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ABSTRACT 33 

Human Nogo-66 receptor 1 (NgR1) is a receptor for mammalian orthoreoviruses 34 

(reoviruses), but the mechanism of virus-receptor engagement is unknown. NgR1 binds 35 

a variety of structurally dissimilar ligands in the adult central nervous system (CNS) to 36 

inhibit axon outgrowth. Disruption of ligand binding to NgR1 and subsequent signaling 37 

can improve neuron regrowth, making NgR1 an important therapeutic target for diverse 38 

conditions such as spinal crush injuries and Alzheimer disease. To elucidate how NgR1 39 

mediates cell binding and entry of reovirus, we defined the affinity of interaction 40 

between virus and receptor, determined the structure of the virus-receptor complex, and 41 

identified residues in the receptor required for virus binding and infection. These studies 42 

revealed that NgR1 sequences in a central concave region of the molecule establish a 43 

bridge between two copies of the viral capsid protein, σ3. This unusual binding interface 44 

produces high-avidity interactions between virus and receptor and likely primes early 45 

entry steps. NgR1 sequences engaged by reovirus also are required for NgR1 binding 46 

to ligands expressed by neurons and oligodendrocytes. These studies redefine models 47 

of reovirus cell-attachment and highlight the evolution of viruses to engage multiple 48 

receptors using distinct capsid components.  49 
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INTRODUCTION 50 

Every virus must cross host membranes to deliver its genetic payload to the interior of 51 

the cell. To overcome this membrane barrier, viruses must successfully engage host 52 

receptors expressed on the cell surface or in endosomal compartments to mediate 53 

adhesion, internalization, and disassembly. For many viruses, accessing the cytoplasm 54 

requires more than just a “lock and key” mechanism in which a single host receptor 55 

binds a single viral capsid component. Instead, virus-receptor interactions often exist in 56 

a highly evolved landscape in which many components of a virus must engage different 57 

host molecules over time and space to orchestrate this critical step in infection. This 58 

coordinated first encounter between virus and host influences all subsequent events, 59 

including disease type and severity. 60 

Mammalian orthoreoviruses (reoviruses) provide a highly tractable and well-61 

established experimental system to study mechanisms of viral receptor engagement 62 

and how receptor use influences disease. Reovirus virions are nonenveloped, double-63 

shelled particles that undergo stepwise binding to host cells and proteolytic disassembly 64 

prior to releasing a transcriptionally active viral core unit to the cell cytosol [1]. Reovirus 65 

causes age-restricted disease in many mammalian species [2-4] and readily infects 66 

humans [5-8]. In mice, reovirus disseminates from initial sites of replication in either the 67 

intestine or lung to produce strain-specific patterns of tropism in the brain and 68 

concomitant disease [9, 10]. Serotype 1 (T1) reovirus strains infect ependymal cells 69 

lining the ventricles of the brain and cause a non-lethal hydrocephalus [9], whereas 70 

serotype 3 (T3) strains infect neurons in the central nervous system (CNS) and produce 71 

a fulminant, and often lethal, encephalitis [10]. These differences in tropism and disease 72 
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are mediated by the σ1 viral attachment protein and thought to be dictated by 73 

differences in receptor use [10, 11].  74 

Most reovirus strains use a multistep binding process, engaging sequential cell-75 

surface receptors with (i) low affinity, (ii) high affinity, and (iii) internalization functions to 76 

ultimately bring about uptake of reovirus virions, disassembly to form infectious 77 

subvirion particles (ISVPs) (Fig 1A), and penetration into the cytosol. Two reovirus 78 

outer-capsid proteins mediate these binding events – the σ1 viral attachment protein 79 

and the λ2 pentamer base into which σ1 embeds. Different domains of the T1 and T3 80 

σ1 proteins bind to different sialylated carbohydrates with low affinity [12, 13], 81 

suggesting independent evolution of this binding activity for reovirus. Interactions with 82 

glycans by reovirus promote adhesion strengthening to the cell surface [14] and 83 

increase affinity for other reovirus receptors (possibly by promoting conformational 84 

changes in the viral particle) [15]. Requirements for virus binding to sialic acid differ by 85 

cell type and virus strain [12, 13, 16], and efficient glycan engagement promotes viral 86 

virulence [17-19]. 87 

The T1 and T3 σ1 proteins also bind junctional adhesion molecule-A (JAM-A), an 88 

immunoglobulin (Ig) superfamily protein, using a mechanism conserved between the 89 

serotypes [20, 21] and also conserved among many other virus-Ig superfamily receptors 90 

[22-29], in which apical viral sequences bind apical Ig receptor sequences. JAM-A 91 

expression on endothelial cells promotes reovirus viremia and hematogenous viral 92 

spread in the host [30, 31]. However, despite the high affinity of reovirus σ1 for JAM-A, 93 

this receptor does not initiate signaling required for endosomal internalization [32]. 94 

Instead, conserved sequence motifs in the viral λ2 protein promote binding to integrins, 95 
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clathrin recruitment, and efficient entry [32, 33]. Binding to sialic acid and JAM-A is 96 

dispensable for reovirus replication in the intestine and brain. Thus, there are key gaps 97 

in knowledge about reovirus receptor use and function in different tissues. 98 

Nogo-66 receptor 1 (NgR1) was identified as a reovirus receptor in an RNA 99 

interference screen using human cancer cells [34]. In contrast to JAM-A, which can bind 100 

both virions and ISVPs, NgR1 selectively binds virions [34]. ISVPs are characterized by 101 

an altered conformer of the σ1 protein and proteolytic removal of the σ3 protein, leading 102 

to the hypothesis that the virion conformer of σ1, outer-capsid protein σ3, or both 103 

engage NgR1. NgR1 is expressed in neural cells targeted by reovirus [31, 35-37] and 104 

interacts with a structurally diverse set of myelin inhibitory proteins to recruit multiple co-105 

receptors, initiate signaling, and prevent neurite outgrowth [38-41]. There is limited 106 

structural information about how NgR1 coordinates binding to these diverse ligands and 107 

co-receptors to bring about its important functions. However, disruption of NgR1 108 

interactions with these ligands can promote nerve growth recovery [42-45]. Thus, an 109 

enhanced understanding of the structural basis of NgR1-ligand interactions may foster 110 

development of new therapeutics. 111 

In this study, we defined molecular interactions between reovirus and NgR1. 112 

Using a combination of biophysical, biochemical, and genetic strategies, we discovered 113 

that the reovirus outer-capsid protein σ3 serves as the viral ligand for NgR1. Indeed, 114 

two independent σ3 proteins ligate a single NgR1 molecule, a mechanism that likely 115 

promotes high-avidity interactions between virus and receptor and catalyzes early 116 

infection steps. These studies enhance an understanding of reovirus binding and entry 117 

events and also provide the first visualization of an NgR1-ligand interface.  118 
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RESULTS 119 

Reovirus binds NgR1 with high avidity on receptor-coated surfaces. To determine 120 

the affinity of virus binding to NgR1 and clarify whether there are strain-specific 121 

differences in the capacity of reovirus to bind NgR1, we used force-distance-based 122 

atomic force microscopy (AFM). Virions or ISVPs of prototype reovirus strains T1L and 123 

T3D were covalently linked to an AFM probe tip, and interactions with a surface coated 124 

with purified, full-length NgR1 protein were kinetically and thermodynamically probed 125 

(Fig 1A,B). The AFM tip was cyclically approached and retracted from the NgR1-coated 126 

surface, and the force between the viral-particle-functionalized tip and the surface was 127 

monitored over time (Fig 1C; force vs. time curves). Virions of both strains displayed 128 

high binding probability to the NgR1-coated surface (Fig 1D). Importantly, pre-129 

incubation of model surfaces with an NgR1-specific antibody abolished binding by 130 

virions, and ISVPs were incapable of NgR1 engagement (Fig 1D).  131 

As T1L virions were ~30% more likely to bind the NgR1-coated surface than T3D 132 

virions (Fig 1D), we speculated that sequence polymorphisms in the viral ligand might 133 

be responsible for this difference. Between these strains, the σ3 proteins share ~97% 134 

identity, and the σ1 proteins share ~27% identity [46]. To determine whether the T1L σ1 135 

sequences mediate more efficient receptor engagement, we assessed the binding of 136 

reovirus strain T3SA+, which is structurally identical to T1L with the exception of a σ1 137 

protein nearly identical to T3D. T3SA+ virions bound NgR1 comparably to T1L virions 138 

(Appendix Fig S1A), suggesting that the σ1 viral attachment protein does not mediate 139 

reovirus binding to NgR1. 140 
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We next defined the kinetic properties of the established reovirus-NgR1 bonds by 141 

probing the interaction at various loading rates (e.g., force applied over time) [47]. 142 

Fitting the data with the Bell-Evans model (Fig 1E) [48, 49] enabled us to extract the 143 

dissociation rate (koff) and the distance to the transition state (xu) for T1L (Fig 1F) and 144 

T3D (Fig 1G). Overall, there was a slightly higher distance to the transition state for T1L 145 

virions relative to T3D virions, indicating an increase in conformational variability 146 

following binding to NgR1, as well as a diminished dissociation rate, suggesting more 147 

stable interactions. Higher forces on dynamic force spectroscopy (DFS) plots originate 148 

from the failure of uncorrelated bonds in parallel, as predicted by the Williams-Evans 149 

model [50]. We observed good correlations between the William-Evans predictions and 150 

recorded single-molecule data. These findings suggest that reovirus virions establish 151 

multivalent interactions with NgR1. 152 

By monitoring the influence of contact time on binding probability (Fig 1F and G; 153 

inserts), we estimated the association rate (kon) by assuming that the receptor-bound 154 

complex can be approximated by pseudo-fist-order kinetics [51]. Equilibrium 155 

dissociation constants (KD) of the studied complexes were calculated (koff/kon). All three 156 

strains tested demonstrated KD values in the nM range (~5-8 nM), indicating high-affinity 157 

interactions and further confirming the stability of the complexes established by T1L, 158 

T3D, and T3SA+ with NgR1 (insets, Fig 1F and G; Fig 3C). Similar values have been 159 

reported for other reovirus-receptor interactions [14, 33, 52]. However, the slightly lower 160 

KD value for the T1L-NgR1 interaction relative to T3D-NgR1 indicates a higher affinity of 161 

reovirus T1L for NgR1. This higher affinity also is observed for the interaction of T3SA+ 162 

with NgR1 (Appendix Fig S1B, C), providing further evidence that sequence 163 
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polymorphisms displayed by T1 and T3 σ1 proteins do not explain differences in 164 

biophysical interaction parameters with NgR1. 165 

Reovirus virions bind to NgR1 on living cells. To determine whether interactions 166 

probed on isolated NgR1 receptors are established in the context of living cells, we 167 

used Chinese hamster ovary (CHO) Lec2 cells engineered to express NgR1. CHO Lec2 168 

cells do not express cell-surface sialic acid [53] and do not bind reovirus unless 169 

transfected with a reovirus receptor [15]. Using AFM tips functionalized with either T1L 170 

or T3D virions, we imaged confluent monolayers of co-cultured Lec2 cells (fluorescently 171 

labeled with a nuclear protein H2B-GFP and actin-mCherry) and unlabeled NgR1-172 

expressing Lec2 cells (NgR1-Lec2) (Fig 2B and C). Fields of view were chosen in which 173 

both cell types were adjacent, serving as direct internal controls. AFM height images 174 

(Fig 2B and C; upper panels) were recorded together with corresponding adhesion 175 

images, revealing the location of specific adhesion events displayed as bright pixels (Fig 176 

2B and C; lower panels). Lec2-NgR1 cells demonstrated a high density of adhesion 177 

events, ~9% for T1L and ~6% for T3D (Fig 2D), whereas Lec2 cells displayed only a 178 

sparse distribution of these events, < 2% (Fig 2D), suggesting NgR1-specific 179 

attachment of reovirus to living cells. Specificity of the probed interactions was validated 180 

by treatment with an NgR1-specific antibody prior to adsorption, leading to a significant 181 

decrease in the binding to Lec2-NgR1 cells. Similar to our findings using model 182 

surfaces, we observed a modest increase in binding to Lec2-NgR1 cells by T1L and 183 

