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Abstract 19 
Viral infection triggers activation of the integrated stress response (ISR). In response to 20 
viral double-stranded RNA (dsRNA), RNA-activated protein kinase (PKR) 21 
phosphorylates the translation initiation factor eIF2, converting it from a translation 22 
initiator into a potent translation inhibitor and this restricts the synthesis of viral proteins. 23 
Phosphorylated eIF2 (eIF2-P) inhibits translation by binding to eIF2’s dedicated, 24 
heterodecameric nucleotide exchange factor eIF2B and conformationally inactivating it. 25 
We show that the NSs protein of Sandfly Fever Sicilian virus (SFSV) allows the virus to 26 
evade the ISR. Mechanistically, NSs tightly binds to eIF2B (KD = 43 nM), blocks eIF2-P 27 
binding, and rescues eIF2B GEF activity. Cryo-EM structures demonstrate that SFSV 28 
NSs and eIF2-P directly compete, with the primary NSs contacts to eIF2Bα mediated by 29 
five ‘aromatic fingers’. NSs binding preserves eIF2B activity by maintaining eIF2B’s 30 
conformation in its active A-State.  31 
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Introduction 32 
 33 
The Integrated Stress Response (ISR) is a conserved eukaryotic stress response 34 
network that, upon activation by a diverse set of stressors, profoundly reprograms 35 
translation. It is coordinated by at least four stress-responsive kinases: PERK 36 
(responsive to protein misfolding in the endoplasmic reticulum), PKR (responsive to viral 37 
infection), HRI (responsive to heme deficiency and oxidative and mitochondrial 38 
stresses), and GCN2 (responsive to nutrient deprivation) [1-4]. All four known ISR 39 
kinases converge on the phosphorylation of a single serine (S51) of the α subunit of the 40 
general translation initiation factor eIF2. Under non-stress conditions, eIF2 forms a 41 
ternary complex (TC) with methionyl initiator tRNA (Met-tRNAi) and GTP. This complex 42 
performs the critical task of delivering the first amino acid to ribosomes at AUG initiation 43 
codons. Upon S51 phosphorylation, eIF2 is converted from a substrate to an inhibitor of 44 
its dedicated nucleotide exchange factor (GEF) eIF2B. GEF inhibition results from 45 
binding of eIF2-P in a new, inhibitory binding orientation on eIF2B, where it elicits 46 
allosteric changes to antagonize eIF2 binding and additionally compromise eIF2B’s 47 
intrinsic enzymatic activity [5, 6]. 48 
 49 
eIF2B is a two-fold symmetric heterodecamer composed of 2 copies each of α, β, δ, γ, 50 
and ε subunits [7-10]. eIF2B can exist in a range of stable subcomplexes (eIF2Bβδγε 51 
tetramers and eIF2Bα2 dimers) if the concentrations of its constituent subunits are 52 
altered [5, 8, 9, 11]. While earlier models suggested eIF2B assembly to be rate-limiting 53 
and a potential regulatory step, recent work by us and others show that eIF2B in cells 54 
primarily exists in its fully assembled decameric, enzymatically active state [5, 6]. Cryo-55 
EM studies of various eIF2B complexes elucidated the mechanisms of nucleotide 56 
exchange and ISR inhibition through eIF2-P binding [5, 6, 12-15]. Under non-stress 57 
conditions, eIF2 engages eIF2B through multiple interfaces along a path spanning the 58 
heterodecamer. In this arrangement, eIF2α binding to eIF2B critically positions the 59 
GTPase domain in eIF2’s γ subunit, allowing for efficient catalysis of nucleotide 60 
exchange. eIF2B’s catalytically active conformation (‘A-State’) becomes switched to an 61 
inactive conformation upon eIF2-P binding (Inhibited or ‘I-State’), which displays altered 62 
substrate-binding interfaces. I-State eIF2B(αβδγε)2 exhibits enzymatic activity and 63 
substrate engagement akin to the tetrameric eIF2Bβδγε subcomplex, hence eIF2-P 64 
inhibition of eIF2B converts the decamer into conjoined tetramers, which reduces its 65 
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GEF activity, lowers the cell’s TC concentration, and results in ISR-dependent 66 
translational reprogramming. 67 
 68 
Viruses hijack the host cell’s protein synthesis machinery to produce viral proteins and 69 
package new viral particles. Numerous host countermeasures have evolved. In the 70 
context of the ISR, double-stranded RNA (dsRNA), a by-product of viral replication, 71 
triggers dimerization and autophosphorylation of PKR [3, 16]. In this activated state PKR 72 
phosphorylates eIF2, which then binds to and inhibits eIF2B. As such, cells 73 
downregulate mRNA translation as a strategy to slow the production of virions. Viruses, 74 
in turn, enact strategies of evasion. Indeed, viral evasion strategies acting at each step 75 
of ISR activation have been observed. Influenza virus, for example, masks its dsRNA 76 
[17, 18]. Rift Valley Fever virus (RVFV) encodes an effector protein that degrades PKR 77 
[19]. Hepatitis C virus blocks PKR dimerization [20]. Vaccinia virus encodes a 78 
pseudosubstrate as a PKR decoy [21]. Herpes simplex virus can dephosphorylate eIF2-79 
P [22],. And some coronavirus and picornavirus proteins appear to block the eIF2B-eIF2-80 
P interaction [23]. This evolutionary arms race between host and pathogen can provide 81 
invaluable tools and insights into the critical mechanisms of the ISR, as well as other 82 
cellular stress responses.  83 
 84 
Here, we investigated the previously unknown mechanism by which Sandfly Fever 85 
Sicilian virus (SFSV) evades the ISR. SFSV and RVFV are both members of the genus 86 
Phlebovirus (order Bunyavirales) which encode an evolutionarily related non-structural 87 
protein (NSs) [24-26]. Across the phleboviruses, NSs serves to counteract the antiviral 88 
interferon response, but NSs proteins perform other functions as well [27, 28]. Unlike the 89 
RVFV NSs which degrades PKR, SFSV NSs does not impact the levels or 90 
phosphorylation status of PKR or eIF2 [19, 29]. Instead, it binds to eIF2B, inhibiting the 91 
ISR. The mechanistic basis of this inhibition was previously unclear. We here provide 92 
cellular, biochemical, and structural insight into this question, showing that the SFSV 93 
NSs evades all branches of the ISR by binding to eIF2B and selectively blocking eIF2-P 94 
binding, thereby maintaining eIF2B in its active A-State.  95 
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Results 96 
 97 
The SFSV NSs is a pan ISR inhibitor 98 
To dissect the role of the SFSV NSs (henceforth referred to as NSs) in ISR modulation, 99 
we engineered cells stably expressing either an empty vector, a functional NSs 100 
(NSs::FLAG), or a non-functional NSs (FLAG::NSs) (Extended Data Fig. 1). As 101 
previously reported, the NSs with a C-terminal FLAG tag (NSs::FLAG) should retain its 102 
PKR-evading properties while tagging at the N-terminus (FLAG::NSs) blocks this 103 
functionality [29]. These constructs were genomically integrated into our previously 104 
generated ISR reporter system, in which both changes in ATF4 translation and general 105 
translation can be monitored [5]. Both NSs::FLAG and FLAG::NSs were stably 106 
expressed in these cells without impacting the levels of key ISR components (eIF2B, 107 
eIF2, PKR, PERK) (Fig. 1a). The apparent differences in band intensity between 108 
NSs::FLAG and FLAG::NSs may reflect differences in protein stability or, perhaps more 109 
likely, differences in antibody affinity for the FLAG epitope at the respective C- and N-110 
terminal tagging locations.  111 
 112 
To ask whether NSs is a pan-ISR inhibitor capable of dampening ISR activation 113 
irrespective of any particular ISR activating kinase, we chemically activated PERK, HRI, 114 
and GCN2 with thapsigargin, oligomycin, and glutamine deprivation / synthetase 115 
inhibition through L-methionine sulfoximine, respectively. NSs::FLAG expression 116 
dampened the increases in ATF4 translation brought about by activation of any of the 117 
kinases (Fig. 1b-d). NSs::FLAG also maintained general translation levels in the 118 
thapsigargin and oligomycin treated cells (Fig. 1b,c). Notably, in the context of GCN2 119 
activation, general translation comparably decreased at the highest levels of stress 120 
regardless of NSs status (Fig. 1d). This observation likely reflects the additional stress 121 
responses that react to reduced amino acid levels, as well as the fact that while the ISR 122 
controls translation initiation, ribosome-engaged mRNAs still need sufficient levels of 123 
amino acids to be successfully translated. On the whole, these data therefore show that 124 
the NSs is a pan-ISR inhibitor akin to the small molecule ISRIB, which binds to eIF2B 125 
and counteracts the ISR by allosterically blocking eIF2-P binding and promoting eIF2B 126 
complex assembly when eIF2B’s decameric state is compromised [5, 6, 30]. 127 
 128 
NSs binds decameric eIF2B exclusively 129 
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To explain the mechanism by which NSs inhibits the ISR, we purified NSs expressed in 130 
mammalian cells (Fig. 2a,b). We next validated that NSs binds to eIF2B in vitro by 131 
immobilizing distinct eIF2B complexes on agarose beads and incubating them with an 132 
excess of NSs (Fig. 2c). As expected, NSs binds to the fully assembled eIF2B(αβδγε)2 133 
decamers (Lane 4). Notably, it did not bind to eIF2Bβδγε tetramers (Lane 5) or to 134 
eIF2Bα2 dimers (Lane 6). The NSs interaction with eIF2B thus either spans multiple 135 
interfaces that are only completed in the fully assembled complex or interacts with a 136 
region of eIF2B that undergoes a conformational change when in the fully assembled 137 
state. 138 
 139 
To quantitatively assess NSs binding to eIF2B, we employed surface plasmon 140 
resonance (SPR) experiments to determine the affinity of NSs for the various eIF2B 141 
complexes (Fig. 2d-f). The NSs interaction with decameric eIF2B could be modeled 142 
using one-phase association and dissociation kinetics. NSs binds to decameric eIF2B 143 
with a KD of 43 nM (ka = 2.0 x 105 M-1s-1, kd = 8.7 x 10-3 s-1) (Fig. 2d). In this orthogonal 144 
approach, we again observed no detectable binding of NSs to eIF2Bβδγε tetramers or 145 
eIF2Bα2 dimers (Fig. 2e,f). 146 
 147 
NSs rescues eIF2B activity by blocking eIF2-P binding 148 
We next sought to explain the mechanism of NSs inhibition of the ISR using our 149 
established in vitro systems for studying eIF2B. As is the case with the small molecule 150 
ISRIB, NSs did not impact the intrinsic nucleotide exchange activity of eIF2B as 151 
monitored by a fluorescent BODIPY-FL-GDP loading assay (Extended Data Fig. 2). To 152 
mimic the conditions during ISR activation, we repeated our nucleotide exchange assay 153 
in the presence of the inhibitory eIF2α-P (Fig. 3a). As expected, eIF2α-P inhibited eIF2B 154 
GEF activity (t1/2 =  13.4 min, s.e.m. = 1.5 min), but increasing concentrations of NSs (25 155 
nM: t1/2 = 9.2 min, s.e.m. = 1.2 min; 100 nM: t1/2 = 6.2 min, s.e.m. = 0.5 min) overcame 156 
the inhibitory effects of eIF2α-P and fully rescued eIF2B GEF activity (uninhibited t1/2 =  157 
6.3 min, s.e.m. = 0.6 min).  158 
 159 
As NSs’ ability to affect eIF2B activity manifests in the presence of eIF2α-P, we 160 
wondered whether NSs blocks eIF2α-P binding to eIF2B. To test this notion, we utilized 161 
a fluorescent ISRIB analog (FAM-ISRIB) that emits light with a higher degree of 162 
polarization when bound to eIF2B, compared to being free in solution (Fig. 3b, black and 163 
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red dots on the Y axis, respectively). It has been previously shown that eIF2α-P binding 164 
to eIF2B antagonizes FAM-ISRIB binding by shifting eIF2B into a conformation 165 
incapable of binding ISRIB or its analogs (Fig. 3b, blue dot on the Y axis) [5, 6]. A 166 
titration of NSs into this reaction recovered FAM-ISRIB polarization (EC50 = 72 nM, 167 
s.e.m. = 9 nM), indicating that NSs engages eIF2B and disrupts eIF2α-P’s inhibitory 168 
binding. To directly show this antagonism, we immobilized eIF2B decamers on agarose 169 
beads and incubated with combinations of NSs and eIF2α-P, using a NSs concentration 170 
(1 μM) >10x above the EC50 from Fig. 3b (72 nM) to ensure a complete blockade of 171 
eIF2α-P binding (Fig. 3c). While individually, both eIF2α-P and NSs bound to eIF2B (Fig. 172 
3c, lanes 4 and 5, respectively), in the presence of saturating NSs, eIF2α-P no longer 173 
bound eIF2B (Fig. 3c, lane 6). Together, these results demonstrate that the NSs is a 174 
potent inhibitor of eIF2-P binding.  175 
 176 
NSs binds to eIF2B at the eIF2α-P binding site and keeps eIF2B in the active A-177 
State 178 
Having established that the NSs blocks eIF2-P binding to eIF2B, we next assessed 179 
whether NSs is an allosteric regulator of eIF2-P binding (as is the case with ISRIB) or, 180 
alternatively, whether it directly competes with eIF2-P binding. To answer this question 181 
and to rigorously determine NSs’ interactions with eIF2B, we turned to cryoEM. To 182 
obtain a homogeneous sample suitable for structural studies, we mixed full-length NSs 183 
with decameric eIF2B at a 3:1 molar ratio. We then prepared the sample for cryo-EM 184 
imaging and determined the structure of the eIF2B-NSs complex. 185 
 186 
3D classification with no symmetry assumptions yielded a distinct class of 137,093 187 
particles. Refinement of this class resulted in a map with an average resolution of 2.6 Å 188 
