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Abstract 

Characterizing human Nogo-66 receptor 1 interactions with reovirus by cryo-EM and 

receptor mutagenesis 

 

Olivia L. Welsh, MS 

 

University of Pittsburgh, 2023 

 

 

 

 

Human Nogo-66 receptor 1 (NgR1) modulates axonal plasticity in the brain and serves as 

a receptor for mammalian orthoreovirus (reovirus). To elucidate the mechanism by which this 

receptor engages reovirus, we conducted cryo-electron microscopy (cryo-EM) analyses of soluble 

NgR1 bound to reovirus. A three-dimensional (3D) cryo-EM reconstruction reveals that NgR1 

engages two protomers of the σ3 viral capsid protein. However, the resolution of the map is 

insufficient to confirm critical contact residues. We placed known reovirus and NgR1 crystal 

structures into the 3D reconstruction and used this reovirus-NgR1 model to guide mutagenesis. 

We engineered a panel of σ3 mutants within the proposed NgR1-binding region and assessed σ3 

binding to NgR1, however no σ3 residue substitution was sufficient to disrupt NgR1 binding. We 

also engineered NgR1 mutants in which NgR1 residues in high-proximity or low-proximity to 

reovirus σ3 were exchanged with arginine or glutamate. Mutation of most high-proximity residues 

disrupted reovirus binding and infection of NgR1-expressing cells. However, mutation of low-

proximity residues infrequently diminished binding and infectivity. Placement of residues required 

for reovirus binding onto the NgR1 structure revealed a binding footprint on both the concave and 

convex surfaces of NgR1. Although human NgR1 shares sequence similarities with family 

member NgR2 and homolog murine NgR1, only human NgR1 is a functional reovirus receptor. 

We therefore sought to identify key residues at the reovirus-binding interface of human NgR1 that 

also may serve as polymorphic sites that impede reovirus binding to NgR2 or murine NgR1. We 
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engineered a panel of NgR1-to-NgR2 mutants and also murine-to-human NgR1 mutants within 

the convex, non-conserved interface proximal to reovirus σ3. Mutation of these residues was not 

sufficient to diminish reovirus binding in loss-of-function studies, or confer receptor functionality 

in gain-of-function studies. Collectively, these findings validate the 3D cryo-EM reconstruction 

and provide insight into the mechanism used by reovirus to engage NgR1.  
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1.0 Introduction 

1.1 Viral encephalitis as a public health concern 

Encephalitis in children is a worldwide public health concern. This illness is characterized 

by infection of the brain and often results in lifelong neurologic dysfunction (6). While encephalitis 

can be caused by multiple pathogens, most cases are due to viral infections (7). As virus-induced 

inflammation of the central nervous system (CNS) can lead to irreparable brain injury and even 

death, viral encephalitis is an important target for therapeutic drug development. To best inform 

therapeutic approaches to mitigate viral encephalitis, it is imperative to understand how viruses 

infect the CNS. Mammalian orthoreovirus (reovirus) causes strain- and age-dependent encephalitis 

and serves as a robust experimental system to study neuropathic viruses in mice. Although reovirus 

rarely causes severe disease in humans, it is used as a model pathogen to study how viruses infect 

the developing CNS. In this study, we discovered a new binding mechanism used by reovirus to 

engage a neuronal receptor. This newly described attachment interaction furthers our 

understanding of viral entry into neurons and may inform development of therapeutic interventions 

to prevent and treat viral encephalitis and virus-induced neuronal injury.  

1.2 Reovirus introduction and biology 

The first step in the life cycle of every virus is to attach to host cell receptors. Without this 

step, the virus is incapable of accessing the intracellular environment required for viral replication. 
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To enter host cells, viruses use capsid proteins to interact with host attachment factors and entry 

receptors. Viral capsid proteins often extend from the virus surface to facilitate interactions with 

host cells. Following host cell binding, virus can enter cells using a variety of mechanisms to 

initiate a replication cycle.  

Reovirus infects a wide variety of mammals and causes disease in the very young (8). 