T3SA+ relative to T3D (Appendix Fig S1D, E). Specific binding forces and 184 

corresponding loading rates were extracted from force vs. time curves recorded on 185 

Lec2-NgR1 cells and overlaid on the DFS plots obtained using NgR1-coated surfaces 186 
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(Fig 2E and F; Appendix Fig S1F). Data obtained using purified receptors and living 187 

cells aligned well, confirming the relevance of results obtained using model surfaces. 188 

Collectively, these data demonstrate that reovirus binds NgR1 with high affinity. 189 

NgR1 homologs do not support reovirus infection. NgR1 displays a canonical 190 

leucine-rich-repeat (LRR) protein fold [54, 55] (Fig 3A), which is observed in many 191 

proteins, including multiple classes of pathogen sensors [56-58]. Eight tandem LRRs of 192 

NgR1 are appended on either end with non-canonical leucine-rich (LR) domains, and 193 

the C-terminus of the protein is capped by a large domain of unknown structure that 194 

anchors NgR1 to the cell membrane by a glycophosphatidylinositol (GPI) moiety (Fig 195 

3A). NgR1 has two known homologs, NgR2 and NgR3, that have sequence similarity to 196 

NgR1 [59] and display some functional redundancy [60, 61]. To test whether NgR2 and 197 

NgR3 also serve as reovirus receptors, we transfected CHO cells with plasmids 198 

encoding NgR1, NgR2, or NgR3 and assessed expression of NgR1 and NgR2 (for 199 

which commercially available antibodies are available) (Fig 3B), reovirus binding, and 200 

infection of transfected cells. Expression of coxsackie virus and adenovirus receptor 201 

(CAR) or mock-transfection were used as negative controls. NgR1, but not NgR2 or 202 

NgR3, promoted reovirus binding (Fig 3C) and infection (Fig 3D), suggesting that NgR1 203 

serves as a specific receptor. Since NgR3 expression could not be confirmed, these 204 

data do not exclude the possibility that NgR3 serves as a receptor for reovirus. 205 

Therefore, we assessed whether a tagged version of NgR1 retained the capacity to bind 206 

reovirus and promote infection to establish an antibody-independent method to quantify 207 

receptor expression. Myc-tagged NgR1 was detectable on the cell surface, but it 208 

promoted binding and infection much less efficiently than untagged NgR1 (Appendix Fig 209 
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S2A-C), suggesting that the tag either impairs virus access to NgR1 or disrupts the 210 

structure of the receptor. 211 

NgR1 amino acids 26-310 are necessary and sufficient to bind reovirus. The 212 

repetitive solenoid structure of NgR1 makes it particularly amenable to deletion, 213 

replacement, or addition of LRR domains [55, 60-62]. As a first step to define domains 214 

of NgR1 required for reovirus binding, we engineered a cDNA panel encoding 215 

sequential deletions of NgR1 domains (ΔLR-NT, ΔLRR1-2, ΔLRR3-4, ΔLRR5-6, 216 

ΔLRR7-8, ΔLR-CT, and ΔGPI-CT) and tested the capacity of these constructs to bind 217 

virus and allow infection. All constructs were detected on the cell surface, but none 218 

promoted reovirus binding or infectivity (data not shown), indicating that the reovirus 219 

binding epitope was disrupted in each case. 220 

As a complementary gain-of-function approach, we engineered chimeric 221 

constructs in which NgR2 sequences were exchanged with NgR1 sequences to identify 222 

NgR1 sequences required to confer receptor activity. Although all of the chimeric 223 

proteins were detected on the cell surface (Fig 3F), only the construct expressing the 224 

full complement of NgR1 LR sequences appended to the anchor domain of NgR2 225 

(NgR1-AB) promoted reovirus binding (Fig 3G) and, to a modest extent, infection (Fig 226 

3H). These data suggest that LR domains of NgR1 are required for binding and, 227 

furthermore, suggest that the membrane-proximal GPI-CT anchor domain is 228 

dispensable for interactions with reovirus. To determine whether the NgR1 GPI-CT 229 

domain contributes to virus binding, we tested either full-length NgR1 or truncated NgR1 230 

expressing only LR sequences (NgR1 a.a. 1-310) for the capacity to bind reovirus 231 
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virions. Corroborating our experiments with NgR1/NgR2 chimeras, truncated NgR1 232 

protein efficiently precipitated reovirus virions (Fig 3I).  233 

N-glycosylation of NgR1 LRR domains is dispensable for reovirus binding. As 234 

many reovirus strains interact with sialic acid, we tested whether NgR1 glycosylation 235 

contributes to reovirus binding. NgR1 is glycosylated at asparagine residues 82 and 236 

179, which are located in the central LRR region, as well as several N- and O-linked 237 

sites in the GPI-CT domain [54, 63]. To determine whether NgR1 glycosylation is 238 

required for reovirus receptor activity, we exchanged N82 and N179 with alanine either 239 

singly or in combination and assessed reovirus binding and infectivity using receptor-240 

transfected CHO cells. Immunoblotting of transfected cell lysates revealed predicted 241 

shifts in the electrophoretic mobility of the mutant NgR1 constructs (approximately 1-2 242 

kDa per glycosylation site) (Fig 3J), suggesting that the mutants lacked the targeted 243 

glycosylation sites. Protein bands corresponding to the mature form of NgR1 (Appendix 244 

Fig S3) were relatively absent for the N82/N179 double mutant (Fig 3J and S4; 245 

asterisk), indicating that this mutant has impaired conformation or stability. While cell-246 

surface levels of NgR1 single-glycosylation mutants N82A and N179A were less than 247 

those of wild-type NgR1 (Fig 3J and K), both promote infection comparable to wild-type 248 

NgR1 (Fig 3M). Interestingly, the small amount of NgR1-N82A/N179A detectable on the 249 

cell surface (Fig 3J and K) appears to contribute to modest virus binding (Fig 3L) and 250 

infection (Fig 3M). Thus, reovirus can use NgR1 as a receptor independent of 251 

glycosylation sites in the central LR protein region. 252 

NgR1 engages the σ3 outer-capsid protein. NgR1 promotes binding and infection of 253 

reovirus virions but not ISVPs [34]. This particle-specific binding capacity suggests that 254 
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either the more compact virion conformer of σ1, σ3, or some combination of these 255 

capsid components serves as the viral ligand for NgR1. To identify the viral NgR1 256 

ligand, we determined whether soluble, purified NgR1 can interact with isolated σ1 257 

protein or σ3 protein. The virion particle contains 12 σ1 trimers at the virion icosahedral 258 

fivefold axes and 200 σ3-μ1 heterohexamers, with each composed of three copies of σ3 259 

resting on a pedestal of three copies of μ1 protein (σ33μ13) (Fig 4A). Co-expression and 260 

purification of σ3 and μ1 produces heterohexameric sub-assemblies, in which σ3 is 261 

displayed in its native virion state bound to μ1 (Fig 4A and B) [64]. Using NgR1-Fc as an 262 

affinity ligand in a protein G bead-based binding assay, we observed NgR1-Fc binding 263 

to σ33μ13 complexes (Fig 4C, D) but not to σ1 (data not shown). Importantly, this 264 

binding is highly specific, as the unrelated CAR protein was unable to precipitate 265 

σ33μ13. 266 

When expressed without μ1, σ3 forms dimers (Fig 4A) [65], shielding some 267 

surfaces that would otherwise be exposed in virion-associated conformers of σ3. To 268 

determine whether σ3 alone is capable of binding NgR1, we translated σ3 in mRNA-269 

depleted rabbit reticulocyte lysates in the presence of 35S methionine. Radiolabeled σ3 270 

was then incubated with CAR-Fc, NgR1-Fc, or a σ3-specific antibody, and Fc-271 

expressing proteins were precipitated using protein G beads. Remarkably, isolated σ3 272 

was capable of specifically binding NgR1 (Fig 4E and F). Moreover, we did not observe 273 

major differences in NgR1 binding by T1L and T3D σ3, consistent with previous findings 274 

(Fig 1) [34]. Collectively, these data reveal that σ3 is the viral ligand for NgR1. 275 

Cryo-EM reconstructions reveal an unusual binding mode of NgR1 to bridge two 276 

σ3 capsid proteins. To elucidate the structure of NgR1 bound to σ3, we conducted 277 
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cryo-electron microscopy (cryo-EM) analyses of NgR1 bound to whole virions. Purified 278 

virions were incubated alone or with soluble NgR1 protein, and samples were imaged 279 

by cryo-EM. Virus particles incubated with buffer alone displayed high-contrast, regular 280 

margins (Fig 5A), whereas those incubated with NgR1 displayed extended, hazy 281 

margins (Fig 5B), suggestive of NgR1 binding. We averaged several hundred particles 282 

of virions alone or virions in complex with NgR1 to build 3D reconstructions at final 283 

resolutions of 7.2 Å and 8.9 Å, respectively. Icosahedral symmetry of the virion, which 284 

was applied during reconstructions and anticipated based on available structures of 285 

reovirus virions [66, 67], is clearly evident in both reconstructions by the formation of 2-286 

fold, 3-fold, and 5-fold axes of symmetry (Fig 5C to 5F). Importantly, additional density 287 

was detected at the surface of virions complexed with NgR1, which can be observed in 288 

cross-sections of the reconstructions (Fig 5D, arrowheads) and the three-dimensional 289 

overview in which additional density appears in a star-like pattern overlying σ3 protein 290 

(Fig 5F). Consistent with co-precipitation assays (Fig 4E and F), these data 291 

demonstrate that NgR1 binds to σ3. 292 

To obtain molecular detail about the σ3-NgR1 binding surface, we docked 293 

available protein structures into the cryo-EM density maps (Fig 5G to I). The asymmetric 294 

reovirus unit, which can be tiled 60 times to build a particle in silica, consists of one 295 

copy each of λ2, σ2, and λ1, and ten copies each of μ1 and σ3. These ten molecules of 296 

μ1 and σ3 compose three full heterohexamers (Fig 5H, indicated by white triangles) and 297 

one third of a fourth heterohexamer, which is located at a three-fold symmetry axis. The 298 

flexibility, trimeric nature, and incomplete occupancy of σ1 prevent resolution of this 299 

protein in most particle-averaged reconstructions, but remnants of the fiber base 300 
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embedded into the λ2 pentamer are occasionally detected (Fig 5E, purple nub above 301 

yellow) [67]. Within the asymmetric unit of the reovirus-NgR1 reconstructions, five NgR1 302 

molecules fit well within the remaining cryo-EM features (Fig 5I) and display binding 303 

modes comparable to each other (Appendix Fig S5). Four of these NgR1 molecules are 304 

embedded between two σ3 monomers of neighboring heterohexamers, while the fifth is 305 

located adjacent to the five-fold vertex and thus is only flanked by one σ3 monomer. 306 

This structure reveals that two binding faces can be used by both NgR1 and σ3. 307 

Moreover, NgR1 density is distant from μ1, confirming a specific interaction of the 308 

receptor with σ3. 309 

To define additional features of the reovirus-NgR1 interaction, we subtracted the 310 

density of the reovirus virion reconstruction from that of the reovirus-NgR1 311 

reconstruction and evaluated the resulting difference density map at different threshold 312 

levels (Fig 5J and K). NgR1 can be unambiguously placed in all five of the binding sites 313 

in the asymmetric unit (Appendix Fig S5). We also detected another feature in the 314 

difference density map located at the two-fold symmetry axes of the virion surface (Fig 315 

5F and J). This density is not shaped like a single NgR1 molecule but rather like an 316 

average of two NgR1 molecules, each bound in opposing directions. Therefore, 317 

accurate placement of the NgR1 coordinates into this density was not possible. 318 

