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Significance

Neuronal plasticity is an essential 
process in central nervous system 
(CNS) development and is 
coordinated in part by a key 
scaffold protein called NgR1. NgR1 
also functions as a receptor for 
reovirus, a CNS-tropic virus 
capable of causing encephalitis in 
young mammals. Despite the 
important role of NgR1 in brain 
homeostasis, structural 
information guiding an 
understanding of NgR1 
interactions with its ligands is 
lacking. Here, we describe in 
molecular detail how NgR1 uses its 
predicted key scaffolding surface 
to bind reovirus, which revealed a 
noncanonical viral ligand for this 
pathogen. These studies highlight 
how viruses employ multiple 
capsid components to engage 
host receptors and often target 
receptor surfaces required for 
interaction with host proteins with 
essential, conserved functions.
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Nogo-66 receptor 1 (NgR1) binds a variety of structurally dissimilar ligands in the adult 
central nervous system to inhibit axon extension. Disruption of ligand binding to NgR1 
and subsequent signaling can improve neuron outgrowth, making NgR1 an important 
therapeutic target for diverse neurological conditions such as spinal crush injuries and 
Alzheimer’s disease. Human NgR1 serves as a receptor for mammalian orthoreovirus 
(reovirus), but the mechanism of virus–receptor engagement is unknown. To eluci-
date how NgR1 mediates cell binding and entry of reovirus, we defined the affinity of 
interaction between virus and receptor, determined the structure of the virus–receptor 
complex, and identified residues in the receptor required for virus binding and infection. 
These studies revealed that central NgR1 surfaces form a bridge between two copies of 
viral capsid protein σ3, establishing that σ3 serves as a receptor ligand for reovirus. This 
unusual binding interface produces high-avidity interactions between virus and receptor 
to prime early entry steps. These studies refine models of reovirus cell-attachment and 
highlight the evolution of viruses to engage multiple receptors using distinct capsid 
components.

Nogo receptor 1 | receptor | structure | virus | attachment

Every virus must cross host membranes to deliver its genetic payload to the interior of the 
cell. To overcome this membrane barrier, viruses must engage host receptors expressed on 
the cell surface or in endosomal compartments to mediate adhesion, internalization, and 
disassembly. For many viruses, accessing the cytoplasm requires more than just a single 
viral capsid component binding to a single host receptor. Instead, virus–receptor interac-
tions often require many components of the viral capsid to engage different host molecules 
over space and time to orchestrate this critical step in infection. This coordinated first 
encounter between virus and host influences all subsequent events, including disease type 
and severity.

Mammalian orthoreovirus (reovirus) provides a highly tractable and well-established 
experimental system to study mechanisms of viral receptor engagement and how receptor 
use influences disease. Reovirus virions are nonenveloped, double-shelled particles that 
undergo stepwise binding to host cells and proteolytic disassembly prior to releasing 
transcriptionally active viral cores into the cytosol (1). Reovirus causes age-restricted disease 
in many mammalian species (2–4) and readily infects humans (5–8). In mice, reovirus 
disseminates from initial sites of replication in either the intestine or lung to produce 
strain-specific patterns of tropism in the brain and concomitant disease (9, 10). Serotype 
1 (T1) reovirus strains infect ependymal cells lining the ventricles of the brain and cause 
a nonlethal hydrocephalus (9), whereas serotype 3 (T3) strains infect neurons in the central 
nervous system (CNS) and produce a fulminant, and often lethal, encephalitis (10). These 
differences in tropism and disease are mediated by the σ1 viral attachment protein and 
are thought to be dictated by differences in receptor use (10, 11).

Most reovirus strains use a multistep binding process, engaging sequential cell-surface 
receptors with i) low affinity, ii) high affinity, and iii) internalization functions to drive 
uptake of reovirus virions, disassembly to form infectious subvirion particles (ISVPs) 
(Fig. 1A), and penetration into the cytosol. Two reovirus outer-capsid proteins mediate 
these binding events—the σ1 viral attachment protein and the λ2 base into which σ1 
inserts. Different domains of T1 and T3 σ1 proteins bind to different sialylated carbohy-
drates with low affinity (12, 13), suggesting independent evolution of this binding activity 
for reovirus. Glycan engagement promotes adhesion strengthening of reovirus to the cell 
surface (14) and enhances affinity of the virus for other receptors, possibly by promoting 
conformational changes in the viral particle (15). Requirements for virus binding to sialic D
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acid differ by cell type and virus strain (12, 13, 16), and efficient 
glycan engagement influences viral virulence (17–19).

The σ1 protein also binds junctional adhesion molecule-A 
(JAM-A), an immunoglobulin (Ig) superfamily protein, using a 
mechanism conserved between the viral serotypes (20, 21). JAM-A 
expression on endothelial cells promotes reovirus viremia and 
hematogenous dissemination in the host (22, 23). However, 
despite the high affinity of reovirus σ1 for JAM-A, this receptor 
does not initiate signaling required for endosomal internalization 
(24). Instead, conserved sequence motifs in the viral λ2 protein 
promote binding to integrins, clathrin recruitment, and efficient 
cell entry (24, 25). Binding to either sialic acid or JAM-A is dis-
pensable for reovirus replication in the intestine and brain. Thus, 
there are key gaps in knowledge about reovirus receptor use and 
function in different tissues.

Human Nogo-66 receptor 1 (NgR1) was identified as a reovi-
rus receptor in an RNA interference screen (26). In contrast to 
JAM-A, which can bind both virions and ISVPs, NgR1 selectively 
binds virions (26). ISVPs are characterized by an altered con-
former of the σ1 protein and proteolytic removal of the σ3 

protein, leading to the hypothesis that the virion conformer of 
σ1, outer-capsid protein σ3, or both engage NgR1. NgR1 is 
expressed in neural cells targeted by reovirus (23, 27–29) and 
interacts with a structurally diverse set of myelin inhibitory pro-
teins to recruit multiple coreceptors, initiate signaling, and pre-
vent neurite outgrowth (30–33). There is limited structural 
information about how NgR1 coordinates binding to these 
diverse ligands and coreceptors to mediate its functions. However, 
disruption of NgR1 interactions with these ligands can promote 
nerve growth recovery (34–37). Thus, an enhanced understanding 
of the structural basis of NgR1–ligand interactions may foster 
development of therapeutics.