Although reovirus readily infects humans, disease is rare and often asymptomatic (8, 9). However, 

reovirus infection causes severe neurologic disease in newborn rodents, which serve as excellent 

models to study viral neuropathogenesis. In mice, serotype 1 (T1L) reovirus establishes infection 

in the lung or intestine and disseminates via the bloodstream to infect ependymal cells in the brain, 

causing a non-lethal hydrocephalus. Serotype 3 (T3D) reovirus uses both hematogenous and neural 

routes of dissemination following primary infection and spreads to the brain to infect neurons and 

cause lethal encephalitis (10). Although routes of dissemination used by reovirus have been 

described, the mechanism by which reovirus infects CNS cells is not well understood.  

Reovirus forms nonenveloped virions composed of two concentric shells, the outer capsid 

and inner core. The outer capsid facilitates viral attachment and entry into host cells, and the core 

protects the viral genome and contains the enzymatic activities required for viral genome 

transcription and replication (8). Several host molecules have been identified as reovirus receptors. 

Sialic acids are attachment factors bound by reovirus outer-capsid protein σ1 (11), which extends 

from the virion surface and dictates serotype-dependent patterns of dissemination, tropism, and 

disease (12). Reovirus attachment protein σ1 also binds junctional adhesion molecule-A (JAM-

A), which allows hematogenous spread within the host. However, binding to sialic acid or JAM-

A is not required for reovirus replication in the intestine or brain (13), suggesting that reovirus uses 

other host receptors to infect these sites. Nogo-66 receptor 1 (NgR1) was identified as a reovirus 
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receptor in a whole-genome siRNA screen and found to confer binding to and infection of non-

susceptible cells following plasmid transfection (14). Studies of this neuronally expressed receptor 

may enhance our understanding of reovirus replication in the CNS and its capacity to cause 

encephalitis. 

1.3 NgR1 introduction and biology 

NgR1 is expressed on the surface of neurons and promotes reovirus infection of cultured 

neurons prepared from fetal mice (14, 15). Instead of engagement by the well-characterized 

reovirus attachment protein, σ1, NgR1 instead binds to outer-capsid protein σ3 (16). Reovirus σ3 

is a virion structural protein that, with proteins µ1 and λ2, forms the bulk of the reovirus outer 

capsid (Figure 1A) (1, 2). NgR1 engagement of σ3 is particularly interesting, as σ3 has not been 

implicated as a viral ligand for host receptors. Since NgR1 contributes to neuronal function, 

understanding how reovirus engages this receptor may have broader therapeutic implications.   

NgR1 is a member of the Nogo receptor family, which also includes NgR2 and NgR3 (3). 

NgR1 is the best-characterized family member, and it functions in CNS neurons to mediate axon 

growth, synaptic plasticity, and neuronal regeneration (17, 18). These functions of NgR1 are 

mediated by binding to three distinct myelin-associated inhibitor (MAI) ligands; Nogo-66, myelin-

associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgP) (3) (Figure 

1B). Although structurally dissimilar, these three natural ligands of NgR1 are thought to bind a 

conserved region of the receptor. A large leucine-rich repeat (LRR) region of NgR1 forms a 

crescent-shaped domain in the center of the protein. Several NgR1 residues required for binding 

to Nogo-66, MAG, and OMgP were identified using alanine-scanning mutagenesis (3) and are 
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shown mapped onto the NgR1 LRR domain structure in Figure 1C. These critical residues are 

largely localized to the concave face of the LRR domain of NgR1. We hypothesize that reovirus 

outer-capsid protein σ3 also engages NgR1 using this functionally and structurally conserved 

region. 

1.4 Cryo-EM structure of reovirus and NgR1 

In a collaborative study with the laboratories of Drs. B. V. V. Prasad and Thilo Stehle, we 

determined the structure of reovirus in complex with NgR1, which revealed an unusual method of 

reovirus-receptor engagement. Reovirus virions were incubated with a soluble form of NgR1 

containing the LRR domain, which we found was sufficient to bind reovirus (16). The virus-

receptor complexes were embedded in vitreous ice and imaged using cryo-electron microscopy 

(cryo-EM). Several hundred particles were averaged to visualize the interaction between NgR1 

and σ3 at 8.9 Å resolution. Unlike the common, well-described binding mechanism in which 

viruses use an extended capsid protein to interact with a host receptor, we observed that reovirus 

uses a non-extended capsid protein to interact with two sides of a host receptor (Figure 1D). Our 

reconstruction suggests that reovirus employs a receptor-engagement method similar to the canyon 

hypothesis formulated for rhinovirus-receptor interactions, in which host receptors engage a 

concavity on the viral surface rather than an extended viral attachment protein (19). This binding 

mechanism has been described for a variety of viruses including adenovirus (20), picornaviruses 

(21), and rotavirus (22), among others.  