However, the location of the density between σ3 monomers of adjacent hexamers is 319 

consistent with the NgR1 binding mode detected nearby on the particle. Increasing the 320 

threshold level of the difference density map from 1.5 to 2.0 removes this feature, along 321 

with the NgR1 moieties observed at the five-fold vertex (Fig 5J and K). This signal loss 322 
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suggests weaker NgR1 density at these positions, which might be caused by decreased 323 

binding affinity to these sites. 324 

The correct orientation of NgR1 is confirmed by the glycosylation signatures at 325 

N82 and N179, which are observed at a slightly lower threshold level (1.15) (Fig 5L and 326 

M). These glycan chains face away from the virion surface, which likely explains why 327 

they do not contribute to reovirus binding and infection (Fig 3L and M). This orientation 328 

allows the His tag appended to NgR1, which replaces the GPI-CT of full-length NgR1, to 329 

accumulate at the center of four-to-five bound NgR1 molecules (Fig 5I and Fig 6A), 330 

suggesting a role for NgR1 oligomerization in binding to reovirus. 331 

By identifying NgR1 residues within 5 Å of σ3 (Fig 6B), we predict two important 332 

interaction interfaces, a smaller surface on the convex surface of NgR1 and a 333 

significantly larger one on the more-conserved concave surface of NgR1 (Fig 6B). The 334 

smaller surface consists mostly of glutamines and glutamates that could potentially form 335 

electrostatic or polar interactions (Fig 6C). The larger surface is defined by a broad 336 

patch of aromatic residues with a central cavity filled by L208 and two prominent 337 

residues, R139 and Y254, adjacent to the interface (Fig 6D). This binding surface 338 

provides possibilities for charged, polar, or hydrophobic interactions. 339 

NgR1 residues required for σ3 binding reside in a pocket. To identify NgR1 340 

residues required for binding to σ3, we used the reovirus-NgR1 structure to rationalize 341 

mutations at key sites in the interaction interface. We exchanged L208 with arginine or 342 

tyrosine and Y254 to alanine, either alone or in combination with the L208 mutants. The 343 

mutant NgR1 constructs were detectable on the CHO cell surface (Fig 6E), but all 344 

displayed impaired capacity to bind reovirus (Fig 6F) and failed to efficiently promote 345 
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infection (Fig 6G). Combination of mutations at L208 and Y254 had synergistic effects in 346 

diminishing reovirus binding and infectivity (Fig 6F and G). These data demonstrate that 347 

NgR1 residues L208 and Y254, which reside at the NgR1-σ3 interface, are required for 348 

reovirus binding and infection and provide clues about the binding mechanism.  349 
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DISCUSSION 350 

All viruses must specifically engage host cell-surface molecules to achieve reliable 351 

membrane apposition and cell entry. In this study, we evaluated biophysical parameters 352 

of reovirus binding to NgR1 and functional outcomes of this interaction. Collectively, our 353 

results reveal high-affinity interactions between reovirus virions and NgR1 as well as an 354 

unusual binding mode for virus-receptor interactions in which NgR1 rests between two 355 

adjacent capsid proteins. These studies expand our understanding of the reovirus 356 

capsid components used to bind cells and highlight the complex and multimodal 357 

strategy in which reovirus engages several receptors using different capsid components 358 

to promote efficient infection. 359 

 We chose cryo-EM to resolve NgR1 bound to whole reovirus particles. Similar 360 

approaches have resolved structures of other virus-receptor interactions [25, 26, 68, 361 

69]. Due to the multiple possibilities of binding (two faces of NgR1 and two faces of σ3), 362 

we thought it unlikely that the purified interactants would form stable, regular complexes 363 

required for a crystallographic determination of the structure. Ongoing advances in cryo-364 

EM methods and analyses [70] now allow structural determination at near atomic-level 365 

resolution. While the structures we report here do not achieve atomic-level resolution, 366 

combining the 3D reconstructions we obtained with molecular docking and functional 367 

analyses provides confidence in how NgR1 binds the reovirus capsid. 368 

In addition to the newly discovered function of reovirus σ3 in NgR1 binding, σ3 369 

has several other important activities. During replication, σ3 binds dsRNA [71], prevents 370 

activation of protein kinase R (PKR) [72, 73], and suppresses stress granule formation 371 

[74], thereby promoting efficient viral replication [74, 75]. As a component of incoming 372 
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virion particles, σ3 is thought to serve as a protector protein for the μ1 protein, which 373 

functions in membrane penetration. The σ3 protein must be cleaved and removed by 374 

cathepsin or intestinal proteases to expose and prime μ1 to penetrate membranes [1]. 375 

How reovirus interactions with NgR1 alter particle stability, σ3 cleavage or uncoating, 376 

and early entry steps remains to be determined. As NgR1 is GPI-anchored and has no 377 

cytoplasmic domain, intracellular signaling following NgR1 ligand binding is mediated by 378 

NgR1 co-receptors on neurons. Several co-receptors have been described [76-79], but 379 

it is not known whether these function in reovirus binding or infection. 380 

 In the CNS, NgR1 binds a structurally diverse set of myelin-associated inhibitory 381 

ligands, e.g., Nogo-A [38], oligodendrocyte myelin-associated glycoprotein (OMgp) [41], 382 

and myelin-associated glycoprotein (MAG) [39]. While structural data are available for 383 

individual components [80-82], it is not known how these myelin-associated inhibitory 384 

molecules interact with NgR1 in complex. To our knowledge, we present the first 385 

structure of NgR1 bound to a non-antibody ligand. Reovirus engages N-terminal, LR 386 

sequences of NgR1 at two distinct sites (Fig 6B). A smaller patch on the back and side 387 

of NgR1 (Fig 6B and C) coordinates with a broad patch of residues on the concave 388 

surface of NgR1 (Fig 6B and D) to imbed NgR1 between two σ3 proteins (Fig 5F and 389 

6A and B). Mutagenesis studies confirm the requirement of two key residues at the 390 

center and periphery of the larger NgR1-σ3B surface in reovirus binding and infectivity 391 

(Fig 6E-F). Interestingly, many native binding partners of NgR1 similarly require N-392 

terminal LR sequences (a.a. 26-310) for binding [61, 62], suggesting that the reovirus 393 

binding sites on NgR1 overlap with those of the myelin-associated inhibitory ligands 394 

engaged in the CNS. 395 
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A key remaining question is why do reovirus, myelin-associated inhibitory 396 

ligands, and even some NgR1 co-receptors [62] target and even compete [39] for these 397 

central LR sequences? One possible explanation is the relatively high conservation of 398 

sequences on the concave NgR1 LR surface [54, 55]. As NgR1 serves important 399 

functions in both the developing and mature CNS, maintenance of ligand interactions is 400 

likely to foster sequence conservation at these interfaces. In line with this idea, single 401 

nucleotide polymorphisms of NgR1 in human populations have been associated with 402 

schizophrenia [83-85] and other neurologic disorders. Indeed, many viruses, including 403 

reovirus [21], benefit from engaging protein surfaces that are required for critical 404 

interactions with other host proteins, and thus are strictly conserved. 405 

An alternative possibility is that the residues engaged by reovirus and other 406 

NgR1 ligands are those most readily displayed by the native structure of NgR1 on cells. 407 

While many viruses bind the most apical surface of an extended receptor [22-29], there 408 

are few examples of virus binding to lateral receptor surfaces [86, 87]. The precise 409 

orientation of NgR1 on the cell surface is not known, however, some hypothesize that 410 

the concave NgR1 surface faces toward ligands on neighboring cells. This hypothesis is 411 

consistent with the identification of a hydrophobic pocket at the base of the convex 412 

surface of NgR1 [54], which may interact with the unresolved GPI-CT structure to allow 413 

display of the expansive concave surface for efficient ligand interactions. This NgR1 414 

arrangement could explain the unusual en face arrangement of NgR1 that we observe 415 

on virions (Fig 5F and 6A). Additionally, clustering of NgR1 C-termini at the center of 416 

σ33μ13 heterohexamers (Fig 5F) suggests that NgR1 interacts with itself in a complex to 417 

bind reovirus, which could promote higher avidity binding. There is evidence that NgR1 418 
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forms homophilic interactions [40, 88] and that NgR1 is not broadly distributed in the 419 

membrane but instead clusters in lipid-rich microdomains [89]. However, the nature of 420 

these interactions and their effect on reovirus binding is not clear. Additional studies of 421 

the GPI-CT structure and its involvement in NgR1 conformation and function will be 422 

required to answer these questions. 423 

 Reovirus interacts with several cellular receptors using distinct capsid 424 

components. The fiber-like σ1 viral attachment protein engages sialylated glycans and 425 

JAM-A [12, 13, 20, 21], while the λ2 pentameric protein engages β1 integrin [33]. We 426 

discovered that NgR1 serves as a receptor of reovirus σ3, which expands our 427 

understanding of reovirus interactions with host cells. Interestingly, our studies also 428 

reveal yet another parallel of reovirus structure and function to adenoviruses [90, 91], 429 

which engage CAR/sialylated glycans, integrins, and CD46 receptors using fiber [25], 430 

penton [92], and hexon [87] structural proteins, respectively. These shared similarities 431 

demonstrate how some viruses have evolved the use of all surface-exposed capsid 432 

components as receptor-binding proteins and highlight the critical importance of 433 

receptor engagement. 434 

Reovirus tropism for neurons and its capacity for neurovirulence are exquisitely 435 

dictated by sequences in the T3 σ1 head domain [11]. Consistent with previous findings 436 

[34], we observe no overt preference for NgR1 to engage T3 sequences (Fig 4E and F). 437 

In fact, NgR1 may bind T1 σ3 with slightly higher affinity relative to T3 σ3 (Fig 1F and G; 438 

Appendix Fig S1C). These data suggest that other receptors are engaged by reovirus in 439 

vivo to cause encephalitis. However, not all neurotropic orthoreoviruses target neurons 440 

in this σ1-dependent fashion. Baboon reovirus (BRV), which causes encephalitis in 441 
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baboons [93, 94], lacks a σ1-like attachment protein but otherwise resembles reovirus 442 

structurally [95]. BRV and other relatives of the strains tested here should be evaluated 443 

to understand the viral and host species determinants that allow reovirus to bind NgR1 444 

and how these interactions influence target cell selection and disease. As NgR1 was 445 

first identified as a receptor for reovirus from a screen using human cancer cells [34] 446 

and reovirus is being evaluated as an oncolytic in humans [96, 97], these studies also 447 

may improve the targeting of oncolytic therapeutics. Moreover, findings presented here 448 

may inform an understanding of how NgR1 engages structurally diverse ligands, and 449 

furthermore, how these interactions influence functions of NgR1 in shaping the CNS.  450 
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MATERIALS AND METHODS 451 

Cells 452 

Spinner-adapted L929 fibroblasts were maintained either in suspension culture or 453 

adherent in Joklik’s minimal essential medium (JMEM) supplemented to contain 5% 454 

fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL 455 

streptomycin, and 0.25 µg/mL amphotericin B. CHO Lec2 cells (ATCC; CRL-1736) were 456 

transduced with lentiviruses expressing actin-mCherry and H2B-GFP. Cells expressing 457 

both GFP and mCherry were sorted by flow cytometry and further propagated (Lec2) 458 

[15]. Independent CHO Lec2 cells were transduced with lentivirus encoding human 459 

NgR1 (NM_023004), and NgR1-expressing cells were sorted by flow cytometry and 460 

further propagated (Lec2-NgR1). Lec2 and Lec2-NgR1 cells were maintained in MEM α 461 

nucleosides medium (Gibco) supplemented to contain 10% FBS, 100 units/mL 462 

penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine. CHO cells (ATCC, CCL-61) 463 

were maintained in Ham’s F12 medium supplemented to contain 10% FBS, 100 U/ml 464 

penicillin, 100 µg/ml streptomycin, and 0.25 mg/ml amphotericin B. Freestyle™ 293-F 465 

cells (Thermo Fisher Scientific) were maintained in FreeStyle™ 293 Expression Medium 466 

as recommended (Thermo). All mammalian cells were cultivated at 37°C in a humidified 467 

atmosphere with 5% CO2. High Five™ insect cells (Thermo Fisher Scientific) were 468 

maintained in rotating suspension cultures as recommended (Thermo). 469 

 470 

Antibodies 471 

Reovirus polyclonal antiserum was collected from rabbits immunized and boosted with 472 

reovirus strain T1L or T3D. Sera from T1L- and T3D-inoculated rabbits were mixed 1:1 473 
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(vol:vol) and adsorbed on L929 cells to deplete non-specific antibodies. The following 474 

antibodies were used in specified assays at the indicated dilutions: anti-reovirus rabbit 475 

serum (FFU assay – 1:1000; flow cytometry – 1:20,000; immunoblot – 1:1000); anti-476 