In this study, we used a combination of biophysical, biochem-
ical, and genetic strategies to define interactions between reovirus 
and NgR1. We identified that the viral outer-capsid protein σ3 
engages NgR1, establishing an additional viral ligand for reovirus. 
Two neighboring σ3 proteins ligate conserved sequences of a single 
NgR1 molecule, a mechanism that likely promotes the high avid-
ity of interactions observed between virus and receptor and cata-
lyzes early infection steps. Collectively, these studies enhance an 

Fig. 1. Reovirus virions bind to NgR1 on model surfaces with high affinity. (A) Schematic of reovirus virions and ISVPs showing loss of outer-capsid protein σ3, 
cleavage of µ1 to δ and φ fragments, and extension of the σ1 protein in ISVPs. (B) Schematic of probing reovirus particle binding to NgR1 using 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. Made using BioRender. (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 three independent experiments.  
P values were determined by the 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 and G) DFS plot showing the distribution of average rupture forces, determined at seven distinct loading-rate (LR) ranges, quantified between NgR1 and either 
T1L (F) or T3D (G) virions. 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 graphs: Binding probability is plotted as a function of the contact time. Least-squares fits of the data to a monoexponential 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 
force from one map acquired at a retraction speed of 1 µm/s for the different hold times. All experiments were conducted at least three times with independent 
tips and samples. Error bars indicate SD of mean values.D
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understanding of reovirus binding and entry events and provide 
an in-depth visualization of an NgR1–ligand interface.

Results

Reovirus Binds NgR1 on Receptor-Coated Surfaces with High 
Avidity. To determine the affinity of virus binding to NgR1 and 
clarify whether there are strain-specific differences in the capacity 
of reovirus to bind NgR1, we used force-distance-based atomic 
force microscopy. This approach allows real-time observations of 
rare and transient binding events and precise quantification of 
single-molecule interactions. Virions or ISVPs of prototype T1 
and T3 reovirus strains, T1L and T3D, were covalently linked to 
an atomic force microscopy (AFM) probe tip, and interactions 
with a surface coated with purified, full-length NgR1 protein were 
kinetically and thermodynamically probed (Fig. 1B). The AFM 
tip was cyclically contacted and retracted from the NgR1-coated 
surface, and the force between the viral-particle-functionalized tip 
and the surface was monitored over time (Fig. 1C; force vs. time 
curves). Virions of both strains displayed high binding probability 
to the NgR1-coated surface (Fig. 1D). Importantly, preincubation 
of model surfaces with an NgR1-specific antibody abolished 
binding by virions and, consistent with previous studies (26), 
ISVPs were incapable of NgR1 engagement (Fig. 1D).

As T1L virions were ~30% more likely to bind the NgR1-coated 
surface than were T3D virions (Fig. 1D), we speculated that 
sequence polymorphisms in the viral ligand might be responsible 
for this difference. Between these strains, the σ3 proteins share 
~97% identity, and the σ1 proteins share ~27% identity (38). 
To determine whether the T1L σ1 sequences mediate more effi-
cient NgR1 engagement, we assessed the binding of reovirus 
strain T3SA+, which is structurally identical to T1L apart from 
a T3D-like σ1 protein. T3SA+ virions bound NgR1 comparably 
to T1L virions (SI Appendix, Fig. S1A), suggesting that the σ1 
viral attachment protein does not mediate reovirus binding to 
NgR1.

We next defined the kinetic properties of reovirus–NgR1 bonds 
by probing the interaction at various loading rates (e.g., force 
applied over time) (39). Fitting the data with the Bell-Evans 
model (Fig. 1E) (40, 41) enabled us to extract the dissociation 
rate (koff) and the distance to the transition state (xu) for T1L 
(Fig. 1F) and T3D (Fig. 1G). Overall, there was a slightly higher 
distance to the transition state for T1L virions relative to T3D 
virions, indicating an increase in conformational variability fol-
lowing binding to NgR1 as well as a diminished dissociation rate, 
suggesting more stable interactions. Higher forces on dynamic 
force spectroscopy (DFS) plots originate from the failure of 
uncorrelated bonds in parallel, as predicted by the Williams–
Evans model (42). We observed a high correlation between the 
William–Evans predictions and recorded single-molecule data. 
These findings suggest that reovirus virions establish multivalent 
interactions with NgR1.

By monitoring the influence of contact time on binding proba-
bility (Fig. 1 F and G; Insets), we estimated the association rate (kon) 
by assuming that the receptor-bound complex can be approximated 
by pseudo-first-order kinetics (43) and calculated equilibrium dis-
sociation constants (KD) for the studied complexes (koff/kon). All 
three strains tested demonstrated KD values in the nM range  
(~7 to 11 nM), indicating high-affinity interactions and further 
confirming the stability of the complexes established by reovirus 
and NgR1 (Insets, Fig. 1 F and G and SI Appendix, Fig. S1 B and 
C). Similar values have been reported for other reovirus–receptor 
interactions (14, 25, 44). However, the slightly higher binding 
probability of T1L and T3SA+ for NgR1 relative to T3D provides 

further evidence that sequence polymorphisms displayed by the σ1 
protein do not explain differences in biophysical interaction param-
eters with NgR1.