 Although the structure of NgR1 bound to reovirus virions was encouraging, the relatively 

low resolution of the cryo-EM reconstruction does not reveal side chains to identify with certainty 
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the specific NgR1 residues used to engage reovirus. Therefore, it was necessary to validate these 

results using alternative strategies to confirm that residues predicted to be engaged on each NgR1 

surface are required for reovirus binding.  

In this study, we validated residues on the NgR1 surface required for binding and infection 

by reovirus. First, a model was constructed by superimposing known protein structures of NgR1 

and σ3 into the cryo-EM density map of NgR1 in complex with reovirus. We identified residues 

in σ3 proximal to NgR1 and evaluated whether alteration of a selected number of these residues 

would diminish NgR1 binding using protein-protein interaction experiments. Additionally, we 

identified NgR1 residues proximal to neighboring σ3 molecules and determined whether these 

residues are required for reovirus binding and infection using a scanning mutagenesis approach. 

We also assessed whether exchange of NgR1 and NgR2 residues at polymorphic sites as well as 

exchange of human and murine NgR1 residues at polymorphic sites would alter reovirus binding 

and infection. By confirming the importance of individual residues in NgR1 for reovirus binding 

and infection, we were able to validate the cryo-EM structural model and describe in detail the 

engagement of NgR1 and its newly identified viral ligand, reovirus σ3. 
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Figure 1. Reovirus binds the neuronal receptor, NgR1. 
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(A) Schematic of the reovirus virion showing viral outer-capsid proteins. Reovirus σ1 (gray), σ3 (blue), µ1 (green), 

and λ2 (yellow) proteins are depicted in cartoon (top) and surface-shaded protein (bottom) formats (1, 2). Interior 

structural proteins are depicted in gray. (B) Schematic showing NgR1 expression on neurons and engagement of 

myelin-associated ligands, including Nogo-66, MAG, and OMgp. NgR1 family members, NgR2 and NgR3, are 

included for comparison. (C) Residues required for binding (green) to Nogo-66, MAG, and OMgp (3) are mapped 

onto a surface-rendering of NgR1 (gray) amino acids 25-310 (of 447) (1ozn, (4)). (D) Crystal structure coordinates 

for NgR1 (1ozn) and reovirus outer-capsid protein σ3 (1jmu, (5)) were docked into the cryo-EM reconstruction and 

reveal that NgR1 (magenta ribbon tracing) engages two protomers of σ3 (blue surface-rendered), labeled σ3A and 

σ3B. Surfaces of σ3 within 5 Å of NgR1 are shaded in magenta. Top (left) and side (right) views are shown; N’- and 

C’-termini of NgR1 are indicated. 
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2.0 Specific Aims 

2.1 Specific aim I. Characterize reovirus residue interactions of σ3 and NgR1 within the 

proposed binding region 

Rationale: The cryo-EM model of reovirus in complex with NgR1 reveals two σ3 

protomers flanking NgR1. One flanking σ3 protein interacts closely with the concave, MAI-

binding domain of NgR1. Due to its proximity to the well-characterized binding domain of NgR1, 

reovirus likely engages NgR1 within this region. 

Hypothesis: Mutation of σ3 residues within the proposed binding region of NgR1 will 

diminish protein:protein interactions between σ3 and NgR1. To characterize targeted residue 

interactions, protein binding assays between NgR1 and wildtype or mutagenized σ3 will be 

completed. 

2.2 Specific aim II. Identify NgR1 residues required to bind reovirus 

Rationale: NgR1 residues in the LRR domain critical for MAI ligand binding are also 

proximal to neighboring σ3 molecules, as revealed by the cryo-EM model. NgR1 residues required 

to bind reovirus are likely also within this domain.  