NgR1 goat polyclonal IgG (R&D Systems; AF1208) (AFM blockade – 100 μg/mL; flow 477 

cytometry – 0.2 μg/mL; immunoblot – 0.2 μg/mL); anti-NgR2 goat polyclonal antibody 478 

(R&D Systems; AF2776) (flow cytometry – 0.1 μg/mL); anti-α-tubulin mouse monoclonal 479 

antibody (Cell Signaling Technology; clone DM1A) (immunoblot – 1:2000); anti-myc 480 

mouse monoclonal antibody (Cell Signaling Technology; clone 9B11) (flow cytometry – 481 

1:1000. Anti-σ3 (10C1) or anti-μ1 (8H6) mouse monoclonal antibodies [98] were used 482 

for immunoprecipitations as described below. 483 

 484 

Viruses 485 

Reovirus strains T1L and T3D are prototype serotype 1 and serotype 3 viruses that 486 

were originally isolated from infected children [99]. Strains T3SA+ and T3SA- are 487 

engineered recombinant strains [11] that express nine genes of T1L (including the S4 488 

gene that encodes σ3) and the S1 gene of either T3-clone 44-MA or T3-clone-44 [100], 489 

respectively. T3SA+ and T3SA- virions differ by a single amino acid polymorphism (σ1-490 

P204L) that abrogates sialic acid binding capacity of the T3SA- σ1 protein [100]. All 491 

viruses were recovered using plasmid-based reverse genetics [101, 102]. Virus was 492 

purified from infected L929 cells by cesium chloride gradient centrifugation [103]. Viral 493 

titers were determined by particle number (estimated by spectral absorbance at 260 nm 494 

[1 OD260 = 2.1 ˣ 1012 particles/mL]) or plaque assay in the absence of exogenous 495 

proteases and presence of FBS [103]. 496 
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 497 

Expression plasmids 498 

All studies here used human Nogo receptor sequences, following a HeLa cell screen 499 

and validation of hNgR1 as a reovirus receptor [34]. Constructs used in this study are 500 

indicated in the table below, with amino acids (a.a.) for NgR1, NgR2, and NgR3 501 

annotated. Nogo receptor sequences at the N- and C- termini of the protein are 502 

removed by signal peptide cleavage and addition of a GPI anchor, respectively. 503 

Therefore, annotated sequences reflect what is encoded by the cDNA, and not the 504 

mature protein. Human cDNA of CAR and JAM-A in pcDNA3.1 have been described 505 

[52]. Human cDNA (Origene) of NgR1 (NM_023004), and NgR2 (NM_178570), and 506 

NgR3 (NM_178568) were sub-cloned into the pcDNA3.1+ expression plasmid using 507 

sticky-end mutagenesis and custom primers. Myc-hNgR1 in the pSecTag2 expression 508 

vector was provided by Dr. Stephen M. Strittmatter (Yale University). The S4 gene ORF 509 

(σ3-encoding sequence) of reovirus strain T1L (GenBank Accession: M13139.1) or T3D 510 

(GenBank Accession: HM159622.1) were sub-cloned from pT7 [101] into the 511 

pcDNA3.1+ expression plasmid using Gibson assembly and custom primers. 512 
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 513 

 514 

Preparation of purified proteins 515 

Purified NgR1(1-447)-Fc Protein: Purified full-length NgR1 tagged with a human IgG 516 

(R&D Systems; 1208-NG) was resuspended in sterile PBS and stored at -80°C until 517 

use. 518 

NgR1 NgR2 NgR3 Plasmid Notes
 Wild-type
     NgR1 1-473* pcDNA3.1+
     NgR2 1-420** pcDNA3.1+
     NgR3 1-441*** pcDNA3.1+
     NgR1-myc 1-473 pSecTag2 N-term Myc

     NgR1-His 1-310 pcDNA3.1+ C-term 7X His

     NgR1(1-447)-Fc 1-447 pcDNA3.1+ C-term Fc

     NgR1(1-310)-Fc 1-310 pcDNA3.1+ C-term Fc

Glycosylation mutant
     NgR1 N82A 1-473 pcDNA3.1+ N82A

     NgR1 N179A 1-473 pcDNA3.1+ N179A

     NgR1 N82A/N179A 1-473 pcDNA3.1+ N82A/N179A

Chimeric NgR1/NgR2
     NgR1-A 1-154 156-420 pcDNA3.1+
     NgR1-B 155-310 1-155,313-420 pcDNA3.1+
     NgR1-C 1-310 313-420 pcDNA3.1+
     NgR1-AB 1-310 313-420 pcDNA3.1+
Domain deletion
     NgR1ΔNT 1-25,58-473 pcDNA3.1+ Data not shown

     NgR1Δ1-2 1-57,106-473 pcDNA3.1+ Data not shown

     NgR1Δ3-4 1-105,155-473 pcDNA3.1+ Data not shown

     NgR1Δ5-6 1-154,203-473 pcDNA3.1+ Data not shown

     NgR1Δ7-8 1-202,251-473 pcDNA3.1+ Data not shown

     NgR1ΔCT 1-259,311-473 pcDNA3.1+ Data not shown

     NgR1ΔGPI-CT 1-310 pcDNA3.1+ Data not shown

Sequences used from the following reference sequences:
* NgR1: NM_023004 (modified from OriGene SC126683)
** NgR2: NM_178570 (modified from OriGene SC310413)
*** NgR3: NM_178568 (modified from OriGene RC216415)

          Amino Acids of Human Nogo Receptors
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Purified NgR1(1-310)-Fc, JAM-A-Fc, and CAR-Fc Proteins: Plasmids encoding the 519 

extracellular domains of JAM-A and CAR fused C-terminally to a rabbit IgG Fc have 520 

been described [52]. Using sticky ended cloning PCR, JAM-A sequences were replaced 521 

with NgR1 a.a. 1-310 to engineer a NgR1(1-310)-Fc cDNA. Soluble NgR1(1-310)-Fc, 522 

JAM-A-Fc, and CAR-Fc proteins were produced in mammalian cells and purified by the 523 

Vanderbilt Antibody and Protein Resource using protein-A column affinity.  524 

Purified NgR1-His Protein: Using round-the-horn primers and PCR mutagenesis, 525 

sequences encoding a 7His-tag and an early stop codon were appended to the 526 

nucleotides correlating to a.a. 310 of NgR1. FreeStyle™ 293-F cells (Thermo Fisher 527 

Scientific) were transiently transfected at a cell density of 1 × 106 cells/mL using a 1:3 528 

ratio of plasmid DNA and polyethylenimine (PEI 25K™, Polysciences). Cells were 529 

incubated at 37°C for 7 days in a humidified incubator containing 8% CO2. Cells were 530 

pelleted at 7,000 rpm at 4°C for 15 min. Supernatants were collected and supplemented 531 

with cOmplete™ protease inhibitor EDTA free (Roche) per manufacturer’s directions 532 

and loaded onto a 5 mL HisTrap column (Cytvia) preequilibrated with buffer (10 mM 533 

HEPES pH 7.4, 150 mM NaCl, and 20 mM imidazole). A 20 – 500 mM imidazole 534 

gradient was added to the column to first wash and then elute NgR1-His. NgR1-His was 535 

further purified by size exclusion chromatography using a HiLoad 16/60 Superdex 200 536 

column (Cytiva) and collected into buffer (10 mM HEPES, pH 7.4, and 150 mM NaCl). 537 

The protein was concentrated to 8 mg/mL and frozen at -80°C until use. 538 

 539 

Functionalization of AFM tips 540 

.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 July 24, 2021. ; https://doi.org/10.1101/2021.07.23.453469doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.23.453469
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

AFM tips were functionalized with T1L, T3D, or T3SA+ virions using NHS-PEG27-541 

aldehyde linkers as described [104]. Amino-functionalization of the tips was conducted 542 

using aminopropyl-triethoxysilane (APTES; Sigma-Aldrich) in gas phase [105]. Tips are 543 

immersed in chloroform (Sigma-Aldrich) for 5 min and then cleaned with UV radiation 544 

and ozone (UV-O; Jetlight) for 15 min. Tips were placed inside a desiccator containing 545 

two plastic trays and previously flooded with argon gas. APTES (30 µL) and 546 

triethylamine (10 µL) were pipetted separately into the trays and incubated for 2 h in the 547 

sealed chamber. Trays were removed and the desiccator was flooded with argon gas 548 

for 10 min. AFM tips were then left to “cure” the APTES coating for at least 2 days. 549 

Following amino-functionalization, AFM tips were coupled with flexible PEG linkers. 550 

First, the tips were immersed in a solution containing NHS-PEG27-aldehyde (3.3 mg) in 551 

chloroform (0.5 mL) and triethylamine (30 µL) for 2 h. Then, the tips were rinsed three 552 

times with chloroform for 5 min. After allowing the tips to dry, they were placed on 553 

Parafilm in a polystyrene Petri dish, which was stored in an ice box. Next, 100 µL of 554 

virus (109 particles/mL) was pipetted onto the tips and 2 µL of freshly prepared sodium 555 

cyanoborohydride solution (~6% [wt/vol] in 0.1 M NaOHaq) was added to the virus 556 

droplet. The tips were incubated in this solution at 4°C for 1 h, after which 5 µL of 557 

ethanolamine (1 M [pH 8.0]) was mixed into the droplet. Tips were incubated at 4°C for 558 

10 min, rinsed 3X in ice-cold virus buffer (150 mM NaCl, 15 mM MgCl2, 10 mM Tris [pH 559 

7.4]), and stored in virus buffer at 4°C until use. 560 

 561 

Preparation of NgR1-coated model surfaces 562 
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Soluble full-length NgR1 protein (R&D Systems, AF1208-NG) was immobilized on 563 

model surfaces using Protein A chemistry as described [106]. Gold-coated surfaces 564 

were rinsed with ethanol, dried with a low nitrogen flow, cleaned with UV radiation and 565 

ozone (UV-O; Jetlight) for 15 min, rinsed with ethanol, and dried with nitrogen gas. 566 

Surfaces were incubated overnight in an ethanol solution containing 1% COOH (1 mM 567 

16-mercaptohexadecanoic acid) and 99% OH (11-mercapto-1-undecanol) alkanethiols. 568 

The next day, surfaces were rinsed with ethanol, dried with nitrogen gas, and incubated 569 

for 30 min in a solution of NHS and EDC (10 mg/mL NHS and 25 mg/mL 1-ethyl-3-[3-570 

dimethylaminopropyl]-carbodiimide [EDC]). Surfaces were washed 3X with milliQ water 571 

and incubated at RT for 1 h in 100 µL of Protein A (100 µg/mL) in PBS. Surfaces were 572 

rinsed 3X with washing buffer (PBS containing 0.05% Tween20) and non-specific 573 

binding sites were blocked by incubating surfaces for 1 h in 300 µL of blocking buffer 574 

(PBS containing 0.05% Tween20 and 1% BSA). NgR1-Fc (50 µL of 100 µg/mL) was 575 

incubated on surfaces for 1 h. NgR1-coupled surfaces were rinsed with washing buffer 576 

and stored in PBS until use. 577 

 578 

Force-distance-based AFM on model surfaces 579 

Force-distance curve-based AFM experiments on model surfaces were conducted in 580 