Reovirus Virions Bind to NgR1 on Living Cells. To determine 
whether interactions probed on isolated NgR1 receptors are 
established in the context of living cells, we used Chinese hamster 
ovary (CHO) Lec2 cells engineered to express NgR1. CHO Lec2 
cells do not efficiently express cell-surface sialic acid (45) and 
bind reovirus poorly (15) due to the absence of reovirus receptors. 
Using AFM tips functionalized with either T1L or T3D virions, 
we probed monolayers of cocultured Lec2 cells, fluorescently 
labeled with a nuclear protein H2B-eGFP and actin-mCherry, 
and unlabeled NgR1-expressing Lec2 cells (Lec2-NgR1) (Fig. 2A). 
Fields of view were chosen in which both cell types were adjacent, 
serving as direct internal controls. AFM height images (Fig.  2 
B and C; Upper) were recorded together with corresponding 
adhesion images, revealing the location of specific adhesion events 
displayed as bright pixels (Fig. 2 B and C; Lower). Lec2-NgR1 cells 
demonstrated a high density of adhesion events, ~ 9% for T1L 
and ~ 6% for T3D (Fig. 2D), whereas Lec2 cells displayed only 
a sparse distribution of these events, < 2% (Fig. 2D), suggesting 
NgR1-specific attachment of reovirus to living cells. Specificity of 
the probed interactions was validated by treatment with an NgR1-
specific antibody prior to adsorption, which led to a significant 
decrease in binding to Lec2-NgR1 cells. Similar to our findings 
using model surfaces, we observed a modest increase in binding to 
Lec2-NgR1 cells by T1L and T3SA+ relative to T3D (SI Appendix, 
Fig. S1 D–G). Specific binding forces and corresponding loading 
rates were extracted from force vs. time curves recorded on Lec2-
NgR1 cells and overlaid on the DFS plots obtained using NgR1-
coated surfaces (Fig. 2 E and F and SI Appendix, Fig. S1G). Data 
obtained using purified receptors and living cells aligned well, 
confirming the relevance of results obtained using model surfaces. 
Collectively, these data demonstrate that multiple reovirus strains 
bind NgR1 with high affinity.

NgR1 Homologs Do Not Support Reovirus Infection. NgR1 
displays a canonical leucine-rich-repeat (LRR) protein fold 
(46, 47) (Fig.  3A) that also is observed in pathogen-sensing 
proteins (48–50). Eight tandem LRRs of NgR1 are appended 
on either end with noncanonical leucine-rich (LR) domains, and 
the C terminus of the protein is capped by a large domain of 
unknown structure that anchors NgR1 to the cell membrane by 
a glycophosphatidylinositol (GPI) moiety (Fig. 3A). NgR1 has 
two homologs, NgR2 and NgR3, that display partial functional 
redundancy with NgR1 (51–53). To test whether NgR2 and NgR3 
also serve as reovirus receptors, we transfected CHO cells with 
plasmids encoding NgR1, NgR2, or NgR3. Expression of NgR1 
and NgR2 (for which there are commercially available antibodies) 
(Fig. 3B), reovirus binding, and infection of transfected cells were 
assessed. Mock transfection or expression of coxsackie virus and 
adenovirus receptor (CAR) were used as negative controls. NgR1, 
but not NgR2 or NgR3, promoted reovirus binding (Fig. 3C) 
and infection (Fig. 3D), indicating that NgR1 serves as a specific 
receptor for reovirus. Since NgR3 expression could not be 
confirmed, these data do not exclude the possibility that NgR3 
serves as a reovirus receptor.

NgR1 Engages the σ3 Outer-Capsid Protein. NgR1 promotes 
binding and infection of reovirus virions but not ISVPs (26). 
This particle-specific binding capacity suggests that the more 
compact virion conformer of σ1, outer-capsid protein σ3, or some 
combination of these capsid components functions as the viral D
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ligand for NgR1. To identify the viral NgR1 ligand, we evaluated 
whether soluble, recombinant NgR1 can interact with isolated σ1 
protein or σ3 protein. The virion particle contains a σ1 trimer at 
each of the 12 icosahedral vertices as well as 200 heterohexamers 
of σ3 and μ1 (σ33μ13) (Fig. 4A). Recombinant σ1 and σ33μ13 
(Fig. 4B) were purified and incubated with NgR1-Fc as an affinity 
ligand in a bead-based binding assay. Surprisingly, NgR1 bound 
to σ33μ13 complexes (Fig. 4 C and D) but not to the classically 
defined viral attachment protein, σ1 (SI Appendix, Fig. S2). This 

binding is specific, as the unrelated CAR protein was unable to 
precipitate σ33μ13.

To determine whether σ3 alone is capable of binding NgR1, we 
incubated radiolabeled σ3 with CAR-Fc, NgR1-Fc, or a σ3-specific 
antibody, and Fc-expressing proteins were precipitated and analyzed 
for bound radiolabeled σ3. When expressed without μ1, σ3 forms 
dimers (Fig. 4A) (55), shielding some surfaces that would otherwise 
be exposed in the virion-associated conformer of σ3. Remarkably, 
isolated σ3 bound NgR1 effectively (Fig. 4 E and F). Collectively, 

Fig. 2. Reovirus virion binding to NgR1 on living cells mirrors binding to NgR1 on model surfaces. (A) Schematic (BioRender) depicting reovirus virions probed 
on a confluent layer of cocultured fluorescent Lec2 (actin-mCherry and H2B-eGFP) and Lec2-NgR1 cells by combined optical microscopy and force-distance-
based AFM. (B and C) Corresponding representative images of force-distance-based AFM topography (Top), confocal microscopy (Top, Inset), and adhesion map 
(Bottom) 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 is displayed as described above. For experiments without injection of NgR1-specific 
antibody, the data were obtained from at least N = 10 cells from four independent experiments. Data for blocking experiments were obtained from at least  
N = 4 cells from two independent experiments. P-values were determined by the two-sample t test. (E and F) DFS plots showing the distribution of rupture forces 
quantified between either T1L (E) or T3D (F) virions and NgR1-expressing Lec2 cells (red data points). Data points in gray represent rupture forces quantified 
using NgR1 model surfaces (extracted from Fig. 1 F 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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these data reveal that the reovirus σ3 outer-capsid protein is a viral 
ligand for cell receptors and expand known reovirus ligands to now 
include three capsid components (σ1, λ2, and σ3).