Hypothesis: NgR1 residues in the proximal, concave region of NgR1 are required for 

reovirus binding and infection. To test this hypothesis, residues proximal to σ3 molecules based 

on the cryo-EM reconstruction will be targeted for mutagenesis. NgR1 mutants will be assessed 



 9 

for receptor expression and virus binding by flow cytometry, and infection of cells by 

immunofluorescence staining using a CHO gain-of-function system. 

2.3 Specific aim III. Determine the role of polymorphic residue exchange between NgR1 

and non-receptor family members and homologs 

Rationale: NgR1 family member NgR2 is not a reovirus receptor despite sharing structural 

similarities to NgR1. Furthermore, human NgR1 (hNgR1) is a reovirus receptor, while murine 

NgR1 (mNgR1) is not. Significant amino acid sequence homology is shared between hNgR1 and 

non-receptor NgR2 and mNgR1, however polymorphisms exist within the proposed reovirus 

binding region.  

Hypothesis: Exchanging NgR1-to-NgR2 residues will diminish binding and infectivity, 

and exchanging murine-to-human NgR1 residues will confer receptor function. To evaluate this 

hypothesis, a loss-of-function approach will be used to assess NgR1-to-NgR2 residue exchange 

and reovirus binding. Additionally, a gain-of-function approach will be used to assess murine-to-

human residue exchange and reovirus binding. Reovirus binding and infection will be evaluated 

using a CHO gain-of-function experimental approach. 
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3.0 List of Abbreviations 

3D: Three-dimensional   

ANOVA: Analysis of variance  

AMIGO3: Amphotericin-induced gene and open reading frame-3  

APC: Allophycocyanin  

BSL: Biosafety level  

CAR: Coxsackie and adenovirus receptor  

CCR5: CC chemokine receptor 5  

CD4: Cluster of differentiation 4  

CD46: Cluster of differentiation 46  

cDNA: Circular (plasmid) DNA (deoxyribonucleic acid)  

CHO: Chinese hamster ovary   

CNS: Central nervous system   

Cryo-EM: Cryo-electron microscopy  

CXCR4: C-X-C chemokine receptor type 4  

DAPI: 4',6-diamidino-2-phenylindole  

DTT: dithiothreitol  

EDTA: etheylenediaminetetraacetic acid  

FACS: Fluorescence-activated cell sorting  

FFU: Focus-forming unit  

FITC: Fluorescein isothiocyanate  

FSC: Forward scatter  
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GPI: Glycosylphosphatidylinositol  

HEPES-KOH: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-potassium hydroxide  

HIV: Human immunodeficiency virus  

Ig: Immunoglobulin   

JAM-A: Junction adhesion molecule-A  

KOD: Thermococcus kodakaraensis polymerase  

LINGO-1: Leucine-rich repeat and immunoglobulin domain-containing protein-1  

LRR: Leucine-rich repeat   

MAG: Myelin-associated glycoprotein   

MAI: Myelin-associated inhibitor   

MXRA-8: Matrix-remodeling associated protein-8  

NgR1: Nogo-66 receptor 1  

NgR2: Nogo-66 receptor-like 2  

NgR3: Nogo-66 receptor-like 3  

hNgR1: human NgR1  

mNgR1: murine NgR1  

OD260: Optical density (at absorbance 260)  

OMgP: Oligodendrocyte myelin glycoprotein  

PBS: Phosphate buffered saline  

PCR: Polymerase chain reaction  

PDB-ID: Protein databank identification  

PirB: Paired immunoglobulin-like receptor B  

SDS-PAGE: Sodium dodecyl-sulfate polyacrylamide gel electrophoresis  
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SEM: Standard error of the mean  

siRNA: small interfering RNA (ribonucleic acid)  

SSC: Side scatter  

T1L: Type 1 Lang  

T3D: Type 3 Dearing  

V(D)J: Variable diversity joining  

VLR: Variable lymphocyte receptor  

WT: Wildtype 
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4.0 Materials and Methods 

4.1 Cryo-EM, model fitting, and analysis 

Purified reovirus T3SA- virions were incubated with soluble NgR1 protein (NgR1 [a.a. 1-

310]-His), imbedded in vitreous ice, and imaged by cryo-EM as described (16). The three-

dimensional (3D) cryo-EM reconstruction of NgR1:reovirus in complex (obtained at a final 

resolution of 8.9 Å) allowed fitting of protein atomic coordinates (PDB-ID 1ozn for NgR1 (4) and 

1jmu for σ3 (5)) using the Fit in map function of UCSF Chimera (23)(version 1.16). High- and 

low-proximity NgR1 residues were identified in the model using the Select zone function in UCSF 

Chimera. “High-proximity” NgR1 residues were defined as residues within 5 Å of neighboring σ3 

molecules, and “low-proximity” residues were defined within 5-7 Å of neighboring σ3 molecules. 