(Extended Data Fig. 3). After docking the individual eIF2B subunits into the recorded 189 
density, we observed significant extra density next to both eIF2Bα subunits, indicating 190 
that two copies of NSs are bound to each eIF2B decamer (Extended Data Fig. 3). The 191 
local resolution of the NSs ranges from 2.5 Å (regions close to eIF2B) to >4.0 Å 192 
(periphery), with most of the side chain densities clearly visible (Extended Data Fig. 3. 193 
To build the molecular model for NSs, we split the protein into two domains. The C-194 
terminal domain was built using the crystal structure of the C-terminal domain of the 195 
RVFV NSs (PDB ID: 5OOO) as a homology model (43.8% sequence similarity with the 196 
C-terminal domain of the SFSV NSs (residues 85-261)) (Extended Data Fig. 4) [31]. The 197 
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N-terminal domain of the NSs (residues 1-84) was built de novo (Extended Data Table 198 
1). The high resolution map allowed us to build a model for the majority of NSs. The map 199 
quality of both NSs molecules are comparable, and their molecular models are nearly 200 
identical (root mean square deviation (RMSD) ≈ 0.2 Å). We henceforth focus our 201 
analysis on one of them (chain K).  202 
 203 
Two copies of NSs bind to one decameric eIF2B in a symmetric manner (Fig. 4a). An 204 
overlay of the NSs-bound eIF2B and the eIF2α-P-bound eIF2B structures (PDB ID: 205 
6O9Z) shows a significant clash between the NSs and eIF2-αP, indicating that, unlike 206 
the allosteric regulator ISRIB, NSs binds in direct competition with eIF2α-P (Fig. 4d-f). 207 
Interestingly, whereas eIF2α-P forms extensive interactions with both the α and the δ 208 
subunits of eIF2B, the NSs mainly interacts with the eIF2Bα subunit. The expansive 209 
interactions between eIF2α-P and both eIF2Bα and eIF2Bδ mediate a shift in eIF2B’s 210 
conformation from eIF2B’s enzymatically active A-state to its inhibited I-state [5, 6]. 211 
Thus, despite binding to a region known to influence eIF2B’s conformation, an overlay of 212 
the NSs-bound eIF2B and apo-eIF2B shows that the overall conformation of eIF2B in 213 
the two structures are virtually identical (Fig. 4b). By contrast, the eIF2B-NSs and eIF2B-214 
eIF2α-P overlay shows major conformational differences (Fig. 4c). Together, these 215 
structural data, paired with our in vitro assays, show that the NSs grants SFSV evasion 216 
of the ISR by directly competing off eIF2-P and restoring eIF2B to its enzymatically 217 
active A-state. 218 
 219 
NSs uses a novel protein fold containing aromatic fingers to bind eIF2B  220 
Next, we sought to interrogate the molecular details of the NSs-eIF2B interaction. As 221 
mentioned above, NSs consists of two domains. Its N-terminal domain (amino acids 1-222 
84) consists of six β strands and interacts directly with eIF2B. A search in the DALI 223 
protein structure comparison server did not reveal any hits, suggesting a novel protein 224 
fold. β strands 1 and 2 and β strands 3 and 4 form two antiparallel β sheets and fold on 225 
top of the C-terminal domain (Extended Data Fig. 5b). The C-terminal domain (amino 226 
acids 85-261) is largely α-helical and presumably supports the folding of the N-terminal 227 
domain, as truncating the C-terminal domain results in the complete loss of NSs activity 228 
in terms of ISR evasion (Extended Data Fig. 6). Also, despite the moderate sequence 229 
conservation of the C-terminal domain of the SFSV NSs and the RVFV NSs, their 230 
structures overlay extensively  (RMSD ≈ 1.4 Å, Extended Data Fig. 5).  231 
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 232 
The surface of the N-terminal domain forms a hand shape that grips the alpha helices of 233 
eIF2Bα, akin to a koala grabbing a eucalyptus branch (Fig. 5a, Extended Data Fig. 8). In 234 
this arrangement, the N-terminal domain extends three loops that contact eIF2Bα. The 235 
first two loops sit in a groove between helices α3 and α4 and the third loop just below 236 
helix α3, effectively sandwiching helix α3 (Fig. 5b). Together, the three loops extend five 237 
aromatic amino acids to contact eIF2Bα. We refer to these aromatic amino acids as 238 
“aromatic fingers”. On the top side of helix α3, the side chain of NSs Y5 forms a cation-p 239 
interaction with eIF2Bα R74 and its backbone carbonyl forms a hydrogen bond with 240 
eIF2Bα R46 (Fig. 5d). NSs F5 forms a cation-p interaction with eIF2Bα R46, and 241 
hydrophobic stacking with eIF2Bα I42. NSs F33 stacks against the backbone of eIF2Bα 242 
Y304 and L305, as well as the aliphatic region of eIF2Bα R74. On the bottom side of 243 
helix α3, NSs F80 stacks against a hydrophobic groove formed by eIF2Bα I7, F33 and 244 
A52 (Fig. 5e). NSs Y79 forms a polar interaction with eIF2Bα D37, completing the 245 
extensive interaction network of the NSs’ aromatic fingers with the α helices in eIF2Bα. 246 
In addition, the side chain of NSs H36 and the backbone carbonyl of NSs T35 both 247 
contact eIF2Bδ R321. The side chain of NSs D37 also forms an ionic interaction with 248 
eIF2Bδ R321, although the distance is close to 4.0 Å, suggesting a weak interaction. 249 
These three amino acids account for the only interactions with eIF2Bδ (Fig. 5c).  250 
 251 
To validate the functional importance of the eIF2Bα-facing aromatic fingers, we mutated 252 
them in pairs or singly to alanines (Y5A/F7A, Y79A/F80A, and F33A) and stably 253 
expressed these NSs variants in the dual ISR reporter cells. The point mutations did not 254 
compromise NSs stability and, as with WT NSs, did not affect eIF2 or eIF2B subunit 255 
levels (Fig. 6a). Upon stress, eIF2α became phosphorylated in all cell lines, but only in 256 
cells expressing WT NSs::FLAG was ATF4 translation blunted (Fig. 6a). A similar picture 257 
emerged from analysis of the fluorescent ISR reporter signals. Whereas wild-type NSs 258 
inhibited the translation of ATF4 and maintained general translation at roughly normal 259 
levels, all the point mutants tested broke the NSs’ function as an ISR evader (Fig. 6b). 260 
All 5 eIF2Bα-facing aromatic fingers thus appear critical for NSs binding to eIF2B.  261 
 262 
We additionally assessed the importance of the eIF2Bδ-facing residues – generating 263 
stable lines with alanine mutations (H36A and D37A). As we saw with mutation of the 264 
aromatic fingers, neither H36A nor D37A impaired NSs translation or impacted eIF2 or 265 
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eIF2B subunit levels, but ISR evasion as monitored by ATF4 translation became 266 
compromised (Fig. 6c). Notably, NSs::FLAG (H36A) displayed an intermediate 267 
phenotype in the ATF4 and general translation reporter assays, suggesting that while 268 
this mutation compromises NSs binding it does not appear to entirely break the 269 
interaction (Fig. 6d). In contrast, NSs::FLAG (D37A) expressing cells appear unable to 270 
resist ISR activation. Although the structure suggests only a mild ionic interaction 271 
between NSs D37 and eIF2Bδ R321, we reason the D37A mutation might not only break 272 
the ionic interaction, but also potentially alter the conformation of the loop. As a result, 273 
V38 would move, disrupting its stacking with M6, an amino acid next to two aromatic 274 
fingers (Y5 and F7) (Extended Data Fig. 7). Thus, changes to D37 and H36 could result 275 
in the repositioning of the eIF2Bα-facing aromatic fingers, leading to a complete loss of 276 
NSs interaction with eIF2B. Together, these data provide a rationale for NSs’ potent and 277 
selective binding to only fully assembled eIF2B(αβδγε)2 decamers.  278 
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Discussion 279 
 280 
As one of the strategies in the evolutionary arms race between viruses and the host cells 281 
they infect, mammalian cells activate the ISR to temporarily shut down translation, thus 282 
preventing the synthesis of viral proteins. Viruses, in turn, have evolved ways to evade 283 
the ISR, typically by disarming the PKR branch through countermeasures that lead to 284 
decreased levels of eIF2-P, thus allowing translation to continue. In this study, we show 285 
that SFSV expresses a protein (NSs) that allows it to evade not just PKR-mediated ISR 286 
activation, but all four branches of the ISR, through a mechanism that exploits the 287 
conformational flexibility of eIF2B. NSs is an antagonistic mimic of eIF2B’s inhibitor eIF2-288 
P, deploying an overlapping binding site. Whereas eIF2-P shifts eIF2B to its inactive I-289 
State conformation by closing the angle between the eIF2Bα and eIF2Bδ subunits, NSs 290 
engages the enzyme to opposite effect, binding to an overlapping site with eIF2-P but 291 
preserving the angle between eIF2Bα and eIF2Bδ and locking it into its active A-State 292 
conformation. 293 
 294 
 295 
Previously, we and others showed that the GEF activity of eIF2B is modulated 296 
conformationally: eIF2B’s substrate (eIF2) binding stabilizes it in the A-state, whereas its 297 
inhibitor (eIF2-P) binding induces a hinge motion between the two tetrameric halves, 298 
resulting in a conformation that cannot engage the substrate optimally (I-state) [5, 6]. 299 
Our structure shows that NSs antagonizes the endogenous inhibitor (eIF2-P) by directly 300 
competing it off and stabilizing eIF2B in the active conformation. Thus, while NSs binds 301 
to the inhibitor-binding site, it does not induce the conformational change that the 302 
inhibitor binding induces. This mechanism is reminiscent of the antagonistic inhibition of 303 
GPCRs, such as the β adrenergic receptors, where binding of an agonist ligand shifts 304 
the receptor to its active conformation, whereas binding of an antagonist ligand occupies 305 
an overlapping but not identical binding site that lacks contacts required to induce the 306 
activating conformational change [32-35]. NSs, however, is an antagonist of an inhibitor 307 
(eIF2-P). Thus, by inhibiting an inhibition, it actually works as an eIF2B activator under 308 
conditions where eIF2-P is present and the ISR is induced. 309 
 310 
In its ability to modulate eIF2B, NSs is not unique among viral proteins. The beluga 311 
whale coronavirus (Bw-CoV) protein AcP10 likewise allows evasion of the host cell ISR 312 
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by interacting with eIF2B, as does the picornavirus AiVL protein [23]. It was suggested 313 
that AcP10 makes contacts with eIF2Bα and eIF2Bδ, akin to NSs, and hence may act 314 
through a similar mechanism by antagonizing eIF2-P, although no structural information 315 
is yet available. By primary sequence comparison, AcP10, AiVL, and NSs show no 316 
recognizable homology with one another, indicating that viruses have evolved at least 317 
three – and likely more – different ways to exploit the eIF2α-P binding site on eIF2B to 318 
shut off the ISR. Therefore, inhibiting the eIF2B-eIF2-P interaction through the 319 
antagonistic mimicry of eIF2-P could also be a general strategy used by many viruses. 320 
 321 
Our structure and mutational analysis suggest that the binding of different parts of NSs 322 
to eIF2B occurs in a highly cooperative manner. While the amino acids facing eIF2Bδ do 323 
not seem to make sufficiently intimate contacts to provide a significant contribution to the 324 
enthalpic binding energy, changing them disrupts binding. It is plausible that the contacts 325 
of NSs with eIF2Bδ allow the optimal positioning of the aromatic fingers through 326 
allosteric communications between the loops and thus license NSs for tight binding. 327 
 328 
The structure of the eIF2B-NSs complex reveals a previously unknown site on eIF2B 329 
that is potentially druggable. Unlike ISRIB, which activates eIF2B through binding to a 330 
narrow pocket at the center of eIF2B and stapling the two tetrameric halves together at a 331 
precise distance and angle, NSs binds to a different interface on the opposite side of the 332 
protein. With ISRIB-derivatives showing extreme promise to alleviate cognitive 333 
dysfunction in animal studies of various neurological disorders and recently progressing 334 
into the clinic for Phase I human trials, developing therapeutics that modulate the ISR 335 
has never been more relevant [36]. 336 
 337 
Across phleboviruses, all characterized members of the family of related NSs proteins 338 
also counteract the host’s interferon response [25, 26]. For RVFV, this functionality is 339 
contained within the structurally conserved C-terminal domain, which nonetheless varies 340 
quite heavily in sequence space [27, 28, 37, 38]. A strict functional conservation does 341 
not appear to be the case for the N-terminal domain. Although this domain serves to 342 
evade PKR in some phleboviruses such as RVFV and SFSV, it accomplishes it through 343 
entirely different means: degradation of PKR in RVFV and antagonism of eIF2-P binding 344 
to eIF2B in SFSV [19, 29]. The NSs is thus a bispecific molecule – a multitool of sorts. 345 
The C-terminal domain may serve as a scaffold containing a core functionality upon 346 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 8, 2021. ; https://doi.org/10.1101/2021.06.07.447473doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.07.447473
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