Cryo-Electron Microscopy (Cryo-EM) Reconstructions Reveal 
that NgR1 Bridges Two σ3 Outer-Capsid Proteins. To elucidate 
the structure of NgR1 bound to σ3, we conducted cryo-EM 
analyses of NgR1 bound to whole virions. Purified virions were 
incubated alone (Fig. 5A) or with NgR1 a.a. 26-310 (Fig. 5B), 
a stable ectodomain fragment we confirmed is responsible for 
reovirus engagement (SI  Appendix, Fig.  S3). Samples were 
visualized using cryo-EM, and images of virions alone (5,954 
particles) or virions in complex with NgR1 (1,648 particles) 
were used to determine three-dimensional (3D) reconstructions 
at final resolutions of 7.2 Å and 8.9 Å, respectively (SI Appendix, 
Fig. S4). Icosahedral symmetry of the virion, which was applied 
during reconstructions based on the known structure of reovirus 
virions (56, 57), is highlighted at the twofold, threefold, and 
fivefold axes of symmetry in both reconstructions (Fig. 5 C–F). 
Importantly, additional density was observed at the surface 
of virions complexed with NgR1, which is apparent in cross-
sections of the reconstructions (Fig. 5D, arrowheads) and in a 3D 
overview in which additional density appears in a star-like pattern 
overlying σ3 proteins (Fig. 5F and Movie S1). Consistent with 
coprecipitation assays (Fig. 4 E and F), these data conclusively 
demonstrate that NgR1 binds to σ3.

To obtain molecular detail of the σ3–NgR1 binding interface, 
we placed available protein structures into the cryo-EM reconstruc-
tions. Only the asymmetric unit of the virion, which can be tiled 
60 times to build a particle in silica, is shown for simplicity (Fig. 5 

G–I). Each asymmetric unit consists of one copy each of λ2, σ2, 
and λ1, and 10 copies each of μ1 and σ3. These 10 protomers of 
μ1 and σ3 compose three full heterohexamers (Fig. 5H, indicated 
by black triangles) and one third of a fourth heterohexamer, which 
is located at a threefold symmetry axis. The flexibility, trimeric 
nature, and incomplete occupancy of the σ1 fiber prevents full 
resolution of this protein in particle-averaged reconstructions, but 
remnants of the fiber base embedded into the λ2 pentamer are 
occasionally detected (Fig. 5E, blue nub above yellow) (57). Within 
the asymmetric unit of the reovirus–NgR1 reconstructions, five 
NgR1 molecules fit well within the remaining cryo-EM features 

Fig. 3. NgR1 is a specific receptor for reovirus. (A) Ribbon tracings of partial 
NgR1 (purple) (46) and NgR2 (gray) (54) ectodomains alongside a schematic of 
NgR1 [leucine-rich (LR) repeat (LRR) 1-8; GPI]. N and C termini are indicated. 
Schematic not to scale. (B–D) CHO cells were mock-transfected or transfected 
with the cDNAs shown and incubated for 48 h. (B) NgR1 and NgR2 expression 
was detected on the cell surface by flow cytometry using pooled 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 
room temperature for 1 h. At 24 hpi, infectivity was quantified by FFU assay. 
Error bars indicate SD. Values that differ significantly from mock by one-way 
ANOVA and Dunnett’s test are indicated (****P < 0.0001).

Fig.  4. Reovirus outer-capsid protein σ3 is the viral ligand for NgR1. (A) 
Schematic of reovirus capsid components. (B) Purified σ33μ13 analyzed using 
native polyacrylamide gel electrophoresis (PAGE) (Left) or sodium dodecyl 
sulfate (SDS)-PAGE (Right) and stained with colloidal blue. (C and 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. Beads were washed and boiled, 
and released proteins were electrophoresed by SDS-PAGE and visualized using 
reovirus-specific antiserum. A representative gel (C) and quantification of three 
independent experiments (D) are shown. Values that differ significantly from 
CAR by one-way ANOVA and Dunnett's test are indicated (*P < 0.05; **P < 0.01).  
(E and 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 and bound to beads. Beads were washed and boiled, and 
released proteins were subjected to SDS-PAGE. Immunoprecipitated proteins 
were visualized by phosphor imaging. A representative gel (E) and quantification 
of five independent experiments (F) are shown. SEM is shown. Values that 
differ significantly from CAR by two-way ANOVA and Tukey's test are indicated  
(**P < 0.01; ****P < 0.0001).D
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Fig. 5. Cryo-EM reconstruction of NgR1 bound to reovirus virions reveals a bivalent interaction mode. (A and B) Representative cryo-electron micrographs of 
reovirus virions alone (A) or complexed with NgR1 (B). Scale bar, 100 nm. (C and D) Central slices of the 3D cryo-EM reconstruction of reovirus virions alone (C) 
or complexed with NgR1 (D). White arrowheads indicate NgR1 density. (E and F) Overview of 3D reconstructions of reovirus virions alone (E) or complexed with 
NgR1 (F) at resolutions of 7.2 Å and 8.9 Å, respectively. Maps are colored by distance from the virus center (320 Å to 440 Å). Representative twofold, threefold, and 
fivefold symmetry axes of the icosahedral capsid are indicated by white symbols. (G–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, λ1-red, and σ2-red) and NgR1 (magenta) were placed into the 3D reconstructions 
(gray translucent surface representation) of virions (G and H) or the virion-NgR1 complex (I). (H) Individual σ33μ13 heterohexamers are indicated with black 
triangles. (I) N and C termini for docked NgR1 molecules are labeled in white. (J and 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 and 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 arrowheads. N′ and C′ termini are indicated.D
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(Fig. 5I) and display binding modes comparable to each other 
(SI Appendix, Fig. S5). Four of these NgR1 molecules are embed-
ded between two σ3 monomers of neighboring heterohexamers, 
while the fifth NgR1 molecule is located adjacent to the fivefold 
vertex and thus is flanked by only one σ3 monomer. This structure 
surprisingly reveals that two binding faces can be used by both 
NgR1 and σ3. Moreover, NgR1 density is distant from σ1 and μ1, 
confirming a specific interaction of the receptor with σ3.