Buried surface area was calculated using the Measure buried area function in ChimeraX. 

Structural depictions were prepared using UCSF Chimera and ChimeraX. Accompanying 

experimental schematics were generated with Biorender.com. 

4.2 Production of 35S-labeled σ3 

In vitro transcription and translation reactions were conducted using the T7 TnT® Coupled 

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). Plasmid containing wildtype or mutant S4 gene cDNA was 
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added, and reactions were incubated at 30°C for 1 – 1.5 h. Translation reactions were terminated 

with 3-fold excess of stop buffer (20 mM HEPES-KOH [pH 7.4], 100 mM potassium acetate, 5 

mM magnesium acetate, 5 mM EDTA, 2 mM unlabeled methionine) supplemented prior to use to 

contain 1 mM dithiothreitol (DTT) and 2 mM puromycin. 

4.3 [35S]-σ3 immunoprecipitation assays 

Stop-buffer-diluted lysate expressing wildtype or mutant [35S]-σ3 (28 μL) was added to 5 

µg of either 10C1 antibody, a positive control antibody that binds to reovirus σ3 (24), NgR1 [a.a.1-

310]-Fc protein (14), or hCAR-Fc (25). Samples (50 μL) were incubated at 4°C for 1 h rotating. 

Samples were subsequently incubated with 50 μL of protein G Dynabeads® (Invitrogen) at 4°C 

for 1 h rotating. Beads were washed seven times with Tris-buffered saline (20 mM Tris-HCl pH 

7.5, 150 mM NaCl) containing 0.1% Tween-20. Samples were transferred to new tubes and diluted 

in 5X SDS-PAGE sample buffer containing 5% β-mercaptoethanol and incubated at 95°C for 10 

min. Samples, now free of beads, were loaded into wells of pre-cast 10% Bis-Tris acrylamide gels 

(BioRad) and electrophoresed at 100 V for 90 min. Following SDS-PAGE, gels were fixed in 40% 

methanol/10% acetic acid at RT for 1 h, washed 3X with ddH2O, and dried on filter paper at 80°C 

for 2 h using a BioRad model 583 gel dyer. Dried gels were applied to a phosphor imaging screen 

for various intervals, and screens were imaged using a Cyclone Phosphor System Scanner 

(PerkinElmer, B431200). Bands representing [35S]-methionine-labeled σ3 were quantified using 

Image Studio software (LI-COR, version 5.2.5). 
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4.4 Cells and viruses 

L929 fibroblasts were maintained either in suspension or monolayer cultures in Joklik’s 

minimal essential medium (US Biological) supplemented to contain 5% fetal bovine serum (FBS), 

2 mM L-glutamine, 100 µg/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin 

B. CHO-K1 cells (ATCC) were maintained in Ham’s F12 medium (Gibco) supplemented to 

contain 10% FBS, 100 µg/mL penicillin, 100 µg/mL streptomycin, and 0.25 mg/mL amphotericin 

B.  

Reovirus strain T3SA- is an engineered recombinant strain (12) that expresses nine genes 

of strain T1L (including the S4 gene that encodes σ3) and the S1 gene of T3 Clone 44 (26). Virus 

was recovered using plasmid-based reverse genetics (27, 28) and purified from infected L929 cell 

lysates by cesium chloride density gradient centrifugation (29). Purified virus was used in all 

experiments. Viral titers were determined by either particle number (estimated by spectral 

absorbance at 260 nm [1 OD260 = 2.1 ˣ 1012 particles/mL]) or plaque assay using L929 cells (30). 