which the N-terminal domain may be free to evolve, exploring diverse functionalities and 347 
mechanisms. It is exciting to speculate whether anti-PKR properties of the N-terminal 348 
domain, as we identified for SFSV NSs, are commonly found across phleboviruses and 349 
whether still other PKR evasion strategies can be found. 350 
 351 
Aberrant ISR activation underlies many neurological disorders (Traumatic Brain Injury, 352 
Down’s Syndrome, Alzheimer’s Disease, Amyotrophic Lateral Sclerosis), as well as 353 
certain cancers (metastatic prostate cancer) [36, 39-43]. Virotherapy, where viruses are 354 
used as a therapeutic agent for particular diseases, has seen the most success in the 355 
realm of cancer treatment where the infection either directly attacks cancer cells 356 
(oncolytic virotherapy) or serves to activate host defenses which target virus and cancer 357 
alike [44, 45]. Indeed, decades of evidence have shown that cancer patients that 358 
experience an unrelated viral infection can show signs of improvement, paving the way 359 
for the generation of genetically engineered oncolytic viruses that have only just received 360 
FDA approval in the last decade [46, 47]. With our ever-growing understanding of 361 
diverse host-virus interactions, a whole host of new virotherapies are imaginable that 362 
can exploit the evolved functionalities of viral proteins such as the NSs.  363 
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Figures364 