To define additional features of the reovirus–NgR1 interaction, 
we subtracted the density of the reovirus virion reconstruction 
from that of the reovirus–NgR1 reconstruction and evaluated the 
resulting difference density map at various threshold levels (Fig. 5 
J and K). NgR1 can be unambiguously placed in all five of the 
binding sites in the asymmetric unit (SI Appendix, Fig. S5). We 
also detected another feature in the difference density map located 
at the twofold symmetry axes of the virion surface (Fig. 5 F and 
J). This density is not shaped like a single NgR1 molecule but 
instead resembles an average of two NgR1 molecules, each bound 
in opposing directions. Therefore, accurate placement of the NgR1 
coordinates into this density was not possible. However, the loca-
tion of the density between σ3 monomers of adjacent hexamers 
is consistent with the NgR1-binding mode detected nearby on 
the particle. Increasing the threshold level of the difference density 
map from 1.5 to 2.0 removes this feature, along with the NgR1 
moieties observed at the fivefold vertex (Fig. 5 J and K). This signal 
loss suggests weaker NgR1 density at these positions, which might 
be caused by decreased binding affinity at these sites.

The correct orientation of NgR1 is readily confirmed by the 
glycosylation signatures at N82 and N179, which are observed at 
a slightly lower threshold level (1.15) (Fig. 5 L and M). These 
glycan chains face away from the virion surface, which likely 
explains why they do not contribute to reovirus binding and infec-
tion (SI Appendix, Fig. S6). This orientation allows the His tag 
appended to NgR1, which replaces the GPI-CT of full-length 
NgR1, to accumulate at the center of four-to-five bound NgR1 
molecules (Figs. 5I and 6A), suggesting a role for NgR1 oligomer-
ization in binding to reovirus.

Residues on Two Faces of NgR1 Are Required for Efficient 
Reovirus Binding. By identifying NgR1 residues within 5 Å of 
σ3 (Fig. 6B), we predict two major interaction interfaces, a smaller 
surface on the convex face of NgR1 and a significantly larger 
one on the more-conserved concave face of NgR1 (Fig. 6B). The 
smaller surface consists mostly of glutamines and glutamates that 
could potentially form electrostatic or polar interactions (Fig. 6C). 
The larger surface is defined by a broad patch of aromatic residues 
within a central cavity emanating from NgR1 L208 (Fig. 6D). 
This binding surface provides possibilities for charged, polar, or 
hydrophobic interactions (SI Appendix, Fig. S7).

To define NgR1 residues required for binding to σ3, we used the 
reovirus–NgR1 structure to rationalize mutations at the small (σ3A) 
and large (σ3B) interaction interfaces. We hypothesized that disrup-
tion of NgR1 residues in close proximity to σ3 (< 5 Å) would abol-
ish virus binding, whereas disruption of NgR1 residues at the 
periphery of binding interfaces (within 6.5 to 7 Å of σ3) would 
have little effect on the binding interaction. A panel of 30 NgR1 
point mutations was engineered and screened for cell-surface expres-
sion, and the 23 mutants that were detected at the cell-surface com-
parable to wild-type (WT) NgR1 were included for further analyses 
(Fig. 6E). As predicted, the majority of well-expressed close-proximity 
mutants allowed little-to-no virus binding (Fig. 6F) and infectivity 
(Fig. 6G), whereas the majority of mutants with alterations at the 
periphery of the interaction interface conferred efficient virus bind-
ing and infectivity. Interestingly, several mutants from both classes 

appear to promote more efficient infection than WT NgR1 
(Fig. 6G), which in some cases may be due to increased cell-surface 
expression (Fig. 6E) or perhaps a higher affinity interaction is estab-
lished with a positively charged arginine interacting with the rela-
tively negatively charged surface of σ3 (SI Appendix, Fig. S7). 
Receptor residues that are required for virus binding and infection 
(labelled in purple, Fig. 6 C and D) were mapped onto the structure 
alongside residues not required for virus–receptor interactions (labe-
led in black, Fig. 6 C and D). This analysis confirmed the molecular 
footprints of NgR1 binding to the σ3A and σ3B surfaces, as these 
defined clusters of critical residues align well with the predicted 
binding patches (surfaces shaded in blue, Fig. 6 C and D). 
Collectively, these data validate the observed cryo-EM reconstruc-
tion, highlight residues essential for interaction between receptor 
and virus, and provide clues about how NgR1 serves as a scaffold 
to bind multiple proteins simultaneously in the CNS.

Discussion

All viruses must specifically engage host cell-surface molecules to 
achieve reliable membrane apposition and cell entry. In this study, 
we evaluated biophysical parameters of reovirus binding to NgR1 
and functional outcomes of this interaction. Collectively, our 
results reveal high-affinity interactions between reovirus virions 
and the human neuronal receptor NgR1 as well as an unusual 
binding mode for virus–receptor interactions in which NgR1 
nestles between two adjacent capsid proteins. These studies expand 
our understanding of the reovirus capsid components used to bind 
cells and highlight the complex and multimodal strategy in which 
reovirus engages several receptors using different capsid compo-
nents to promote efficient infection.

In addition to the function of NgR1 binding identified here, 
reovirus σ3 has several other important activities during viral rep-
lication. As a component of incoming virion particles, σ3 functions 
as a protector protein for the underlying μ1 membrane-penetration 
protein. The σ3 protein must first be cleaved and removed from 
virions by intestinal or endosomal proteases to expose the μ1 pro-
tein and allow subsequent entry steps (1). Opposite ends of σ3 
simultaneously coordinate binding to NgR1 and μ1, and how 
NgR1 alters σ3 conformation, cleavage, or disassembly and other 
early entry steps remains to be determined. As NgR1 is 
GPI-anchored and has no cytoplasmic domain, intracellular sig-
naling following NgR1 ligand binding is mediated by NgR1 core-
ceptors on neurons. Several coreceptors have been described 
(58–61), but it is not known whether these proteins function in 
reovirus binding or infection. We identified one NgR1 mutant 
(NgR1-Q211R) that allows moderate reovirus binding to cells 
but does not permit infection, suggesting a role for NgR1 in post-
binding functions.