4.5 Antibodies 

Reovirus polyclonal antiserum was collected from rabbits immunized with reovirus strain 

T1L or T3D. Sera from T1L- and T3D-inoculated rabbits were mixed 1:1 (vol:vol) and pre-

adsorbed on L929 cells to deplete non-specific antibodies. The following antibodies were used in 

specified assays at the indicated dilutions: anti-reovirus rabbit serum (infectivity assay – 1:1,000; 

flow cytometry – 1:15,000); anti-hNgR1 goat polyclonal IgG (R&D Systems; AF1208) (flow 

cytometry – 0.2 μg/mL); anti-hNgR2 goat polyclonal IgG (R&D Systems; AF2776) (flow 
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cytometry – 0.2 μg/mL); anti-mNgR1 goat polyclonal IgG (R&D Systems; AF1440) (flow 

cytometry – 0.2 μg/mL). 

4.6 Expression plasmids 

Plasmids encoding human homologs of CAR (25), NgR1 (14), NgR2 (16), or murine NgR1 

(16) in pcDNA3.1 vector have been described. Plasmids containing the S4 gene open-reading 

frame (encoding σ3) of reovirus strain T1L (GenBank Accession: M13139.1) and T3D (GenBank 

Accession: HM159622.1) in pcDNA3.1+ vector have been described (16).  

Site-directed mutagenesis of plasmids was conducted using custom primers (Table 2) and 

KOD Hot Start polymerase (Sigma) according to manufacturer’s instructions. PCR products 

following mutagenesis were digested with DpnI, and DNA product size was confirmed by agarose 

gel electrophoresis. DNA was amplified in DH5α E. coli cells and purified using miniprep or 

midiprep kits (QIAGEN). 

4.7 Transfections 

CHO cells (105 cells/well) were seeded into 24-well tissue culture plates and cultivated 

overnight at 37°C in an atmosphere of 5% CO2. Cells were transfected with cDNA using FuGene 

6 (Promega, E2691) following the manufacturer’s instructions and a ratio of 0.5 µg of plasmid:1.5 

µL FuGene 6 in Opti-MEM (Gibco). Mock-transfected cells were incubated in Opti-MEM and 
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treated with FuGene 6. Cells were incubated at 37°C with 5% CO2 for 48 h post-transfection prior 

to infection or flow cytometric assays. 

4.8 Reovirus infection and binding 

For infections, transfected CHO cells were adsorbed with reovirus diluted in PBS-/- at a 

multiplicity of infection (MOI) of 10 PFU/cell and incubated at 37°C for 1 h. The inoculum was 

removed, and cells were incubated at 37°C with 5% CO2 in complete 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 warmed to room temperature, washed with PBS-/-, and incubated with reovirus 

polyclonal antiserum diluted in 0.5% Triton X-100 in PBS-/- for 1 hr. Cells were washed with 

PBS-/- and incubated with Alexa Fluor® 488-labeled secondary IgG diluted in 0.5% Triton X-100 

in PBS-/- for 30 min. Cells were counterstained with DAPI and imaged using a Lionheart FX 

automated imaging system (BioTek). Infected cells (focus-forming units or FFU) were enumerated 

using Gen5 software (version 3.11). FFU per field for four fields of view was calculated per well 

in duplicate wells.  

For binding assays, transfected CHO cells were washed with PBS-/-, detached using 

CellStripper™ (Corning), and quenched with FACS buffer (PBS-/- supplemented to contain 2% 

FBS). All further incubations, washes, and pelleting were conducted 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 for 3 min, washed, and resuspended with T3SA- (105 

particles/cell) for 1 h. Cells were washed 3X with PBS-/- to remove unbound virus and incubated 

with reovirus-, NgR1-, mixed NgR1/NgR2-, or mixed hNgR1/mNgR1-specific antibodies for 1 h. 
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Cells were washed 3X, stained with Alexa Fluor-labelled secondary antibody for 1 h, and washed 

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

by flow cytometry using an LSRII flow cytometer (BD Bioscience). Results were quantified using 

FlowJo software (version 10).  

To quantify reovirus- and receptor-bound cells, events were first gated to contain live cells 

using an SSC-A by FSC-A plot. Live cells were further gated using side-scatter to select events 

considered low in complexity or granularity, a parameter used to characterize cell health. From 

this population, single cells were selected using forward-scatter plots. Reovirus-bound (detected 

by 674-Alexa Fluor antibody) and receptor-bound (detected by 488-Alexa Fluor antibody) events 

were quantified and normalized to mock- and wildtype human NgR1-transfected samples using 

histogram plots from the final gated cell population. 