PBS at RT using virus-functionalized MSCT-D probes (spring constants were calculated 581 

using thermal tune [107], with values ranging from 0.030 to 0.047 N/m). Force-582 

Robot300 (Bruker, Germany) and Nanoscope Multimode 8 (Bruker, Nanoscope 583 

software v9.1) atomic force microscopes, operated in the force volume (contact) mode 584 

were used to conduct these experiments. Gold-coated surfaces grafted with NgR1 were 585 
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mounted on a piezoelectric scanner using a magnetic carrier. All experiments were 586 

conducted in PBS and areas of 5 ˣ 5 µm were scanned, with 32 ˣ 32 pixel resolution 587 

(corresponding to 1,024 force-distance curves) and a ramp size set to 500 nm. The 588 

approach velocity was kept constant at 1 µm/s and the maximum force was set to 500 589 

pN.  590 

Dynamic force spectroscopy (DFS) experiments to measure multiple loading rates were 591 

conducted by varying retraction speeds, set to 0.1, 0.2, 1.0, 5.0, 10, and 20 µm/s with 592 

no surface delay. Kinetic on-rate (kon) measurements were conducted by measuring the 593 

binding probability for hold times of 0, 50, 100, 150, 250, 500 and 1000 ms, allowing the 594 

tip to stay in contact with the surface for different periods of time. 595 

In a separate set of experiments, as an independent negative control, surface blocking 596 

was conducted by incubated surfaces with anti-NgR1 antibody (R&D Systems; 100 597 

µg/mL). Measurements were taken at a retraction velocity of 1 µm/s, before and after 598 

the addition of the antibody. The same sample area was probed several times, using 599 

the same tip, with no surface delay. 600 

 601 

Force-distance-based AFM and fluorescence microscopy on living cells 602 

Force-distance, curve-based AFM experiments on living cells were conducted by 603 

acquiring correlative images with an inverted epifluorescence microscope (Zeiss 604 

Observer Z.1) coupled to an atomic force microscopy (AFMi) (Bioscope Resolve, 605 

Bruker), operated in the PeakForce QNM mode (Nanoscope software v9.2). The AFMi 606 

was equipped with a 150-µm piezoelectric scanner. A 40x oil objective (NA = 0.95) was 607 

used. Cells were maintained in growth medium and at 37°C. A gas mixture 608 
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supplemented with 5% CO2 and 95% relative humidity was infused at 0.1 L/min into the 609 

chamber. PFQNM-LC cantilevers (Bruker) were oscillated at 0.25 kHz with an amplitude 610 

of 750 nm. The sensitivity of each cantilever was calculated through thermal noise 611 

method. Images were taken at 256 ˣ 256 pixels, probing an area of 25 - 30 µm, with 612 

imaging forces of 500 pN and a scan frequency of 0.125 Hz.  613 

In a separate set of experiments, as an independent negative control, anti-NgR1 614 

antibody (R&D Systems; 50 µg/mL) was added to the cells’ medium in order to probe 615 

specific interaction between the virus and the sample. All the experimental parameters 616 

were kept the same and data were collected before and after the antibody addition. 617 

 618 

AFM Data analysis 619 

Data acquired in experiments on model surfaces was analyzed using JPK Data 620 

Processing (version 6.1.149) and Nanoscope analysis software (v2.0, Bruker). Peaks 621 

corresponding to adhesion events between virus particles and NgR1 were selected and 622 

retraction force-distance curves were fitted with the worm-like chain model for polymer 623 

extension [108]. Regarding DFS experiments, loading rates were determined using the 624 

slope of the force-time curves and rupture forces were extracted. Origin software 625 

(OriginLab) was used to graph DFS plots and to fit histograms of rupture force 626 

distributions, applying various force spectroscopy models, as described [47, 109]. For 627 

kinetic on-rate analysis, the binding probability (BP; fraction of curves that displayed a 628 

binding event) was determined for the different hold times (t; the time the tip is in 629 

contact with the surface). Data were fitted and KD calculated as described [110]. 630 
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For experiments on living cells, AFM images were analyzed with Nanoscope analysis 631 

software (v2.0, Bruker) and Gwyddion. ImageJ (v1.52e) was used to calculate the 632 

binding probability through pixel enumeration. Optical images were analyzed with Zen 633 

Blue software (Zeiss). Force-distance curves showing adhesion events were analyzed 634 

with NanoScope analysis software (v2.0, Bruker) and Origin software (OriginLab).  635 

 636 

Receptor cDNA transfection and infection of CHO cells 637 

The day before transfection, 105 CHO cells/well were seeded into 24-well tissue culture 638 

plates. Cells were transfected with cDNA using FuGene 6 (Promega, E2691) following 639 

manufacturer’s guidelines and a ratio of 0.5 µg of plasmid:1.5 µL FuGene 6 (Promega, 640 

E2691) in Opti-MEM (Gibco). “Mock”-transfected indicates that cells received only Opti-641 

MEM. Cells were incubated at 37°C for 48 h post-transfection before infection or flow 642 

cytometric analyses. 643 

For infections, transfected CHO cells were inoculated with T3SA- diluted in PBS-/- at an 644 

MOI of 10 PFU/cell and incubated at 37°C for 1 h. Virus was removed and cells were 645 

incubated in completed Ham’s F12 medium. At 24 hpi, cells were washed with PBS-/- 646 

and fixed with cold methanol at -20 °C for at least 30 min. Fixed cells were washed and 647 

incubated with reovirus polyclonal serum diluted in 0.5% Triton X-100 in PBS, followed 648 

by incubation with Alexa Fluor 488-labeled secondary IgG. Cells were counterstained 649 

with DAPI and imaged at 10X using a Lionheart FX automated imaging system 650 

(BioTek). Infected cells (FFU) were enumerated per field for at least four fields of view 651 

per well in triplicate wells. 652 

 653 
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Flow cytometry assessment of reovirus binding or receptor expression 654 

Monolayers of mock- or cDNA-transfected CHO cells were washed with PBS, detached 655 

using CellStripper Dissociation Reagent (Corning), and quenched with an equal volume 656 

of PBS-/- supplemented to contain 2% FBS (FACS buffer). All further incubations, 657 

washes, and pelleting were conducted in racked titer tubes (Bio-Rad; 2239391) on ice 658 

or at 4°C. Washes and virus incubations were conducted in PBS-/- and antibody 659 

incubations were conducted in FACS buffer. Cells were pelleted at 500 ˣ g at 4°C for 3 660 

min, washed, and resuspended with T3SA- (105 particles/cell) on ice for 1 h. Cells were 661 

pelleted, washed 3X with PBS-/- to remove unbound virus, and incubated with reovirus-, 662 

NgR1-, mixed NgR1/NgR2-, or myc-specific antibodies at 4°C for 1 h. Cells were 663 

washed 3X, stained with Alexa-labelled secondary antibody at 4°C for 1 h, and washed 664 

again 3X. Cells were fixed in PBS-/- supplemented to contain 1% paraformaldehyde and 665 

analyzed by flow cytometry. Results were quantified using FlowJo software.  666 

 667 

 PI-PLC removal of NgR1 from the cell surface 668 

At 48 h post-transfection, CHO cells were treated with 100 μL of either Opti-MEM 669 

(Gibco) or PI-PLC from Bacillus cereus (Invitrogen; LSP6466) resuspended to 0.5 U/mL 670 

in Opti-MEM (Gibco). Cells were incubated at 37°C for 1 h, washed in cold PBS-/- and 671 

lysed in RIPA buffer prior to interrogation of protein expression by immunoblot analysis 672 

as described below. 673 

 674 

Expression and purification of the σ33μ13 heterohexamer 675 
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High Five™ insect cells (1 L) were infected with 20 mL of third passage recombinant 676 

baculovirus expressing μ1 and σ3 of reovirus strain T1L. Cells were incubated at 27°C 677 

for 72 h, pelleted by centrifugation at 500 ˣ g for 10 min, and resuspended in 678 

heterohexamer lysis buffer (150 mM KCl, 20 mM Tris [pH 8.5], 2 mM MgCl2, 2 mM β-679 

mercaptoethanol [BME], 3 mM PMSF, and completed with benzonase [1,000 units] and 680 

cOmplete™ protease inhibitor cocktail [Roche] prior to use). Cells were lysed using an 681 

Avestin Emulsiflex and debris was pelleted at 31,200 rpm at 4°C for 40 min. The 682 

supernatant was loaded into a MonoQ ion-exchange column and washed with buffer A 683 

(20 mM Tris pH 8.5, 20 mM MgCl2, 2 mM BME) containing 150 mM NaCl. 684 

Heterohexamer was eluted with a linear buffer A gradient from 150 to 450 mM NaCl. 685 

Fractions containing μ1 and σ3 were pooled and concentrated to 1 mL with a 30 kDa 686 

molecular weight cut-off (MWCO) centricon. Protein was diluted to 4 mL with buffer A 687 

lacking NaCl and mixed dropwise with ammonium sulfate buffer (4 M ammonium 688 

sulfate, 20 mM Tris pH 8.5) to a final concentration of 0.7 M ammonium sulfate. Protein 689 

was loaded into a phenyl sepharose column and eluted with a linear buffer A gradient 690 

from 0.7 M to 0 M ammonium sulfate. Fractions containing heterohexamer were pooled 691 

and concentrated with a 30 kDa MWCO centricon. Protein was passed through a 692 

Superdex 200 size-exclusion column equilibrated with buffer B (20 mM Bicine pH 9, 100 693 

mM NaCl, 2 mM MgCl2, 2 mM BME). Heterohexamer fractions were pooled and 694 

concentrated to 1 mg/mL. 695 

  696 

Production of 35S-labeled σ3 697 
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In vitro transcription and translation reactions were conducted using the TNT coupled 698 

rabbit reticulocyte lysate system (Promega, L4610) according to the manufacturer’s 699 

instructions. Reactions were supplemented with RNasin Plus RNase Inhibitor (N2611) 700 

and [35S]-methionine (PerkinElmer, NEG709A500UC). Plasmids encoding T1L or T3D 701 

S4 were added and reactions were incubated at 30°C for 1-1.5 h. Translation reactions 702 

were terminated with 3-fold excess of stop buffer (20 mM HEPES-KOH [pH 7.4], 100 703 

mM potassium acetate, 5 mM magnesium acetate, 5 mM EDTA, 2 mM unlabeled 704 

methionine) supplemented prior to use with a final concentration of 1 mM dithiothreitol 705 

(DTT) and 2 mM puromycin. 706 

  707 

Immunoprecipitations, Native PAGE, SDS-PAGE, immunoblotting, and phosphor 708 

imaging 709 

Immunoprecipitation: To immunoprecipitate proteins translated in vitro in RRLs, 5 µg 710 

of mouse 10C1 or 8H6 antibody or NgR1-Fc or CAR-Fc were incubated with σ3-711 

expressing reactions at 4°C for 1 h with rotation. Samples were added to Protein G 712 

Dynabeads and incubated at 4°C for 1 h with rotation. The flow-through containing 713 

unbound protein was resolved by native PAGE. Dynabeads were washed four times 714 

with Tris-buffered saline (20 mM Tris-HCl pH 7.5, 150 mM NaCl) containing 0.1% 715 

Tween-20, eluted with SDS sample buffer, and resolved by SDS-PAGE.  716 

Native PAGE: Samples for native PAGE were diluted in 4X Native PAGE Sample 717 

Buffer (ThermoFisher, BN2003) and loaded into wells of 4-16% Native PAGE Bis-Tris 718 

acrylamide gels (ThermoFisher). Samples were electrophoresed using the blue native 719 
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PAGE Novex Bis-Tris gel system (ThermoFisher). Light blue anode buffer was 720 

supplemented with 0.1% L-cysteine and 1 mM ATP.  721 

Electrophoresed proteins were transferred to PVDF. Membranes were soaked in 8% 722 

acetic acid for 15 min, rinsed with ddH2O, dried, incubated with 100% methanol for 1 723 

min, rinsed with ddH2O, blocked with 5% bovine serum albumin (BSA) diluted in PBS-/- 724 

and incubated with antibodies for immunoblotting. The NativeMark Protein Standard 725 