 365 
Fig. 1: The SFSV NSs is a pan-ISR inhibitor 366 
(a) Western blot of K562 cell extracts. Loading of all lanes was normalized to total 367 
protein. (b-d) ATF4 and General Translation reporter levels as monitored by flow 368 
cytometry. Trimethoprim, which is necessary to stabilize the ecDHFR::mScarlet-i and 369 
ecDHFR::mNeonGreen translation reporters, was at 20 μM for all conditions. (b) 370 
Samples after 3 h of thapsigargin and trimethoprim treatment. (c) Samples after 3 h of 371 
oligomycin and trimethoprim treatment. (d) Samples after 4 h of glutamine deprivation, L-372 
methionine sulfoximine, and trimethoprim treatment. 373 
For (a), PERK and GAPDH, PKR and eIF2α, and eIF2Bε and NSs (FLAG) are from the 374 
same gels, respectively. eIF2Bδ is from its own gel. For (b-d), biological replicates: n = 3. 375 
All error bars represent s.e.m.  376 
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 377 
Fig. 2: NSs specifically binds to eIF2B(αβδγε)2 decamers 378 
(a) Size exclusion chromatogram (Superdex 200 Increase 10/300 GL) during NSs 379 
purification from Expi293 cells. (b) Coomassie Blue staining of purified NSs. (c) Western 380 
blot of purified protein recovered after incubation with eIF2B(αβδγε)2, eIF2Bβδγε, or 381 
eIF2Bα2 immobilized on Anti-protein C antibody conjugated resin. For eIF2B(αβδγε)2 and 382 
eIF2Bα2, eIF2Bα was protein C tagged. eIF2Bβ was protein C tagged for eIF2Bβδγε. (d-383 
f) SPR of immobilized (d) eIF2B(αβδγε)2, (e) eIF2Bβδγε, and (f) eIF2Bα2 binding to NSs. 384 
For eIF2B(αβδγε)2 and eIF2Bβδγε, eIF2Bβ was Avi-tagged and biotinylated. For 385 
eIF2Bα2, eIF2Bα was Avi-tagged and biotinylated. Concentration series (125 nM, 62.5 386 
nM, 31.25 nM, 15.625 nM) consistent across all 3 conditions. For (c), eIF2Bβ and 387 
eIF2Bα, and eIF2Bδ and NSs (6xHIS) are from the same gels, respectively. eIF2Bε is 388 
from its own gel.   389 
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 390 
Fig. 3: NSs grants ISR evasion by antagonizing eIF2α-P binding to eIF2B 391 
(a) GEF activity of eIF2B as assessed by BODIPY-FL-GDP exchange. eIF2B(αβδγε)2 at 392 
10 nM throughout. t1/2 = 6.3 min (No eIF2α-P), 6.2 min (2 μM eIF2α-P + 100 nM NSs), 393 
9.2 min (2 μM eIF2α-P + 25 nM NSs), and 13.4 min (2 μM eIF2α-P + 100 nM NSs). (b) 394 
Plot of fluorescence polarization signal before (red) and after incubation of FAM-ISRIB 395 
(2.5 nM) with 100 nM eIF2B(αβδγε)2 (black) or 100 nM eIF2B(αβδγε)2 + 5.6 μM eIF2α-P 396 
(blue) and varying concentrations of NSs. (c) Western blot of purified protein recovered 397 
after incubation with eIF2B(αβδγε)2 immobilized on Anti-protein C antibody conjugated 398 
resin. eIF2Bα was protein C tagged.  399 
For (c), eIF2Bε and eIF2α-P, eIF2Bβ and eIF2Bα, and eIF2Bδ and NSs (6xHIS) are from 400 
the same gels, respectively. For (a-b), biological replicates: n = 3. All error bars 401 
represent s.e.m.  402 
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 403 
Fig. 4: Overall architecture of the eIF2B-NSs complex 404 
(a) Cryo-EM map of the eIF2B-NSs complex. (b) Overlay of the apo eIF2B structure 405 
(PDB ID: 7L70) and the eIF2B-NSs structure shows that the overall conformation of 406 
eIF2B is nearly identical between the NSs-bound state and the apo state. (c) Overlay of 407 
the eIF2B-eIF2α-P complex structure (PDB ID: 6O9Z) and the eIF2B-NSs structure 408 
shows a 7.5° hinge movement between the two eIF2B halves. (d) and (e) Both NSs and 409 
eIF2α-P bind to eIF2B at the cleft between eIF2Bα and eIF2Bδ. (d) NSs mainly contacts 410 
eIF2Bα, whereas (e) eIF2α-P makes extensive contacts to both eIF2Bα and eIF2Bδ. (f) 411 
Comparison between the surfaces of NSs and eIF2α-P showing a significant overlay 412 
between the two.   413 
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 414 
Fig. 5: NSs latches on to eIF2B with its aromatic fingers 415 
(a) Surface representation of NSs showing that it grips the alpha helices of eIF2Bα. (b) 416 
NSs extends five aromatic amino acids in three short loops to contact eIF2Bα. They 417 
contact helices α3 and α4 of eIF2Bα. The backbone of T35 and the side chains of H36 418 
and D37 of NSs make contact with eIF2Bδ (c) Zoomed in view of panel b showing the 419 
interaction between H36 and D37 with eIF2Bδ. (d) and (e) Zoomed-in view of panel b 420 
showing the detailed interactions between the five main aromatic amino acids and 421 
eIF2Bα. Each polar-polar or cation-p interaction is denoted by a dashed line. NSs is 422 
colored in gold and eIF2B in blue.  423 
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 424 
Fig. 6: All 5 aromatic fingers are required for NSs evasion of the ISR 425 
(a and c) Western blot of K562 cell extracts 3 h after treatment with 50 nM thapsigargin. 426 
Loading of all lanes was normalized to total protein. (b and d) ATF4 and General 427 
Translation reporter levels as monitored by flow cytometry after 3 h of thapsigargin and 428 
trimethoprim (20 μM) treatment.  429 
For (a), ATF4 and eIF2α, eIF2Bε and NSs (FLAG), and eIF2Bδ and eIF2α-P are from 430 
the same gels, respectively. GAPDH is from its own gel. For (c), ATF4 and GAPDH, 431 
eIF2Bε and NSs (FLAG), and eIF2Bδ and eIF2α-P are from the same gels, respectively. 432 
eIF2α is from its own gel. For (b), biological replicates: n = 3. For (d), biological 433 
replicates: n = 4. All error bars represent s.e.m.  434 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 8, 2021. ; https://doi.org/10.1101/2021.06.07.447473doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.07.447473
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