4.9 Statistical analyses 

Statistical tests were conducted using Prism 7 (GraphPad Software, version 9.5.1). Means 

of individual experiments are shown for experiments conducted five or more times. P values of < 

0.05 were considered to be statistically significant. Descriptions of the specific tests used are 

provided in the figure legends. 
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5.0 Results 

5.1 Mutations of σ3 do not ablate NgR1 binding capacity 

To characterize interactions between reovirus capsid protein σ3 and NgR1, we referred to 

the reconstructed cryo-EM model of σ3:NgR1 engagement to identify potential amino acid 

residues required for binding. We rationalized that by exchanging reovirus residues in the proposed 

concave NgR1 binding-pocket region, we could characterize specific σ3 residues critical for NgR1 

engagement. To test if we could disrupt virus binding to NgR1, we analyzed protein:protein 

interactions using a modified immunoprecipitation pulldown assay (summarized in Figure 2A). 

S4 expression plasmids, which encode the reovirus σ3 protein, are introduced into a coupled in 

vitro transcription/translation system. This system is depleted of host mRNAs and [35S]-

methionine, so the only nascent protein produced is radiolabeled σ3. Radiolabeled σ3-containing 

expression supernatants are then incubated with Protein G Dynabeads® conjugated with NgR1 or 

control proteins. Fc-tagged coxsackie and adenovirus receptor (CAR) is used as a negative control, 

as CAR does not bind σ3. Fc-containing 10C1, an antibody which specifically binds σ3, is used as 

a positive control for σ3 precipitation. Beads are then washed, boiled to release protein complexes, 

and the proteins are electrophoresed on an SDS-PAGE gel. Radiolabeled protein in the gel is 

visualized using phosphor imaging.  

To evaluate the functionality of this assay, we first assessed NgR1 binding to σ3 proteins 

of two prototype reovirus strains. Experiments using atomic force microscopy to evaluate binding 

affinity of NgR1 to reovirus virions from T1L and T3D demonstrated comparable binding affinity 

between strains (16), so we suspected that polymorphisms in σ3 between these strains would not 
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impact NgR1 binding affinity. Expression plasmids encoding T1L and T3D σ3 were introduced 

into the in vitro translation system, and nascent radiolabeled σ3 proteins were assessed for their 

binding capacity to NgR1. As expected, no significant protein-binding differences are observed 

between T1L and T3D σ3 (Figure 2B-C). These results validate the immunoprecipitation assay, 

which we used as a tool to evaluate mutant σ3 binding capacity to NgR1.  

 

 
Figure 2. NgR1 binds efficiently to σ3 from two prototype reovirus strains. 

 

 

(A) Experimental design of a modified immunoprecipitation assay to evaluate NgR1 binding to reovirus T1L, T3D, 

or mutant σ3 proteins. Lysates containing radiolabeled wildtype or mutant 35S-labeled σ3 were incubated with 

NgR1-Fc protein, σ3-specific 10C1 antibody (positive control), or CAR-Fc (negative control) conjugated to protein 

G Dynabeads. Samples were washed and boiled to release bound proteins. Proteins were separated by SDS-PAGE 

and visualized by phosphor imaging. (B) A representative gel comparing precipitation of σ3 from two prototype 

reovirus strains (T1L and T3D). (C) Quantification of two experimental repeats. Values that differ significantly 

from CAR-incubated samples by one-way ANOVA and Dunnett’s test are indicated: **, P < 0.01. 
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Guided by the cryo-EM model, we identified T1L σ3 residues proximal to the concave 

NgR1 surface to target for mutagenesis. The surface of σ3 facing the concave NgR1 interface was 

chosen for mutagenesis because previous work has demonstrated the importance of this NgR1 

region for ligand binding, and we hypothesized this binding interface would be critical for σ3 

engagement as well. Three σ3 residues were chosen for mutagenesis (Figure 3A). Zoomed insets 

of targeted residues are shown in Figure 3B.  Residue H230 extends most significantly into the 

proposed binding pocket and is conserved between T1L and T3D strains. We chose to exchange 

this residue with arginine or tryptophan, which are large and charged or aromatic, respectively. 