(ThermoFisher, LC0725) provided molecular weight estimation. 726 

SDS-PAGE: Samples for SDS-PAGE were diluted in 5X SDS-PAGE sample buffer and 727 

incubated at 95°C for 10 min. Samples were loaded into wells of 10% acrylamide gels 728 

(BioRad, 4561036) and electrophoresed at 100V for 90 min. Following electrophoresis, 729 

proteins were either stained with colloidal blue (ThermoFisher, LC6025) or transferred 730 

to nitrocellulose for immunoblotting. Immunoblot analysis was conducted as described 731 

[111] and gels were scanned and analyzed using an Odyssey CLx imaging system (Li-732 

Cor). 733 

 734 

Phosphor Imaging: Following electrophoresis, gels were incubated in 40% 735 

methanol/10% acetic acid at RT for 1 h, washed three times with ddH2O, and dried on 736 

filter paper at 80°C for 2 h using a BioRad model 583 gel dyer. Dried gels were applied 737 

to a phosphor imaging screen for 12 - 36 h, followed by imaging using a Perkin Elmer 738 

Cyclone Phosphor System Scanner (B431200). Protein bands labeled with 35S-739 

methionine were analyzed using ImageJ software (244).  740 

  741 

Cryo-EM data collection and processing 742 
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Purified T3SA- reovirus virions were incubated in PBS alone or with soluble NgR1-His 743 

(in a ratio of 1 σ3 : 4 NgR1-His) at 4°C for 4 h. Quantifoil R 3.5/1 copper grids were glow 744 

discharged and 4 µL sample was plunge-frozen in liquid ethane using a Vitrobot Mark IV 745 

(Thermo Fisher). Frozen hydrated specimens were imaged at 300 kV using low-746 

electron-dose conditions on a JEOL 3200 FSC cryo-electron microscope equipped with 747 

a direction detector K2 summit camera (Gatan) in the NIH-funded National Center for 748 

Macromolecular Imaging at Baylor College of Medicine. Movie stacks were collected 749 

semi-automatically using SerialEM [112] at 20,000x magnification, corresponding to a 750 

pixel size of 1.71 Å. Each image stack was fractioned in 50 subframes with a total dose 751 

of 0.55 electrons/A². Image stacks were aligned and beam induced motion was 752 

corrected using the alignframes package from IMOD [113]. Contrast transfer function 753 

(CTF) correction was conducted using e2ctf_auto.py from EMAN2.3 [114, 115]. 7,182 754 

and 11,046 particles were initially picked using e2.boxer.py for the reovirus and 755 

reovirus:NgR1 complex sample, respectively, and reference-free two-dimensional (2D) 756 

class averages were computed using e2refine2d.py. Good class averages with clear 757 

viral features were selected to calculate an initial three-dimensional (3D) model using 758 

e2initialmodel.py with applied icosahedral symmetry. The initial model was low-pass 759 

filtered to ~30 Å and used as model for 3D-refinement using e2refine_easy.py. After 760 

several rounds of refinement, 5,954 and 1,648 high-quality particles were selected using 761 

e2.evalrefine.py for the reovirus and reovirus:NgR1 sample, respectively. 3D 762 

reconstructions were refined to a final resolution of 7.2 Å and 8.9 Å, respectively, 763 

according to the Gold Standard Resolution FSC plot (threshold 0.143) of EMAN. 764 

 765 
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Model fitting and analysis  766 

The 3D reconstructed maps allowed fitting of protein coordinates using the Fit in map 767 

function of UCSF Chimera [116]. The following atomic coordinates from the Protein 768 

Data Bank (PDB) were used: PDB-ID 1ozn for NgR1 [54], 1jmu for the µ1σ3 769 

heterohexamer [64], and 3iyl for the core proteins λ2, σ2, and λ1 [117]. To minimize 770 

clashes between the fitted protein chains, a single round of phenix.real_space_refine, 771 

including simulated annealing, was conducted [118]. The difference density map was 772 

calculated using the vop command in UCSF Chimera. RMSD values were calculated 773 

using the align and rms_cur algorithms in PyMol [119]. Figures were prepared using 774 

UCSF Chimera [116] and PyMol [119]. 775 

 776 

Statistical analysis 777 

Statistical tests were conducted using Prism 7 (GraphPad Software) and Origin 778 

(OriginLab). Means of individual experiments are shown for experiments conducted 779 

fewer than five times. P values of less than 0.05 were considered to be statistically 780 

significant. Descriptions of the specific tests used are provided in the figure legends.  781 
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FIGURES LEGENDS 798 

Figure 1. Reovirus virions bind to NgR1 on model surfaces. 799 

A  800 

Schematic of reovirus virions and infectious subvirion particles (ISVPs) showing loss of 801 

outer-capsid protein σ3, cleavage of µ1 to δ and φ fragments, and extension of the σ1 802 

protein. 803 

B  804 

Schematic of probing reovirus particle binding to NgR1 using atomic force microscopy 805 

(AFM). Pixel-for-pixel, force-distance, curve-based AFM is used to approach and retract 806 

the sample from a tip attached to a cantilever and record interaction forces, F, over the 807 

tip-sample distance in force-distance curves. Made using BioRender. 808 

C  809 

Force-time curve from which the loading rate can be extracted from the slope of the 810 

curve immediately before bond rupture (loading rate = ΔF/Δt) (upper curve). The contact 811 

time is the interval in which the tip and surface are in constant contact (middle curve). 812 

The lower curve shows no binding events. Made using BioRender. 813 

D  814 

Box plot summarizing the binding probability from AFM studies for the conditions 815 

shown. Each data point represents the binding probability from one map acquired at a 816 

retraction speed of 1 µm/s. Mean (inset square), median (horizontal line), 25th and 75th 817 

percentiles, and highest and lowest values (whiskers) are shown. N = 10 maps 818 

examined for three 3 independent experiments. P values were determined by two-819 

sample t-test. 820 
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E  821 

Bell-Evans model describing a virus-receptor interaction as a two-state model 822 

(BioRender). The bound state is separated from the unbound state by a single energy 823 

barrier located at distance xu. koff and kon represent the dissociation and association 824 

rates, respectively. 825 

F, G  826 

Dynamic force spectroscopy (DFS) plot showing the distribution of average rupture 827 

forces, determined at seven distinct loading-rate ranges, quantified between NgR1 and 828 

either T1L virions (F) or T3D virions (G). Data corresponding to single interactions were 829 

fit with the Bell-Evans model (solid black or blue line, respectively), providing average 830 

koff and xu values. Dashed lines represent predicted binding forces for multiple 831 

simultaneous uncorrelated interactions ruptured in parallel (Williams-Evans prediction). 832 

Inserted plots: The binding probability is plotted as a function of the contact time. Least-833 

squares fits of the data to a mono-exponential decay curve (line) provides average 834 

kinetic on-rates (kon) of the probed interaction. Further calculation (koff/kon) determines 835 

the KD. Each data point represents the binding frequency from one map acquired at a 836 

retraction speed of 1 µm/s for the different hold times. All experiments were conducted 837 

at least 3 times with independent tips and samples. Error bars indicate SD of the mean 838 

values.  839 
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Figure 2. Reovirus virions bind to NgR1 expressed on living cells. 840 

A  841 

Schematic (BioRender) depicting virions probed on a confluent layer of co-cultured 842 

fluorescent Lec2 (actin-mCherry and H2B-GFP) and Lec2-NgR1 cells by combined 843 

optical microscopy and force-distance-based AFM. 844 

B, C  845 

Corresponding representative images of force-distance-based AFM topography (top 846 

panels), confocal microscopy (top panels, inset), and adhesion map (bottom panels) 847 

from probing adjacent Lec2 and Lec2-NgR1 cells with either T1L (B) or T3D (C) virions 848 

coupled to the AFM tip. Adhesion maps show interactions (white pixels) primarily with 849 

Lec2-NgR1 cells. 850 

D   851 

Box plot of the binding probability between either T1L (white) or T3D (blue) virions and 852 

Lec2 or Lec2-NgR1 cells, before and after injection of NgR1-specific antibody (Ab). Box-853 

and-whisker plot displayed as described above. For experiments without injection of 854 

NgR1-specific antibody, the data were obtained from at least N = 10 cells from 4 855 

independent experiments. Data for blocking experiments were obtained from at least N 856 

= 4 cells from 2 independent experiments. P-values were determined by two-sample t-857 

test. 858 

E, F  859 

DFS plots showing the distribution of rupture forces quantified between either T1L (E) or 860 

T3D (F) virions and NgR1-overexpressing Lec2 cells (red data points). Data points in 861 

grey represent rupture forces quantified on NgR1 model surfaces (extracted from Fig 2F 862 
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and G, respectively). Histograms of the force distribution observed on cells fitted with a 863 

multi-peak Gaussian distribution (N > 800 data points) are shown at the sides. Error 864 

bars indicate SD of the mean values.  865 

 866 

Figure 3. Identification of NgR1 sequences that promote reovirus binding and 867 

infectivity. 868 

A 869 

Ribbon tracing of NgR1 amino acids (a.a.) 26-310 [54] alongside a schematic of NgR1 870 

(Leucine-rich [LR] repeat [LRR] 1-8; Glycophosphatidylinositol [GPI]). N- and C-termini 871 

are indicated. Schematic not to scale. 872 

B, C, D 873 

CHO cells were mock-transfected or transfected with the cDNAs shown and incubated 874 

for 48 h. (B) NgR1/NgR2 expression was detected on the cell surface by flow cytometry 875 

using NgR1 and NgR2 antibodies. (C) Transfected cells were incubated on ice with 876 

reovirus strain T3SA- for 1 h. Reovirus binding was detected by flow cytometry using 877 

reovirus-specific antiserum. (D) Transfected cells were incubated with T3SA- at RT for 1 878 

h. At 24 hpi, infectivity was monitored by fluorescent focus unit (FFU) assay. Error bars 879 

indicate SD. Values that differ significantly from mock by one-way ANOVA and 880 

Dunnett's test are indicated (***, P < 0.001; ****, P < 0.0001). 881 

E 882 

Ribbon tracings of partial NgR1 (purple) [54] and NgR2 (grey) [120] ectodomains with 883 

regions A, B, and C indicated. The structure of region C, composed primarily of the GPI-884 

CT, has not been reported for NgR1 or NgR2. 885 
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F, G, H 886 

CHO cells were mock-transfected or transfected with the cDNAs shown and incubated 887 

for 48 h. (F) NgR1 sequences were detected by flow cytometry using NgR1-specific 888 

polyclonal antiserum. (G) Reovirus binding and (H) infectivity were determined. Error 889 

bars indicate SD. Values that differ significantly from mock by student’s t-test are 890 

indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 891 

I 892 

Reovirus virions were incubated with protein G magnetic beads (beads alone) or beads 893 

conjugated to Fc-tagged, soluble truncated NgR1 (a.a. 26-310), full-length NgR1 (a.a. 894 

26-447), or full-length JAM-A. Bead-bound proteins were resolved by SDS-PAGE and 895 

detected using colloidal blue staining. A representative gel from 3 independent 896 

experiments is shown. 897 

J 898 

CHO cells were mock-transfected or transfected with the cDNAs shown and incubated 899 

for 48 h. Cells were lysed, and membrane-cleared fractions were electrophoresed by 900 

SDS-PAGE and transferred to nitrocellulose. Membranes were probed for either NgR1 901 

or tubulin and imaged. A representative gel from four independent experiments is 902 

shown.  903 

K, L, M 904 

CHO cells were mock-transfected or transfected with the cDNAs shown and incubated 905 

for 48 h. (J) NgR1 expression, (K) reovirus binding, or (L) reovirus infectivity were 906 

determined. Error bars indicate SD. Values that differ significantly from mock by one-907 

way ANOVA and Dunnett's test are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 908 
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 909 