In the CNS, NgR1 binds a large and structurally diverse group 
of coreceptors and myelin-associated inhibitory ligands to control 
neuronal shaping. While there is a rich understanding of func-
tional outcomes for these interactions, the structural basis under-
lying how diverse ligands coordinate or compete for NgR1 is 
lacking. Although structural data are available for many individual 
components (62–64), to our knowledge, only one structure has 
been determined of NgR1 in complex with a nonantibody ligand 
(65). Here, we report the structure of NgR1 bound to a viral 
pathogen. Reovirus engages N-terminal, LR surfaces of NgR1 at 
two distinct sites (Fig. 6B and Movie S1). A small patch on the 
convex face of NgR1 (Fig. 6 B and C) coordinates with a broad 
patch of residues on the concave face of NgR1 (Fig. 6 B and D) 
to imbed NgR1 between two molecules of σ3 (Figs. 5F and 6 A 
and B). Mutagenesis studies confirm a requirement of residues on D
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Fig. 6. NgR1 residues required for interaction with reovirus validated by structure-guided mutagenesis. (A) Surface representation of the modeled asymmetric 
unit of a reovirus virion in complex with NgR1 (extracted from Fig. 5 molecular docking). NgR1 is colored in magenta, σ3 in blue, μ1 in green, λ1 in yellow, and σ2 
and λ1 in red. The approximate location at which σ1 imbeds into λ2 is depicted by a gray circle. (B) Interactions of NgR1 with two σ3 monomers (labeled σ3A and 
σ3B) from different heterohexamers are depicted in a side view (Top) and top view (Bottom). 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 and D) Enlarged views of the σ3A (C) and σ3B (D) interaction 
sites. NgR1 amino acids in proximity to σ3 are shown in stick representation. NgR1 surfaces less than 5 Å from σ3 are colored in light blue. Residue color and 
label color reflect mutant phenotype: purple = reduced infectivity and gray/black = normal or increased infectivity. Residue L208 is highlighted in yellow. (E–G) 
CHO cells were mock-transfected or transfected with the cDNAs shown. NgR1 mutants are labeled by the residue changed and grouped by close proximity (less 
than 5 Å from σ3; light purple) or peripheral (6.5 to 7 Å from σ3; light blue). (E) NgR1 expression, (F) reovirus binding, and (G) reovirus infectivity were determined. 
Shown are mean values of five or more independent experiments. Error bars indicate SEM. Values that differ significantly from NgR1 by one-way ANOVA and 
Dunnett's test are indicated (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.001).D
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both surfaces for reovirus binding and infectivity (Fig. 6 E and F). 
Interestingly, genetic (52, 66) and structural (65) studies indicate 
that most binding partners of NgR1 similarly require N-terminal 
LR sequences (a.a. 26 to 310) for binding, suggesting that 
virus-targeted sites on NgR1 overlap with those engaged by ligands 
on neurons, oligodendrocytes, and other cells in the CNS.

A key remaining question is why do reovirus, myelin-associated 
inhibitory ligands, and even some NgR1 coreceptors target (66) 
and even compete (31) for these central LR surfaces? One expla-
nation is the high conservation of sequences on the concave NgR1 
LR surface (46, 47). As NgR1 serves important functions in both 
the developing and mature CNS, maintenance of ligand interac-
tions is likely to foster sequence conservation at these interfaces. 
In line with this idea, single-nucleotide polymorphisms of NgR1 
in human populations have been associated with schizophrenia 
and other neurologic disorders (67–69). Indeed, many viruses, 
including reovirus (21), benefit from engaging protein surfaces 
that are required for interactions with host proteins, and thus are 
strictly conserved. Unlike human NgR1 studied here, murine 
NgR1 does not serve as an efficient reovirus receptor (70). While 
the broad NgR1–σ3B interface is highly conserved, four NgR1 
polymorphisms exist at or near the smaller σ3A interface that may 
contribute to this difference in receptor use (SI Appendix, Fig. S8), 
further highlighting the importance of bimodal engagement of 
σ3 by conserved sequences in NgR1.

An alternative hypothesis for redundant NgR1 sequence target-
ing is that the residues engaged by reovirus and other NgR1 ligands 
are those most readily available. While most viruses appear to bind 
the most membrane-distal surface of a receptor (71–78), there are 
few examples of virus binding to lateral receptor surfaces (79, 80). 
The precise orientation of NgR1 on the cell surface is not known. 
However, we hypothesize that the concave NgR1 surface faces 
toward ligands on neighboring cells. This hypothesis is consistent 
with the identification of a hydrophobic pocket at the base of the 
convex surface of NgR1 (46), which may interact with the unre-
solved NgR1 GPI-CT structure to distance the ligand-binding face 
from the membrane and allow display of the expansive concave 
surface for efficient ligand interactions. This NgR1 positioning 
could explain the unusual en face arrangement of NgR1 on reovirus 
virions that we observe (Figs. 5F and 6A). Additionally, clustering 
of NgR1 C termini at the center of σ33μ13 heterohexamers 
(Fig. 5F) suggests that NgR1 interacts with itself in a complex to 
engage reovirus, which could promote higher avidity binding. 
Consistent with this model, there is evidence that NgR1 forms 
homophilic interactions (32, 81) and that NgR1 is not broadly 
distributed in the membrane but instead clusters in lipid-rich 
microdomains that also are enriched in NgR1 coreceptors and 
signaling molecules (82, 83). Thus, NgR1–NgR1 interactions and 
lipid raft localization may influence reovirus binding and internal-
ization. Additional studies of the GPI-CT structure and its involve-
ment in NgR1 conformation and localization will be required to 
answer these questions.

