 681 

staining. M is the molecular mass markers as shown. (B) Far UV CD spectra of Ca2+ 682 

titration binding by NS2 protein represented in Log 10 scale. Binding constant (Kd) 683 

values of NS2 protein with Ca2+ (Kd = 53.9 ± 8.4 µM, red)
 

and Mg2+ (Kd = 2.48 ± 0.4 684 

mM, black). (C) The plot of Ca2+ titration binding in linear scale to show saturation 685 

points. (D) Size exclusion chromatography showing both apo NS2 (grey line) and in 686 

presence of Ca2+ (red line), were eluted at the elution volume corresponding to a 687 

marker protein of 440 kDa. 688 

Figure 3: Helix-to-Coil transition of NS2 in presence of Ca2+. Analysis of CD 689 

spectra in presence of Ca2+ (A) Far UV spectrum of 8.3 µM NS2 apo alone (green 690 

line), in the presence of 0.66 µM Ca2+ (red line), and in the presence of 0.66 µM Ca2+ 691 

and 0.4µM EGTA (cyan line). (B) Far UV spectrum of 5.5 µM NS2 apo alone (green), 692 

in the presence of 4.67 µM Ca2+ (orange) and in the presence of 44.67 µM Ca2+ (red).  693 

Figure 4: Secondary structure prediction of purified wildtype and Ca2+mutant 694 

NS2 proteins. (A) Secondary structure prediction of NS2 using PSIPRED (23) 695 
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showing amino acid regions for predicted beta strand (yellow), helix (pink) and coil 696 

(grey). (B) Intrinsic unfolded regions predicted by IUPred2 (24) shows high propensity 697 

of unfolding near and at Ca2+ site (black line). X-axis is amino acid positions and Y-698 

axis is probability score 0 to 1. (C) Coomassie blue stained SDS-PAGE of the wt and 699 

NS2 mutant proteins. M is the molecular mass markers.  700 

Figure 5: CD spectra and Ca2+ binding by NS2 mutants. Purified wtNS2 and 701 

mutants A1, A2, A3 were analysed by circular dichroism (A) Comparative far UV CD 702 

spectra of wtNS2 (black circles) and mutants A1 (red), A2 (green), A3 (cyan). (B) 703 

Estimation of percent secondary structure contents from far UV CD spectra (n=3). 704 

Other predicted secondary structure elements such as, 3-10 helix, bends, 705 

irregular/loops, π-helix are represented as “others”. A star (*) denotes a significant 706 

difference from control (P < 0.05) (n=3) (C) Far UV CD spectra of Ca2+ titration binding 707 

by NS2 mutant proteins represented in Log 10 scale. The Kd (μM) values of mutants 708 

A3 (Kd = 44 ± 2.4, cyan), A2 (Kd = 64 ± 1.8, green) and A1 (Kd = 150 ± 3.2, red). (D) 709 

is the plot of Ca2+ titration in linear scale to show saturation points.  710 

 711 

Figure 6: Phosphorylation of NS2 increases in the presence of calcium during 712 

in vitro kinase assay. Phosphorylation levels of NS2 by CK2 kinase was determined 713 

by the intensity of γ-32P signal transferred to NS2. (A) wtNS2 phosphorylation levels 714 

in the absence of CK2α (negative control, -ve), with CK2α before metal binding (Apo) 715 

and in the presence of Mg2+ and Ca2+. Phosphorylation levels in NS2 mutants A1, A2 716 

and A3 in presence of Ca2+. NS2 loading control is shown in lower panel (B) NS2 717 

phosphorylation levels in the presence of different concentrations (1µM, 2µM) of Mg2+ 718 

(left)
 

and Ca2+ (right). Both blots were scanned together (C) Densitometry analysis of 719 

blot, for wild type NS2 and mutants in presence of Ca2+, from (A). The P value was 720 

determined from the t – test of values for γ-32P intensity (n=3).    721 

Figure 7. Cryo-electron microscopy of NS2 oligomer. (A-B) Representative class 722 

averages of cryo-EM side (A) and front (B) views of NS2. The pitch and diameter of 723 

NS2 helix are measured based on the 2D class average results. (C) Ribbon and 724 

surface representations of oligomeric NS2 N-terminal domains. The model is 725 

generated based on the crystal structure of NS2 N-terminal domain (PDB: 1UTY, 22) 726 

and related crystal packing information. The C-terminal ends of each NS2 N-terminal 727 

domain (residue K160) are labelled as purple spheres. (D) CryoEM 2D classification 728 

result of 159,361 particles. 2D classes of NS2 particles on their side and front views 729 
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are boxed in red and yellow, respectively. Numbers 1, 3, 8,16, 20 denote subunits of 730 

N-terminal domain. 731 

Figure 8: Disruption of putative Ca2+ binding motifs in NS2 affects plaque 732 

formation. BSR and BS8 cell monolayers were transfected with wt and each mutant 733 

S8 (Ca2+ binding site) together with the 9 RNA segments. SAA mutant was used as a 734 

negative control and mock was without any transfection. Images show plaques in 735 

transfected BSR and BS8 cells. 736 

Figure 9: Viruses mutated in calcium binding motif showed smaller VIBs. (A) 737 

Intracellular localization of wt or mutant NS2 24h after infection.  Immunofluorescence 738 

analysis showed smaller VIBs in cells infected with the mutant A1 as compared to 739 

those infected with the wt virus.  NS2, green (Alexa 488), Nuclei, blue (Hoechst 740 

staining). Scale bars, 20 μm. (B) Quantification of the average size of VIBs calculated 741 

as area (in μm2) from the microscopy data (n=3). A star (*) denotes a significant 742 

difference from control (P < 0.05). 743 

Figure 10: NS2 phosphorylation decreases following disruption of putative Ca2+ 744 

binding motifs in NS2. Quantification of NS2 phosphoproteins to total proteins 745 

staining data from replicate experiments plotted in bar diagram. Error bars represent 746 

the SD values from three independent experiments. A star (*) denotes a significant 747 

difference from control (P < 0.05) (n=3). 748 
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