Figure 4. Reovirus outer-capsid protein σ3 is the viral ligand for NgR1. 910 

A 911 

Schematic of reovirus capsid components. 912 

B 913 

Purified σ33μ13 electrophoresed by native page (left) or SDS-PAGE (right) and stained 914 

by colloidal blue. 915 

C, D 916 

Soluble Fc-tagged CAR or NgR1, or monoclonal antibodies 10C1 (σ3-specific) or 8H6 917 

(μ1-specific) were immobilized onto protein G beads. Protein-conjugated beads were 918 

incubated with purified σ33μ13 heterohexamer. Beads were washed, boiled, and 919 

released proteins were electrophoresed by SDS-PAGE and visualized using reovirus-920 

specific antiserum. A representative gel (C) and quantification of two independent 921 

experiments (D) are shown. SEM are shown. Values that differ significantly from CAR 922 

by t-test are indicated (*, P < 0.05). 923 

E, F 924 

Soluble Fc-tagged CAR or NgR1 or 10C1 (σ3-specific) monoclonal antibody were 925 

incubated with rabbit reticulocyte lysates expressing radiolabeled T1L or T3D σ3. Beads 926 

were washed, boiled, and released proteins electrophoresed by SDS-PAGE. 927 

Immunoprecipitated protein was visualized by phosphor imaging. A representative gel 928 

(E) and quantification of 3 independent experiments (F) are shown. Values that differ 929 
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significantly from CAR by one-way ANOVA and Dunnett's test are indicated (*, P < 930 

0.05). 931 

 932 

Figure 5. Cryo-EM reconstructions of NgR1 bound to reovirus virions reveals the 933 

interaction arrangement.  934 

A, B 935 

Representative cryo-electron micrographs of (A) reovirus virions or (B) reovirus virions 936 

complexed with NgR1. Scale bar, 100 nm. 937 

C, D 938 

Central slices of the 3D cryo-electron reconstruction of (C) reovirus or (D) reovirus 939 

complexed with NgR1. White arrowheads indicate NgR1 density. 940 

E, F 941 

Overview of 3D reconstructions for (E) reovirus or (F) reovirus complexed with NgR1 at 942 

resolutions of 7.2 Å and 8.9 Å, respectively. Maps are colored by distance from the core 943 

(320 Å - 440 Å). Representative 2-fold, 3-fold, and 5-fold symmetry axes of the 944 

icosahedral capsid are indicated by white symbols. 945 

G, H, I 946 

Asymmetric units for reovirus (G, side view; H, top view) or reovirus-NgR1 (I, top view). 947 

Ribbon tracings of reovirus proteins (σ3-blue, μ1-green, λ2-yellow, λ3-red, and σ2-red) 948 

and NgR1 (magenta) were placed into the 3D reconstructions (grey translucent surface 949 

representation) of virions (G,H) or the virion-NgR1 complex (I). (H) Individual σ33μ13 950 
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heterohexamers are indicated with white triangles. (I) N- and C-termini for docked NgR1 951 

molecules are labeled in white.  952 

J, K 953 

Difference density maps of the reovirus virion reconstruction subtracted from the 954 

reovirus-NgR1 reconstruction at sigma level 1.5 (J) or 2.0 (K). Major additional NgR1 955 

features are indicated by black rectangles.  956 

L, M 957 

Side and top views of NgR1 ribbon tracing placed into the difference density map 958 

(sigma level = 1.15). Glycosylations are shown in stick format, and densities attributable 959 

to glycosylation are indicated by black arrows. 960 

 961 

Figure 6. NgR1 residues required for interaction with reovirus identified by 962 

structure-guided mutagenesis. 963 

A 964 

Surface representation of the modelled asymmetric unit of a reovirus virion in complex 965 

with NgR1 (extracted from the Figure 5 molecular docking). NgR1 is colored in 966 

magenta, σ3 in blue, μ1 in green, λ1 in yellow, and σ2 as well as λ1 in red. The 967 

approximate location at which σ1 imbeds into λ2 is depicted by a grey circle. 968 

B 969 

Interactions of NgR1 with two σ3 monomers (labelled σ3A and σ3B) from different 970 

heterohexamers are depicted in a side view (top panel) and top view (bottom panel). 971 
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NgR1 is shown as a ribbon tracing (magenta) and σ3 as a surface representation (blue). 972 

The σ3 surface < 5 Å from the NgR1 protein model is colored in magenta. 973 

C, D 974 

Magnified views of the σ3A (C) and σ3B (D) interaction sites. NgR1 amino acids in 975 

proximity to σ3 are shown in stick representation. Residues with confirmed critical 976 

functions in NgR1 binding, L208 and Y254, are colored in yellow. 977 

E, F, G 978 

CHO cells were mock-transfected or transfected with the cDNAs shown and incubated 979 

for 48 h. (E) NgR1 expression, (F) reovirus binding, or (G) reovirus infectivity were 980 

determined. Error bars indicate SD. Values that differ significantly from mock by one-981 

way ANOVA and Dunnett's test are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; 982 

***, P < 0.001). 983 

 984 

SUPPLEMENTARY FIGURE LEGENDS 985 

Appendix Figure S1. Reovirus T3SA+ virion binding to NgR1 on model surfaces 986 

and living cells resembles T1L more closely than T3D. 987 

A  988 

Box plot summary showing the probability of T3SA+ binding to NgR1 (green) relative to 989 

that of T1L (white) and T3D (green), before and after injection of NgR1-specific 990 

antibody. One data point represents the binding probability from one map acquired at a 991 

retraction speed of 1 µm/s. The square in the box indicates the mean, the colored box 992 

.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 July 24, 2021. ; https://doi.org/10.1101/2021.07.23.453469doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.23.453469
http://creativecommons.org/licenses/by-nc-nd/4.0/


49 
 

the 25th and 75th percentiles, and the whiskers the highest and lowest values. The line 993 

in the box indicates the median. N = 10 maps examined for 3 independent experiments. 994 

P values were determined by two-sample t-test. 995 

B, C  996 

Dynamic force spectroscopy (B) and contact time (C) analysis of T3SA+ binding to an 997 

NgR1 model surface, yielding the koff, xu, kon, and KD values of this interaction. 998 

D, E, F 999 

Binding of T3SA+ virions to NgR1 probed on receptor-overexpressing living cells (Lec2-1000 

NgR1). Topography (D) and adhesion (E) maps of the probed area shown in the insert. 1001 

(F) DFS plot of T3SA+ virion interactions with NgR1 on model surfaces (grey dots, from 1002 

panel B) and living cells (red dots). Histogram of the force distribution observed on cells 1003 

fitted with a multi-peak Gaussian distribution (N > 800 data points) is shown on the side. 1004 

Error bars indicate SD of the mean values. Data are representative of at least N = 10 1005 

cells from 3 independent experiments. 1006 

 1007 

Appendix Figure S2. N-terminally tagged NgR1 is expressed well but permits 1008 

diminished reovirus binding and infectivity. 1009 

A, B, C, D 1010 

CHO cells were mock-transfected or transfected with the cDNAs shown and incubated 1011 

for 48 h. (A) NgR1 expression, (B) Myc expression, or (C) reovirus binding were 1012 

determined by flow cytometry. (D) Infectivity was assessed by FFU assay. Error bars 1013 
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indicate SD of the mean. Values that differ significantly from mock by one-way ANOVA 1014 

and Dunnett's test are indicated (*, P < 0.05; **, P < 0.01; ****, P < 0.001). ns = not 1015 

statistically significant. 1016 

 1017 

Appendix Figure S3. Slower-migrating NgR1 bands in polyacrylamide gels are 1018 

sensitive to phospholipase treatment. 1019 

(A) CHO cells were mock-transfected or transfected with the cDNAs shown, incubated 1020 

for 48 h. Cells were treated with vehicle control or phosphatidylinositol phospholipase C 1021 

(PI-PLC), washed, and lysed in a detergent buffer. Lysed cell extracts were resolved by 1022 

SDS-PAGE and probed using either NgR1-specific anti-sera or a monoclonal antibody 1023 

recognizing tubulin. (B) PI-PLC is membrane impermeable and cleaves GPI-anchored 1024 

proteins from the cell surface. Schematic made using BioRender. 1025 

 1026 

Appendix Figure S4. Quantification of NgR1 detected in cell lysates by 1027 

immunoblot analyses. 1028 

CHO cells were mock-transfected or transfected with the indicated cDNAs and 1029 

incubated for 48 h. Cells were lysed and membrane-cleared fractions were 1030 

electrophoresed by SDS-PAGE and transferred to nitrocellulose. Membranes were 1031 

probed for either NgR1 or tubulin and imaged (Fig 3J). Quantification relative to 1032 

background and tubulin of 3 independent gels is shown. 1033 

 1034 
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Appendix Figure S5. NgR1 molecules bind at different sites on the reovirus virion 1035 

surface with similar conformations. 1036 

A 1037 

Surface representation of the modelled asymmetric unit of a reovirus virion in complex 1038 

with NgR1, with NgR1 molecules labelled 1-5 (extracted from Figure 5 molecular 1039 

docking). 1040 

B 1041 

Binding mode comparison of all NgR1 molecules within the asymmetric unit. The 1042 

corresponding 3D reconstruction at counter level 1.0 is shown as blue meshes. For 1043 

NgR1-(1), the σ3 protomer to the right was included from a σ33 µ13 heterohexamer from 1044 

the neighboring asymmetric unit.  1045 
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Figure 1

Figure 1. Reovirus virions bind to NgR1 on model surfaces.
A Schematic of reovirus virions and infectious subvirion particles (ISVPs) showing loss of outer-capsid protein σ3, cleavage of µ1 to

δ and φ fragments, and extension of the σ1 protein.
B Schematic of probing reovirus particle binding to NgR1 using atomic force microscopy (AFM). Pixel-for-pixel, force-distance,

curve-based AFM is used to approach and retract the sample from a tip attached to a cantilever and record interaction forces, F,
over the tip-sample distance in force-distance curves. Made using BioRender.

C Force-time curve from which the loading rate can be extracted from the slope of the curve immediately before bond rupture
(loading rate = ΔF/Δt) (upper curve). The contact time is the interval in which the tip and surface are in constant contact (middle
curve). The lower curve shows no binding events.

D Box plot summarizing the binding probability from AFM studies for the conditions shown. Each data point represents the binding
probability from one map acquired at a retraction speed of 1 µm/s. Mean (inset square), median (horizontal line), 25th and 75th
percentiles, and highest and lowest values (whiskers) are shown. N = 10 maps examined for 3 independent experiments. P values
were determined by two-sample t-test.

E Bell-Evans model describing a virus-receptor interaction as a two-state model (BioRender). The bound state is separated from the
unbound state by a single energy barrier located at distance xu, koff, and kon represent the dissociation and association rates,
respectively.

F, G Dynamic force spectroscopy (DFS) plot showing the distribution of average rupture forces, determined at 7 distinct loading-rate
ranges, quantified between NgR1 and either T1L virions (F) or T3D virions (G). Data corresponding to single interactions were fit
with the Bell-Evans model (solid black or blue line, respectively), providing average koff and xu values. Dashed lines represent
predicted binding forces for multiple simultaneous uncorrelated interactions ruptured in parallel (Williams-Evans prediction).
Inserted plots: binding probability is plotted as a function of the contact time. Least-squares fits of the data to a mono-exponential
decay curve (line) provides average kinetic on-rates (kon) of the probed interaction. Further calculation (koff/kon) determines the KD.
Each data point represents the binding frequency from one map acquired at a retraction speed of 1 µm/s for the different hold
times. All experiments were conducted at least 3 times with independent tips and samples. Error bars indicate SD of the mean
values.
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Figure 2

Figure 2. Reovirus virions bind to NgR1 expressed on living cells.
A Schematic (BioRender) depicting virions probed on a confluent layer of co-cultured fluorescent Lec2 (actin-mCherry and H2B-

GFP) and Lec2-NgR1 cells by combined optical microscopy and force-distance-based AFM.
B, C Corresponding representative images of force-distance-based AFM topography (top panels), confocal microscopy (top panels,

inset), and adhesion maps (bottom panels) from probing adjacent Lec2 and Lec2-NgR1 cells with either T1L (B) or T3D (C) virions
coupled to the AFM tip. Adhesion maps show interactions (white pixels) primarily with Lec2-NgR1 cells.