Reovirus interacts with several cellular receptors using distinct 
capsid components. The fiber-like σ1 viral attachment protein 
engages sialylated glycans and JAM-A (12, 13, 20, 21), while the 
pentameric λ2 protein engages β1 integrins (25). We found that 
NgR1 serves as a receptor for reovirus σ3, which expands our 
understanding of reovirus interactions with host cells. Interestingly, 
our studies also reveal yet another parallel of reovirus structure 
and function with adenoviruses (84, 85), which engage CAR and 
sialylated glycans, integrins, and CD46 receptors using fiber (76), 
penton (86), and hexon (80) structural proteins, respectively. 
These shared similarities demonstrate how some viruses have 
evolved the use of all surface-exposed capsid components as 

receptor-binding proteins and highlight the critical importance 
of receptor engagement during pathogen invasion.

While human NgR1 serves as an efficient receptor for reovirus 
in cultured cells and appears to promote reovirus infection of 
human neurons (SI Appendix, Fig. S9), reovirus is rarely associated 
with neurologic disease in humans. In contrast, newborn mice are 
exquisitely sensitive to reovirus-induced disease, but murine NgR1 
does not promote efficient reovirus binding or infectivity in cul-
tured cells (70). We find this dichotomy intriguing. The extremely 
broad host range of reovirus in nature raises the possibility that 
NgR1 homologs from some species function as reovirus receptors 
and mediate reovirus disease, which is supported by a study sug-
gesting that NgR1 is required for reovirus infection of neurons 
isolated from the Chinese tree shrew (87). In other species, addi-
tional receptors may function analogously to NgR1 and facilitate 
neuronal infection and consequent neuropathogenesis (88).  
A robust analysis of viral and host sequences required for reovirus–
NgR1 interactions and functionality is warranted to understand 
how NgR1 influences both target cell selection and disease in ani-
mal models and humans.

Reovirus tropism for neurons and capacity for neurovirulence 
in mice are exquisitely dictated by sequences in T3 σ1 (11). 
Consistent with previous findings (26), we observe no preference 
for engagement of NgR1 by T3 sequences (Fig. 4 E and F). In 
fact, T1L σ3 may bind NgR1 with slightly higher probability than 
does T3D σ3 (SI Appendix, Fig. S1A), a property that may be 
conferred by σ3 polymorphisms at or near NgR1-binding sites in 
σ3 (SI Appendix, Fig. S10). These data and the absence of efficient 
engagement of murine NgR1 by reovirus (70) provide additional 
evidence that other receptors are bound by reovirus in vivo to 
cause encephalitis in mice. However, not all neurotropic orthore-
oviruses target neurons in a σ1-dependent fashion. Baboon reo-
virus (BRV), which causes encephalitis in baboons (89, 90), lacks 
a σ1-like attachment protein but otherwise resembles reovirus 
structurally (91). BRV and other relatives of the strains tested here 
should be evaluated for binding to NgR1.

As NgR1 expression is a marker for poor prognosis in head and 
neck cancers in humans (92), and NgR1 expression influences 
susceptibility of human cancer cells to reovirus infection (26) and 
may influence reovirus infection of human neurons (SI Appendix, 
Fig. S9), this work reveals avenues to design improved reovirus 
oncolytics, which are based on the T3D strain used here (93, 94), 
or vector-based therapies. Moreover, studies presented in this 
report may inform an understanding of how NgR1 engages struc-
turally diverse ligands and, furthermore, how these interactions 
influence functions of NgR1 in shaping CNS physiology.

Materials and Methods

Viruses. Reovirus strains T1L and T3D are prototype T1 and T3 viruses that were 
originally isolated from children (95). Strains T3SA+ and T3SA− are engineered 
recombinant strains (11) that express nine gene segments of T1L (including the 
σ3-encoding S4 gene) and the S1 gene of either T3 clone-44-MA or T3 clone-44 
(96), respectively. T3SA+ and T3SA− virions differ by a single amino acid poly-
morphism (σ1-P204L) that abrogates the sialic acid–binding capacity of the σ1 
protein (96). All viruses were recovered using plasmid-based reverse genetics 
(97, 98). Virus was purified from infected L929 cells by cesium chloride gradient 
centrifugation (99). Cryo-EM analysis indicates that greater than 98% of purified 
particles are virions. Viral titers were determined by particle number [estimated 
by spectral absorbance at 260 nm (1 OD260 = 2.1 × 1012 particles/mL)] or plaque 
assay in the absence of exogenous proteases and presence of FBS (99).

Force-Distance-Based AFM Using Model Surface. Force-distance curve-based 
AFM experiments using model surfaces were conducted in phosphate-buffered 
saline (PBS) at room temperature using virus-functionalized MSCT-D probes D
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[spring constants were calculated using thermal tune (100), with values ranging 
from 0.030 to 0.047 N/m]. Force-Robot300 (Bruker, Germany) and NanoScope 
Multimode 8 (Bruker, NanoScope software v9.1) atomic force microscopes were 
operated in the force-volume (contact) mode. Gold-coated surfaces grafted with 
NgR1 were mounted on a piezoelectric scanner using a magnetic carrier. All exper-
iments were conducted in PBS, and areas of 5 × 5 µm were scanned, with 32 × 
32-pixel resolution (corresponding to 1,024 force-distance curves) and a ramp 
size set to 500 nm. The approach velocity was kept constant at 1 µm/s, and the 
maximum force was set to 500 pN.

DFS experiments to measure multiple loading rates were conducted by varying 
retraction speeds, set to 0.1, 0.2, 1.0, 5.0, 10, and 20 µm/s with no surface delay. 
Kinetic on-rate (kon) measurements were conducted by recording the binding 
probability for hold times of 0, 50, 100, 150, 250, 500, and 1,000 ms, allowing 
the tip to stay in contact with the surface for different intervals.

As an independent negative control, surface blocking was conducted by 
incubating surfaces with NgR1-specific antibody (R&D Systems; 100  µg/mL). 
Measurements were obtained at a retraction velocity of 1 µm/s, before and after 
antibody addition. The same sample area was probed several times, using the 
same tip, with no surface delay.