 435 
Fig. 7: Model for regulation of eIF2B activity.  436 
Like the small molecule ISRIB and the substrate eIF2, NSs binds to and stabilizes the 437 
active, “wings up” conformation of eIF2B (A-State). eIF2-P induces the inhibited “wings 438 
down” conformation of eIF2B (I-State).  439 
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Extended Data 440 
 441 

 442 
Extended Data Fig. 1: Design of NSs expression constructs  443 
A schematic of the NSs expression constructs stably integrated (lentivirus) into the 444 
genome.   445 
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 446 
Extended Data Fig. 2: Effect of NSs alone on eIF2B nucleotide exchange  447 
GEF activity of eIF2B as assessed by BODIPY-FL-GDP exchange. BODIPY-FL-GDP 448 
fluorescence increases when bound to protein. t1/2 = 3.6 min, s.e.m. = 0.5 min (No NSs) 449 
and 3.4 min, s.e.m. = 0.5 min (100 nM NSs). eIF2B(αβδγε)2 at 10 nM throughout. 450 
Biological replicates: n = 2.  451 
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 452 
Extended Data Fig. 3: Cryo-EM data analysis flow 453 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 8, 2021. ; https://doi.org/10.1101/2021.06.07.447473doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.07.447473
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

(a) Representative micrograph of the eIF2B-NSs sample. (b) Data processing scheme 454 
for reconstruction of eIF2B-NSs assembly. (c) Fourier shell correlation (FSC) plots of the 455 
3D reconstructions of the eIF2B-NSs complex masked (orange), unmasked (blue) (d) 456 
Orientation angle distribution of the eIF2B-NSs complex reconstruction. (e) Local 457 
resolution map of the eIF2B-NSs complex showing that the N-terminal region of NSs that 458 
contacts eIF2B is well-resolved, and the C-terminal region of NSs that faces the solution 459 
is more dynamic. (f) Electron microscopy maps of different regions of the NSs structure 460 
in the eIF2B-NSs complex showing the quality of the data and the fit of the model.   461 
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 462 
Extended Data Fig. 4: Primary sequence alignment of the SFSV NSs and the RVFV 463 
NSs 464 
Alignment shows that the primary sequence between the two NSs shares 43.2% 465 
similarity and most of the aromatic finger amino acids (in cyan boxes) in the SFSV NSs 466 
are not conserved in the RVFV NSs.  467 
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 468 
Extended Data Fig. 5: Structural comparision between the SFSV NSs and the RVFV 469 
NSs 470 
(a) Overlay of the RVFV NSs C-terminal domain structure (PDB ID: 5OOO, chain A) to 471 
the SFSV NSs showing that the C-terminal domain of the two NSs share similar overal 472 
structures. However, it is the N-terminal domain that forms direct contact with eIF2B. (b) 473 
Zoomed in view of panel a showing the structural similarity between the C-terminal 474 
domains fo the two NSs.  475 
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 476 
Extended Data Fig. 6: Effect of NSs truncations on protein function  477 
(a) ATF4 and (b) General Translation reporter levels as monitored by flow cytometry 478 
after 3 h of thapsigargin (100 nM) and trimethoprim (20 μM) treatment. ATF4 and 479 
General Translation reporter levels are show for the population of BFP+ cells (that is, 480 
cells that have stably integrated the NSs expression constructs). NSs truncation 481 
abolishes its ISR evasion functionality, either by destabilizing protein synthesis or, more 482 
specifically, the interaction with eIF2B.  483 
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 484 
Extended Data Fig. 7: Cooperative binding of NSs loops  485 
Zoomed in view of the NSs loops interaction with eIF2B. The conformation of the 486 
eIF2Bδ-facing amino acids (H36 and D37) could affect the positioning of V38, which 487 
forms hydrophobic stacking with M6. This stacking interaction may be important for the 488 
optimal positioning of Y5 and F7, the two main aromatic fingers facing eIF2Bα, thus 489 
contributing to NSs-eIF2B binding.  490 
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 491 
Extended Data Fig. 8: Schematic overview of the aromatic fingers 492 
(a) Cartoon representation of the NSs aromatic fingers interacting with eIF2Bα. A koala 493 
was chosen to illustrate this interaction as their hands have three fingers and two 494 
opposable thumbs that grab onto branches from opposite sides in a geometry similar to 495 
how NSs grabs onto eIF2Bα (b) Zoomed out view of panel a.496 
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 Extended Data Table 1 497 
  498 