D Box plot of the binding probability between either T1L (white) or T3D (blue) virions and Lec2 or Lec2-NgR1 cells, before and after
injection of NgR1-specific antibody (Ab). Box-and-whisker plot displayed as described above. For experiments without injection of
NgR1-specific antibody, the data were obtained from at least N = 10 cells from 4 independent experiments. Data for blocking
experiments were obtained from at least N = 4 cells from 2 independent experiments. P-values were determined by two-sample t-
test.

E, F DFS plots showing the distribution of rupture forces quantified between either T1L (E) or T3D (F) virions and NgR1-
overexpressing Lec2 cells (red data points). Data points in grey represent rupture forces quantified on NgR1 model surfaces
(extracted from Fig 2F and G, respectively). Histograms of the force distribution observed on cells fitted with a multi-peak
Gaussian distribution (N > 800 data points) are shown at the sides. Error bars indicate SD of the mean values.
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Figure 3. Identification of NgR1 sequences that promote reovirus binding and infectivity.
A Ribbon tracing of NgR1 amino acids (a.a.) 26-310 [54] alongside a schematic of NgR1 (Leucine-rich [LR] repeat [LRR] 1-8;

Glycophosphatidylinositol [GPI]). N- and C-termini are indicated. Schematic not to scale.
B, C, D CHO cells were mock-transfected or transfected with the cDNAs shown and incubated for 48 h. (B) NgR1/NgR2 expression was

detected on the cell surface by flow cytometry using NgR1 and NgR2 antibodies. (C) Transfected cells were incubated on ice with
reovirus strain T3SA- for 1 h. Reovirus binding was detected by flow cytometry using reovirus-specific antiserum. (D) Transfected
cells were incubated with T3SA- at RT for 1 h. At 24 hpi, infectivity was monitored by fluorescent focus unit (FFU) assay. Error
bars indicate SD. Values that differ significantly from mock by one-way ANOVA and Dunnett's test are indicated (***, P < 0.001;
****, P < 0.0001).

E Ribbon tracings of partial NgR1 (purple) [54] and NgR2 (grey) [120] ectodomains with regions A, B, and C indicated. The structure
of region C, composed primarily of the GPI-CT, has not been reported for NgR1 or NgR2.

F, G, H CHO cells were mock-transfected or transfected with the cDNAs shown and incubated for 48 h. (F) NgR1 sequences were
detected by flow cytometry using NgR1-specific polyclonal antiserum. (G) Reovirus binding and (H) infectivity were determined.
Error bars indicate SD. Values that differ significantly from mock by student’s t-test are indicated (*, P < 0.05; **, P < 0.01; ***, P <
0.001).

I Reovirus virions were incubated with protein G magnetic beads (beads alone) or beads conjugated to Fc-tagged, soluble
truncated NgR1 (a.a. 26-310), full-length NgR1 (a.a. 26-447), or full-length JAM-A. Bead-bound proteins were resolved by SDS-
PAGE and detected using colloidal blue staining. A representative gel from three independent experiments is shown.

J CHO cells were mock-transfected or transfected with the cDNAs shown and incubated for 48 h. Cells were lysed, and membrane-
cleared fractions were electrophoresed by SDS-PAGE and transferred to nitrocellulose. Membranes were probed for either NgR1
or tubulin and imaged. A representative gel from four independent experiments is shown.

K, L, M CHO cells were mock-transfected or transfected with the cDNAs shown and incubated for 48 h. (J) NgR1 expression, (K) reovirus
binding, or (L) reovirus infectivity were determined. Error bars indicate SD. Values that differ significantly from mock by one-way
ANOVA and Dunnett's test are indicated (**, P < 0.01; ****, P < 0.0001).
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Figure 4. Reovirus outer-capsid protein σ3 is the viral ligand 
for NgR1.
A Schematic of reovirus capsid components.
B Purified σ33μ13 electrophoresed by native page (left) or

SDS-PAGE (right) and stained by colloidal blue.
C, D Soluble Fc-tagged CAR or NgR1, or monoclonal

antibodies 10C1 (σ3-specific) or 8H6 (μ1-specific) were
immobilized onto protein G beads. Protein-conjugated
beads were incubated with purified σ33μ13
heterohexamer. Beads were washed, boiled, and
released proteins were electrophoresed by SDS-PAGE
and visualized using reovirus-specific antiserum. A
representative gel (C) and quantification of two
independent experiments (D) are shown. SEM are
shown. Values that differ significantly from CAR by t-
test are indicated (*, P < 0.05).

E, F Soluble Fc-tagged CAR or NgR1 or 10C1 (σ3-specific)
monoclonal antibody were incubated with rabbit
reticulocyte lysates expressing radiolabeled T1L or T3D
σ3. Beads were washed, boiled, and released proteins
electrophoresed by SDS-PAGE. Immunoprecipitated
protein was visualized by phosphor imaging. A
representative gel (E) and quantification of 3
independent experiments (F) are shown. Values that
differ significantly from CAR by one-way ANOVA and
Dunnett's test are indicated (*, P < 0.05).
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Figure 5

Figure 5. Cryo-EM reconstructions of NgR1 bound to reovirus virions reveals the interaction arrangement.
A, B Representative cryo-electron micrographs of (A) reovirus virions or (B) reovirus virions complexed with NgR1. Scale bar, 100 nm.
C, D Central slices of the 3D cryo-electron reconstruction of (C) reovirus or (D) reovirus complexed with NgR1. White arrowheads

indicate NgR1 density.
E, F Overview of 3D reconstructions for (E) reovirus or (F) reovirus complexed with NgR1 at resolutions of 7.2 Å and 8.9 Å,

respectively. Maps are colored by distance from the core (320 Å - 440 Å). Representative 2-fold, 3-fold, and 5-fold symmetry axes
of the icosahedral capsid are indicated by white symbols.

G, H, I Asymmetric units for reovirus (G, side view; H, top view) or reovirus-NgR1 (I, top view). Ribbon tracings of reovirus proteins (σ3-
blue, μ1-green, λ2-yellow, λ3-red, and σ2-red) and NgR1 (magenta) were placed into the 3D reconstructions (grey translucent
surface representation) of virions (G,H) or the virion-NgR1 complex (I). (H) Individual σ33μ13 heterohexamers are indicated with
white triangles. (I) N- and C-termini for docked NgR1 molecules are labeled in white.

J, K Difference density maps of the reovirus virion reconstruction subtracted from the reovirus-NgR1 reconstruction at sigma level 1.5
(J) or 2.0 (K). Major additional NgR1 features are indicated by black rectangles.

L, M Side and top views of NgR1 ribbon tracing placed into the difference density map (sigma level = 1.15). Glycosylations are shown
in stick format, and densities attributable to glycosylation are indicated by black arrows.
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Figure 6. NgR1 residues required for interaction with reovirus identified by structure-guided mutagenesis.
A Surface representation of the modelled asymmetric unit of a reovirus virion in complex with NgR1 (extracted from the Figure 5

molecular docking). NgR1 is colored in magenta, σ3 in blue, μ1 in green, λ1 in yellow, and σ2 as well as λ1 in red. The
approximate location at which σ1 imbeds into λ2 is depicted by a grey circle.

B Interactions of NgR1 with two σ3 monomers (labelled σ3A and σ3B) from different heterohexamers are depicted in a side view (top
panel) and top view (bottom panel). NgR1 is shown as a ribbon tracing (magenta) and σ3 as a surface representation (blue). The
σ3 surface < 5 Å from the NgR1 protein model is colored in magenta.

C, D Magnified views of the σ3A (C) and σ3B (D) interaction sites. NgR1 amino acids in proximity to σ3 are shown in stick
representation. Residues with confirmed critical functions in NgR1 binding, L208 and Y254, are colored in yellow.

E, F, G CHO cells were mock-transfected or transfected with the cDNAs shown and incubated for 48 h. (E) NgR1 expression, (F) reovirus
binding, or (G) reovirus infectivity were determined. Error bars indicate SD. Values that differ significantly from mock by one-way
ANOVA and Dunnett's test are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ***, P < 0.001).

Figure 6
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Appendix Figure S1

Appendix Figure S1. Reovirus T3SA+ virion binding to NgR1 on model surfaces and living cells resembles T1L more closely than 
T3D.
A Box plot summary showing the probability of T3SA+ binding to NgR1 (green) relative to that of T1L (white) and T3D (green),

before and after injection of NgR1-specific antibody. One data point represents the binding probability from one map acquired at a
retraction speed of 1 µm/s. The square in the box indicates the mean, the colored box the 25th and 75th percentiles, and the
whiskers the highest and lowest values. The line in the box indicates the median. N = 10 maps examined for 3 independent
experiments. P values were determined by two-sample t-test.

B, C Dynamic force spectroscopy (B) and contact time (C) analysis of T3SA+ binding to an NgR1 model surface, yielding the koff, xu,
kon, and KD values of this interaction.

D, E, F Binding of T3SA+ virions to NgR1 probed on receptor-overexpressing living cells (Lec2-NgR1). Topography (D) and adhesion (E)
maps of the probed area shown in the insert. (F) DFS plot of T3SA+ virion interactions with NgR1 on model surfaces (grey dots,
from panel B) and living cells (red dots). Histogram of the force distribution observed on cells fitted with a multi-peak Gaussian
distribution (N > 800 data points) is shown on the side. Error bars indicate SD of the mean values. Data are representative of at
least N = 10 cells from 3 independent experiments.
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Appendix Figure S2

Appendix Figure S2. N-terminally tagged NgR1 is expressed well but permits diminished reovirus binding and infectivity.
A-D CHO cells were mock-transfected or transfected with the cDNAs shown and incubated for 48 h. (A) NgR1 expression, (B) Myc

expression, or (C) reovirus binding were determined by flow cytometry. (D) Infectivity was assessed by FFU assay. Error bars
indicate SD of the mean. Values that differ significantly from mock by one-way ANOVA and Dunnett's test are indicated (*, P <
0.05; **, P < 0.01; ****, P < 0.001). ns = not statistically significant.
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Appendix Figure S3. Slower-migrating NgR1 bands in polyacrylamide gels are sensitive to phospholipase treatment.
A CHO cells were mock-transfected or transfected with the cDNAs shown, incubated for 48 h. Cells were treated with vehicle control

or phosphatidylinositol phospholipase C (PI-PLC), washed, and lysed in a detergent buffer. Lysed cell extracts were resolved by
SDS-PAGE and probed using either NgR1-specific anti-sera or a monoclonal antibody recognizing tubulin.

B PI-PLC is membrane impermeable and cleaves GPI-anchored proteins from the cell surface. Schematic made using BioRender.
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Appendix Figure S4
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Appendix Figure S4. Quantification of NgR1 detected in cell lysates by immunoblot analyses.
CHO cells were mock-transfected or transfected with the indicated cDNAs and incubated for 48 h. Cells were lysed and
membrane-cleared fractions were electrophoresed by SDS-PAGE and transferred to nitrocellulose. Membranes were probed for
either NgR1 or tubulin and imaged (Fig 3J). Quantification relative to background and tubulin of 3 independent gels is shown.
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Appendix Figure S5
A B

4 3

2

5

1
NgR1

σ3
μ1
λ2

1 2

3 4 5

Appendix Figure S5. NgR1 molecules bind at different sites on the reovirus virion surface with similar conformations.
A Surface representation of the modelled asymmetric unit of a reovirus virion in complex with NgR1, with NgR1 molecules labelled 1-

5 (extracted from Figure 5 molecular docking).
B Binding mode comparison of all NgR1 molecules within the asymmetric unit. The corresponding 3D reconstruction at counter level 

1.0 is shown as blue meshes. For NgR1-(1), the σ3 protomer to the right was included from a σ33 µ13 heterohexamer from the 
neighboring asymmetric unit.
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