Force-Distance-Based AFM and Fluorescence Microscopy Using Living Cells. 
Force-distance, curve-based AFM experiments using living cells were conducted by 
acquiring correlative images with an inverted epifluorescence microscope (Zeiss 
Observer Z.1) coupled to an atomic force microscope (Bioscope Resolve, Bruker) 
operated in the PeakForce Quantitative Nanomechanical Mapping mode (NanoScope 
software, v9.2). The atomic force microscope was equipped with a 150-µm piezoe-
lectric scanner. A 40× oil objective (NA = 0.95) was used for imaging. Cells were 
maintained in growth medium at 37 °C. A gas mixture supplemented with 5% CO2 
and 95% relative humidity was infused at 0.1 L/min into the chamber. PFQNM-LC 
cantilevers (Bruker) were oscillated at 0.25 kHz with an amplitude of 750 nm. The 
sensitivity of each cantilever was calculated using the thermal noise method. Images 
were taken at 256 × 256 pixels, probing an area of 25 to 30 µm, with imaging forces 
of 500 pN and a scan frequency of 0.125 Hz.

As an independent negative control, NgR1-specific antibody (R&D Systems; 
50 µg/mL) was added to medium. All other experimental parameters were main-
tained, and data were collected before and after antibody addition.

Receptor cDNA Transfection and Infection of CHO Cells. The day before 
transfection, 105 CHO cells/well were seeded into 24-well tissue-culture plates. 
Cells were transfected with cDNA using FuGene 6 (Promega, E2691) following the 
manufacturer’s instructions using a ratio of 0.5 µg of plasmid:1.5 µL FuGene 6 
(Promega, E2691) in Opti-MEM (Gibco). Mock-transfected cells were treated with 
Opti-MEM and FuGene 6. Cells were incubated at 37 °C for 48 h posttransfection 
before infection or flow cytometric analyses.

Transfected CHO cells were inoculated with T3SA− diluted in PBS−/− at an MOI 
of 10 PFU/cell and incubated at 37 °C for 1 h. The inoculum was removed, and cells 
were incubated in completed Ham’s F12 medium. At 24 hpi, cells were washed with 
PBS−/− and fixed with cold methanol at −20 °C for at least 30 min. Fixed cells were 
washed and incubated with reovirus polyclonal antiserum diluted in 0.5% Triton 
X-100 in PBS, followed by incubation with Alexa Fluor 488-labeled secondary IgG. 
Cells were counterstained with DAPI and imaged at 10X using a Lionheart FX auto-
mated imaging system (BioTek). Infected cells fluorescent focus unit (FFU) were enu-
merated per field of view for at least four fields per well in duplicate or triplicate wells.

Flow Cytometry Assessment of Reovirus Binding or Receptor Expression. 
Monolayers of mock- or cDNA-transfected CHO cells were washed with PBS, 
detached using CellStripper Dissociation Reagent (Corning), and quenched 
with an equal volume of PBS−/− supplemented to contain 2% FBS (FACS buffer). 
All further incubations, washes, and pelleting were conducted in racked titer 
tubes (Bio-Rad; 2239391) on ice or at 4 °C. Washes and virus incubations were 
conducted in PBS−/−, and antibody incubations were conducted in FACS buffer. 
Cells were pelleted at 500 × g at 4 °C for 3 min, washed, and resuspended with 
T3SA− (105 particles/cell) on ice for 1 h. Cells were pelleted, washed 3× with 
PBS−/− to remove unbound virus, and incubated with reovirus-, NgR1-, or mixed 
NgR1/NgR2-specific antibodies at 4 °C for 1 h. Cells were washed 3×, stained with 
Alexa-labeled secondary antibody at 4 °C for 1 h, and washed again 3×. Cells were 
fixed in PBS−/− supplemented to contain 1% paraformaldehyde and analyzed by 
flow cytometry. Results were quantified using FlowJo software. If technical repeats 

differed from one another by more than 50% percent, an experimental error was 
assumed, and the data were excluded from analyses.

Expression of 35S-Labeled σ3. In vitro transcription and translation reac-
tions were conducted using the TNT-coupled rabbit reticulocyte lysate system 
(Promega, L4610) according to the manufacturer’s instructions. Reactions were 
supplemented with RNasin Plus RNase Inhibitor (N2611) and [35S]-methionine 
(PerkinElmer, NEG709A500UC). Plasmids encoding T1L or T3D σ3 were added, 
and reactions were incubated at 30 °C for 1 to 1.5 h. Translation reactions were 
terminated with threefold excess of stop buffer (20 mM HEPES-KOH [pH 7.4], 
100 mM potassium acetate, 5 mM magnesium acetate, 5 mM EDTA, 2 mM unla-
beled methionine) supplemented prior to use with a final concentration of 1 mM 
dithiothreitol and 2 mM puromycin.

Immunoprecipitations of Purified Proteins. Buffer (beads-alone control) 
or 5 µg of antibody (10C1 or 8H6) or Fc-conjugated protein (CAR-Fc, JAM-A-Fc, 
NgR1(1-447)-Fc, or NgR1(1-310)-Fc) was added to either stop-buffer-diluted 
lysates expressing T1L or T3D 35S-σ3 (28 μL) or purified heterohexamer (0.8 μg) 
in a total volume of 50 μL and incubated at 4 °C for 1 h with rotation. Samples 
were incubated with protein G Dynabeads (50 μL) at 4 °C for 1 h with rotation. 
Beads were washed at least four times with Tris-buffered saline (20 mM Tris-HCl 
pH 7.5, 150 mM NaCl) containing 0.05% Tween-20 (σ3) or PBS (heteroxamer) 
and transferred to new tubes prior to boiling at 95 °C for 5 min. Released proteins 
were subjected to SDS-PAGE.

Detailed information about cell growth conditions, antibodies, recombinant DNA, 
preparation of tips and model surfaces for AFM, gel and membrane approaches, 
protein purification, cryo-EM, and data analyses can be found in SI Appendix.

Data, Materials, and Software Availability. The cryo-EM 3D reconstruction 
data from this publication have been deposited with the Electron Microscopy Data 
Bank (https://www.ebi.ac.uk/emdb/) and assigned the following accession codes: 
reovirus + NgR1 (EMD-13149) (101) and reovirus alone (EMD-13150) (102). All 
other data are included in the manuscript or SI Appendix.
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