Structure eIF2B-NSs complex 
 

Data collection  
Microscope  Titan Krios 
Voltage (keV) 300 
Nominal magnification 105000x 
Exposure navigation Image shift 
Electron dose (e-Å-2) 67 
Dose rate (e-/pixel/sec) 8 
Detector  K3 summit 
Pixel size (Å) 0.835 
Defocus range (μm) 0.6-2.0 
Micrographs  2143 

 
Reconstruction 

Total extracted particles (no.) 1055439 
Final particles (no.) 137093 
Symmetry imposed C1 
FSC average resolution, masked 
(Å) 

2.6 

FSC average resolution, 
unmasked (Å) 

3.7 

Applied B-factor (Å) 76.2 
Reconstruction package Cryosparc 2.15 

 
Refinement 

Protein residues 3661 
Ligands   0 
RMSD Bond lengths (Å) 0.002 
RMSD Bond angles (o) 0.606 
Ramachandran  outliers (%) 0.06 
Ramachandran  allowed (%) 5.46 
Ramachandran  favored (%) 94.49 
Poor rotamers (%) 6.25 
CaBLAM outliers (%) 2.92 
Molprobity score 2.38 
Clash score (all atoms) 7.28 
B-factors (protein) 104.43 
B-factors (ligands) N/A 
EMRinger Score  3.02 
Refinement package Phenix 1.17.1-3660-000 
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Extended Data Table 2 499 
 500 

Plasmid Description Antibiotic 

pMS113 NSs::6xHIS for Expi293 expression / purification Ampicillin 

pMS085 Empty Vector for lentiviral integration Ampicillin 

pMS110 NSs::FLAG for lentiviral integration Ampicillin 

pMS111 FLAG::NSs for lentiviral integration Ampicillin 

pMS119 Truncated NSs (aa 1-89) for lentiviral integration Ampicillin 

pMS120 Truncated NSs (aa 1-137) for lentiviral integration Ampicillin 

pMS121 Truncated NSs (aa 1-155) for lentiviral integration Ampicillin 

pMS122 Truncated NSs (aa 1-185) for lentiviral integration Ampicillin 

pMS123 Truncated NSs (aa 1-213) for lentiviral integration Ampicillin 

pMS127 NSs::FLAG (Y5A/F7A) for lentiviral integration Ampicillin 

pMS128 NSs::FLAG (Y79A/F80A) for lentiviral integration Ampicillin 

pMS129 NSs::FLAG (F33A) for lentiviral integration Ampicillin 

pMS132 NSs::FLAG (H36A) for lentiviral integration Ampicillin 

pMS134 NSs::FLAG (D37A) for lentiviral integration Ampicillin 

pMS001 E. coli expression plasmid for eIF2Bδ and Avi-tagged eIF2Bβ  Chloramphenicol 

pMS003 
E. coli expression plasmid for eIF2Bδ and Protein C-tagged 

eIF2Bβ  

Chloramphenicol 

pMS026 E. coli expression plasmid for Avi-tagged eIF2Bα Ampicillin 

  501 
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Extended Data Table 3 502 
 503 

Antibody 
Target 

Host Dilution Manufacturer / Catalog # 
Blocking 

Conditions 
GAPDH Rabbit 1/2000 Abcam / ab9485 TBS-T + 3% BSA 

eIF2Bα Rabbit 1/1000 ProteinTech / 18010-1-AP TBS-T + 3% milk 

eIF2Bβ Rabbit 1/1000 ProteinTech / 11034-1-AP TBS-T + 3% milk 

eIF2Bδ Rabbit 1/1000 ProteinTech / 11332-1-AP TBS-T + 3% milk 

eIF2Bε Mouse 1/1000 Santa Cruz Biotechnology / 
sc-55558 

PBS-T + 3% milk 

ATF4 Rabbit 1/1000 Cell Signaling / 11815S PBS-T + 3% milk 

eIF2α-P Rabbit 1/1000 Cell Signaling / 9721S PBS-T + 1% BSA 

eIF2α Rabbit 1/1000 Cell Signaling / 5324S PBS-T + 3% milk 

6xHIS 
Goat (directly 

conjugated to HRP) 
1/1000 Abcam / ab1269 TBS-T + 5% milk 

FLAG Mouse 1/1000 Sigma / F1804-1MG PBS-T + 3% milk 

PKR Mouse 1/1000 
BD Transduction 

Laboratories / 610764 
TBS-T + 3% milk 

PERK Rabbit 1/1000 Cell Signaling / 3192S TBS-T + 3% milk 
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Materials and Methods 505 
Cloning of NSs expression plasmids 506 
The NSs::6xHIS Expi293 expression plasmid for transient transfection was generated 507 
using In-Fusion HD cloning. The SFSV NSs sequence [29] was inserted into the pXSN 508 
vector backbone and a 6xHIS tag was added at the C-terminus. The various NSs 509 
overexpression plasmids for stable lentiviral integration were generated using In-Fusion 510 
HD cloning. The SFSV NSs sequence was inserted into the pDBR vector backbone and 511 
a FLAG tag was added at the C-terminus (pMS110, pMS127, pMS128, pMS129, 512 
pMS130, pMS131, pMS132, pMS133) or N-terminus (pMS111). The various NSs 513 
truncations did not have a FLAG tag (pMS119, pMS120, pMS121, pMS122, pMS123). 514 
An empty vector control plasmid with no NSs insertion was also generated (pMS085). 515 
An IRES followed by the puromycin resistance gene, a T2A self-cleaving peptide, and 516 
the BFP sequence allows for selection based on antibiotic resistance or BFP signal 517 
(what was used in this study) (Extended Data Fig. 1). Full plasmid details are shown in 518 
Extended Data Table 2.  519 
 520 
Cloning of tagged human eIF2B expression plasmids 521 
eIF2B2 (encoding eIF2Bβ) and eIF2B4 (encoding eIF2Bδ) had previously been inserted 522 
into sites 1 and 2 of pACYCDuet-1, respectively (pJT073) [8]. In-Fusion HD cloning 523 
(Takarabio) was used to edit this plasmid further and insert an Avi tag 524 
(GLNDIFEAQKIEWHE) or a Protein C tag (EDQVDPRLIDGK) at the N-terminus of 525 
eIF2B2, immediately following the pre-existing 6xHIS tag (pMS001 and pMS003). 526 
eIF2B1 (encoding eIF2Bα) had previously been inserted into site 1 of pETDuet-1 527 
(pJT075) [8]. In-Fusion HD cloning was used to edit this plasmid further and insert an Avi 528 
tag at the N-terminus of eIF2B1, immediately following the pre-existing 6xHIS tag 529 
(pMS026). The Avi tag allows selective, single, and complete biotinylation of the tagged 530 
protein. 531 
 532 
Generation of stable NSs-expressing cells in an ISR reporter cell line 533 
Our previously generated dual ISR reporter K562 cells expressing a stably integrated 534 
ATF4 reporter (pMS086), general translation reporter (pMS078), and dCas9-KRAB was 535 
used as the parental line [5]. The various NSs overexpression constructs (Extended 536 
Data Table 2) were integrated using a lentiviral vector. Vesicular stomatitis virus (VSV)-537 
G pseudotyped lentivirus was prepared using standard protocols and 293METR 538 
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packaging cells. Viral supernatants were filtered (0.45 μm low protein binding filter unit 539 
(EMD Millipore)) and concentrated 10-20-fold (Amicon Ultra-15 concentrator with a 540 
100,000-dalton molecular mass cutoff). Concentrated supernatant was then used the 541 
same day or frozen for future use. For spinfection, approximately 1,000,000 K562 cells 542 
were mixed with concentrated lentivirus and fresh media (RPMI containing 4.5 g/l 543 
glucose and 25 mM HEPES supplemented with 10% FBS, 2 mM L-alanyl-L-glutamine 544 
(Gibco GlutaMAX), and penicillin/streptomycin), supplemented with polybrene to 8 μg/ml, 545 
brought to 1.5 mL in a 6-well plate, and centrifuged for 1.5 h at 1000 g. Cells were then 546 
allowed to recover and expand for ~1 week before sorting on a Sony SH800 cytometer 547 
to isolate cells that had integrated the reporter. Roughly 100,000 BFP positive cells 548 
(targeting the highest 1-3% of expressers) were then sorted into a final pooled 549 
population and allowed to recover and expand. Cells expressing NSs truncations 550 
(pMS119-pMS123) were not sorted and instead analyzed as a polyclonal population, 551 
gating for BFP positive cells during data analysis. 552 
 553 
Western Blotting 554 
Western blotting was performed as previously described [5]. In brief, approximately 555 
1,000,000 cells of the appropriate cell type were drugged as described in individual 556 
assays and then pelleted, washed, pelleted again, and resuspended in lysis buffer. Cells 557 
were then rotated for 30 min at 4 °C and then spun at 12,000 g for 20 min to pellet cell 558 
debris. Protein concentration was measured using a bicinchoninic acid assay (BCA 559 
assay) and within an experiment, total protein concentration was normalized to the least 560 
concentrated sample. Equal protein content for each condition (targeting 10 μg) was run 561 
on 10% Mini-PROTEAN TGX precast protein gels (Biorad). After electrophoresis, 562 
samples were transferred onto a nitrocellulose membrane. Primary antibody / blocking 563 
conditions for each protein of interest are outlined in Extended Data Table 3. 564 
Membranes were developed with SuperSignal West Dura (Thermo Fisher Scientific). 565 
Developed membranes were imaged on a LI-COR Odyssey gel imager for 0.5-10 min 566 
depending on band intensity. 567 
 568 
ATF4 / general translation reporter assays 569 
ISR reporter cells (at ~500,000 / ml) were co-treated with varying combinations of drugs 570 
(20 μM trimethoprim plus one of the following: thapsigargin, oligomycin, or glutamine 571 
deprivation (and no FBS) + L-methionine sulfoximine) and incubated at 37 °C until the 572 
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appropriate timepoint had been reached. At this time, the plate was removed from the 573 
incubator and samples were incubated on ice for 10 min. Then ATF4 (mNeonGreen) and 574 
General Translation (mScarlet-i) reporter levels were monitored using a high throughput 575 
sampler (HTS) attached to a BD FACSCelesta cytometer. Data was analyzed in FlowJo 576 
version 10.6.1, and median fluorescence values for both reporters were exported and 577 
plotted in GraphPad Prism 8. No BFP positive sorting was performed on the lines 578 
expressing NSs truncations. For analysis of these samples, BFP positive cells were 579 
gated in FlowJo and analysis performed on this population. Where appropriate, curves 580 
were fit to log[inhibitor] versus response function with variable slope.  581 
 582 
Purification of human eIF2B subcomplexes 583 
Human eIFBα2 ( pJT075), Avi-tagged eIFBα2 (pMS026), protein C-tagged eIFBα2 584 
(pMS027), eIF2Bβγδε (pJT073 and pJT074 co-expression), Avi-tagged eIF2Bβγδε 585 
(pMS001 and pJT074 co-expression), and ProteinC-tagged eIF2Bβγδε (pMS003 and 586 
pJT074 co-expression) were purified as previously described [8] with a minor 587 
modification for purification of the Avi-tagged species. After running samples over a 588 
MonoQ HR 10/10 column the eluted fractions were combined and concentrated to a 589 
target concentration of 40 μM. The sample was then incubated at 4 °C overnight 590 
according to manufacturer’s instructions with 2.5 μg BirA for every 10 nmol substrate, 591 
10mM ATP, 50 μM d-biotin, and 100mM Mg(OAc)2 in a 50 mM bicine buffer, pH 8.3 592 
(Avidity BirA biotin-protein ligase standard reaction kit). Incubation with BirA yields 593 
selective and efficient biotinylation of Avi-tagged species. After the biotinylation reaction, 594 
purification of biotinylated species proceeded as previously described.  595 
 596 
All eIF2B(αβγδε)2 used throughout was assembled by mixing purified eIF2Bβγδε and 597 
eIF2Bα2 (either tagged or untagged versions as needed) at the appropriate molar ratios.  598 
 599 
Purification of human eIF2αβγ heterotrimer and eIF2α-P 600 
Human eIF2 was purified as previously described [48]. This material was a generous gift 601 
of Calico Life Sciences LLC. The purification of human eIF2α-P was performed as 602 
previously described [5].  603 
 604 
Purification of NSs::6xHIS 605 
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We used the pMS113 construct to express and purify NSs::6xHIS. Expi293T cells 606 
(ThermoFisher) were transfected with the NSs construct per the manufacturer’s 607 
instructions for the MaxTiter protocol and harvested 5 days after transfection. Cells were 608 
pelleted (1000 g, 4 min) and resuspended in Lysis Buffer (130 mM KCl, 2.5 mM MgCl2, 609 
25 mM HEPES-KOH pH 7.4, 2 mM EGTA ,1% triton, 1mM TCEP, 1x cOmplete protease 610 
inhibitor cocktail (Roche)). Cells were then incubated for 30 min at 4 °C and then spun at 611 
30,000 g for 1 h to pellet cell debris. Lysate was applied to a 5 ml HisTrap HP column 612 
(GE Healthcare) equilibrated in Buffer A (20 mM HEPES-KOH, pH 7.5, 200 mM KCl, 5 613 
mM MgCl2, 15mM imidazole) and then eluted using a gradient of Buffer B (20 mM 614 
HEPES-KOH, pH 7.5, 200 mM KCl, 5 mM MgCl2, 300mM imidazole). NSs::6xHIS was 615 
concentrated using a 10 kDa MWCO spin concentrator (Amicon) and further purified by 616 
size exclusion chromatography over a Superdex 200 Increase 10/300 GL column (GE 617 
Healthcare) in Elution Buffer (20 mM HEPES, pH 7.5, 200 mM KCl, 5mM MgCl2, 1mM 618 
TCEP, and 5% Glycerol). The resulting fractions were pooled and flash frozen in liquid 619 
nitrogen 620 
 621 
In vitro NSs/eIF2α-P immunoprecipitation 622 
Varying combinations of purified eIF2α-P, NSs::6xHIS, eIF2B(αβδγε)2, eIF2Bβδγε, and 623 
eIF2Bα2 were incubated (with gentle rocking) with Anti-protein C antibody conjugated 624 
resin (generous gift from Aashish Manglik) in Assay Buffer (20 mM HEPES-KOH, pH 625 
7.5, 150 mM KCl, 5 mM MgCl2, 1mM TCEP, 1 mg/ml bovine serum albumin (BSA), 5mM 626 
CaCl2). After 1.5 h the resin was pelleted by benchtop centrifugation and the supernatant 627 
was removed. Resin was washed 3x with 1 mL of ice cold Assay Buffer before resin was 628 
resuspended in Elution Buffer (Assay Buffer with 5 mM EDTA and 0.5 mg/mL protein C 629 
peptide added) and incubated with gentle rocking for 1 h. The resin was then pelleted 630 
and the supernatant was removed. Samples were analyzed by Western Blotting as 631 
previously described. 632 
 633 
GDP exchange assay  634 
in vitro detection of GDP binding to eIF2 was performed as previously described [5, 8]. 635 
The only modification was addition of NSs in certain conditions as indicated. In brief, 636 
purified eIF2 (100 nM) was incubated with 100 nM BODIPY-FL-GDP (Thermo Fisher 637 
Scientific) in assay buffer (20 mM HEPES-KOH, pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 638 
mM TCEP, and 1 mg / ml BSA) to a volume of 18 µl in 384 square-well black-walled, 639 
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clear-bottom polystyrene assay plates (Corning). The GEF mix was prepared by 640 
incubating a 10x solution of eIF2B(αβγδε)2 with or without 10x solutions of eIF2α-P and / 641 
or NSs. To compare nucleotide exchange rates, the 10x GEF mixes were spiked into the 642 
384-well plate wells with a multi-channel pipette, such that the resulting final 643 
concentration of eIF2B(αβγδε)2 was 10 nM and the final concentration of other proteins 644 
and drugs are as indicated in the figures. Fluorescence intensity was recorded every 10 645 
s for 30-60 min using a Clariostar PLUS (BMG LabTech) plate reader (excitation 646 
wavelength: 497 nm, bandwidth 14 nm, emission wavelength: 525 nm, bandwidth: 30 647 
nm). Data were fit to a first-order exponential and plotted in GraphPad Prism 8. 648 
 649 
FAM-ISRIB binding assay 650 
All fluorescence polarization measurements were performed as previously described [5]. 651 
In brief, 20 μl reactions were set up with 100 nM eIF2B(αβγδε)2 + 2.5 nM FAM-ISRIB 652 
(Praxis Bioresearch) in FP buffer (20 mM HEPES-KOH pH 7.5, 100 mM KCl, 5 mM 653 
MgCl2, 1 mM TCEP) and measured in 384-well non-stick black plates (Corning 3820) 654 
using the ClarioStar PLUS (BMG LabTech) at room temperature. Prior to reaction setup, 655 
eIF2B(αβγδε)2 was assembled in FP buffer using eIF2Bβγδε and eIF2Bα2 in 2:1 molar 656 
ratio for 1 h at room temperature. FAM-ISRIB was first diluted to 2.5 μM in 100% NMP 657 
prior to dilution to 50 nM in 2% NMP and then added to the reaction. For titrations with 658 
NSs, dilutions were again made in FP buffer, and the reactions with eIF2B, FAM-ISRIB, 659 
and these dilutions +/- eIF2α-P were incubated at 22 °C for 30 min prior to measurement 660 
of parallel and perpendicular intensities (excitation: 482 nm, emission: 530 nm). Data 661 
were plotted in GraphPad Prism 8, and where appropriate, curves were fit to 662 
log[inhibitor] vs response function with variable slope. 663 
 664 
Affinity determination by surface plasmon resonance 665 
NSs affinity determination experiments were performed on a Biacore T200 instrument 666 
(Cytiva Life Sciences) by capturing the biotinylated eIF2B(αβγδε)2, eIF2Bβγδε, and 667 
eIF2Bα2 at ~100nM on a Biotin CAPture Series S sensor chip (Cytiva Life Sciences) to 668 
achieve maximum response (Rmax) of <100 response units (RUs) upon NSs binding. A 669 
molar equivalent of each eIF2B species was immobilized. 2-fold serial dilutions of 670 
purified NSs from 125 nM to 15.625 nM were flowed over the captured eIF2B complexes 671 
at 30 µL / minute for 90 seconds followed by 600 seconds of dissociation flow. Following 672 
each cycle, the chip surface was regenerated with 3 M guanidine hydrochloride. A 673 
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running buffer of 20 mM HEPES-KOH, pH 7.5, 100 mM KCl, 5 mM MgCl2, and 1 mM 674 
TCEP was used throughout. The resulting sensorgrams were fit to a 1:1 Langmuir 675 
binding model using the association then dissociation model in GraphPad Prism 8.0.  676 
 677 
Sample preparation for cryo-electron microscopy  678 
Decameric eIF2B(αβγδε)2 was prepared by incubating 20 μM eIF2Bβγδε with 11 μM 679 
eIF2Bα2 in a final solution containing 20 mM HEPES-KOH, 200 mM KCl, 5 mM MgCl2, 680 
and 1 mM TCEP. This 10 μM eIF2B(αβγδε)2 sample was further diluted to 750 nM and 681 
incubated with 2.25 μM NSs::6xHIS on ice for 1 h before plunge freezing. A 3 μl aliquot 682 
of the sample was applied onto the Quantifoil R 1.2/1/3 400 mesh Gold grid and we 683 
waited for 30 s. A 0.5 μl aliquot of 0.1-0.2% Nonidet P-40 substitute was added 684 
immediately before blotting. The entire blotting procedure was performed using Vitrobot 685 
(FEI) at 10 ºC and 100% humidity. 686 
 687 
Electron microscopy data collection 688 
Cryo-EM data for the eIF2B-NSs complex was collected on a Titan Krios transmission 689 
electron microscope operating at 300 keV, and micrographs were acquired using a 690 
Gatan K3 direct electron detector. The total dose was 67 e-/ Å2, and 117 frames were 691 
recorded during a 5.9 s exposure. Data was collected at 105,000 x nominal 692 
magnification (0.835 Å/pixel at the specimen level), and nominal defocus range of -0.6 to 693 
-2.0 μm.  694 
 695 
Image processing 696 
The micrograph frames were aligned using MotionCorr2 [49]. The contrast transfer 697 
function (CTF) parameters were estimated with GCTF [50]. Particles were picked in 698 
Cryosparc v2.15 using the apo eIF2B (EMDB: 23209) as a template. Particles were 699 
extracted using a 80-pixel box size [51], and classified in 2D [52]. Classes that showed 700 
clear protein features were selected and extracted for ab initio reconstruction followed by 701 
homogenous and heterogeneous refinement. Particles belonging to the best class were 702 
then re-extracted with a pixel size of 2.09 Å, and then subjected to nonuniform 703 
refinement, yielding a reconstruction of 4.25 Å. These particles were subjected to 704 
another round of heterogeneous refinement followed by nonuniform refinement to 705 
generate a consensus reconstruction consisting of the best particles. These particles 706 
were re-extracted at a pixel size of 0.835 Å. Then, CTF refinement was performed to 707 
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correct for the per-particle CTF as well as beam tilt. A final round of 2D classification 708 
followed by nonuniform refinement was performed to yield the final structure of 2.6 Å.    709 
 710 
Atomic model building, refinement, and visualization 711 
To build models for the eIF2B-NSs complex, the previously determined structures of the 712 
human eIF2B in its apo form (PDB ID: 7L70) was used as the starting model for the 713 
eIF2B part [5]. To build the NSs model, we first ran the structure prediction program 714 
RaptorX using the full-length NSs sequence [53]. The predicted structure is divided into 715 
two parts: the N-terminal domain predicted based on the structure of the RVFV NSs 716 
(PDB ID: 5OOO), and the C-terminal domain is predicted without a known PDB structure 717 
as a template [31]. The predicted full-length structure was docked into the EM density 718 
corresponding to the NSs in UCSF Chimera [54], and then subjected to rigid body 719 
refinement in Phenix [55]. The models were then manually adjusted in Coot [56] and 720 
then refined in phenix.real_space_refine [55] using global minimization, secondary 721 
structure restraints, Ramachandran restraints, and local grid search. Then iterative 722 
cycles of manual rebuilding in Coot and phenix.real_space_refine were performed. The 723 
final model statistics were tabulated using Molprobity [57]. Distances were calculated 724 
from the atomic models using UCSF Chimera. Molecular graphics and analyses were 725 
performed with the UCSF Chimera package [54]. UCSF Chimera is developed by the 726 
Resource for Biocomputing, Visualization, and Informatics and supported by NIGMS 727 
P41-GM103311.  728 
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