Residues D224 and S226 were also targeted for mutagenesis, and both exchanged with arginine to 

achieve maximal binding disruption. We hypothesized that these residues likely contribute the 

most to NgR1 binding, based on their sidechain orientation and proximity.   

Each σ3 mutant evaluated binds NgR1 to similar levels of wildtype σ3, as shown in the 

representative gel image for mutant D224R (Figure 3C). No σ3 mutant binds CAR, the negative 

control, however binding to 10C1 was variable. Variability in 10C1 binding may suggest a change 

in mutant σ3 folding or an alteration in the epitope recognized by 10C1. Together, these data 

suggest σ3 binding to NgR1 may not be disrupted by single- or double-residue substitutions on 

one binding surface of σ3. However, these data support our hypothesis that NgR1 engages σ3 using 

two interfaces, and mutation of one binding surface site is likely insufficient to disrupt total 

receptor binding. 
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Figure 3. Substitution of σ3 residues proximal to NgR1 does not diminish NgR1 binding. 

 

5.2 NgR1 mutagenesis and characterization strategies 

Although viral protein mutagenesis can be helpful in identifying viral residues required for 

host receptor engagement, this system may not be the most effective for our studies. In our 

reconstructed model, NgR1 is flanked by two σ3 molecules and is proposed to interact with 

multiple surfaces of σ3 (Figure 1D). Thus, we rationalized that mutagenesis of the host receptor 

NgR1 may be a more effective method to identify critical binding mechanisms.   

(A) Ribbon tracings of NgR1 engaging two σ3 protomers from the model shown in Figure 1D. Residues on the 

σ3 surface chosen for mutagenesis are depicted in stick format (green) on σ3B. (B) Insets show each σ3 residue 

that was mutated for analysis. (C) A representative gel is shown comparing wildtype and mutant (D224R) σ3 

using the modified immunoprecipitation assay.  
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To evaluate mutant NgR1 constructs for receptor expression, virus binding, and virus 

infection, we used a Chinese hamster ovary (CHO) cell gain-of-function system. CHO cells lack 

a functional reovirus receptor and are normally non-permissive to reovirus binding and infection 

– however, upon transfection with a cDNA encoding a functional reovirus receptor, CHO cells 

become permissive to virus binding and infection (31). Plasmids encoding the single NgR1 

mutants are transfected into CHO cells. Cells are then assessed for receptor expression and reovirus 

binding via flow cytometry, or reovirus infection using immunofluorescent microscopy 

(summarized in Figure 4A). CAR is again used as a negative receptor control as it does not bind 

reovirus or function as a reovirus receptor.  

For binding assays, cells are assessed for receptor expression and reovirus binding using 

flow cytometric gating strategies (Figure 4B). Live cells are identified from samples using SSC x 

FSC gates. From the live cell population, cell events are next gated to eliminate highly 

complex/granular cells using side-scatter plots. Single cell events are next isolated using forward-

scatter plots. Once gated, the cells are then characterized for receptor expression (FITC) and virus 

binding (APC) using histogram plots. For infectivity assays, cells are fixed and stained using a 

nuclear stain (DAPI, blue) and reovirus infection (reovirus-specific polyclonal antiserum, green). 

Representative mock-, CAR-, and wildtype NgR1-transfected cells are pictured in Figure 4C. 
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Figure 4. Experimental design for flow cytometric and fluorescence microscopy experiments. 
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5.3 NgR1 binds to reovirus primarily using proximal, concave residues 

To characterize the precise residues of the NgR1 protein required to engage reovirus, we 

used a scanning mutagenesis approach guided by the cryo-EM model. To identify a panel of amino 

acids to target for mutagenesis, we first characterized NgR1 residues based on their proximity to 

σ3. Buried surface area for NgR1 residues exposed to σ3 was calculated for each NgR1 surface 

flanked by σ3A and σ3B. This calculated surface area is inclusive of the proposed binding region 

used by NgR1, and is where we hypothesized critical residues are located. The buried NgR1 

surface area facing the σ3A molecule is 142.36 Å2, and the buried surface area of the σ3B-facing 

region is 793.19 Å2. Within these calculated buried surface areas, surface-exposed NgR1 residues 

within 5 Å of σ3 were considered high proximity and were hypothesized to have more critical 

binding roles than NgR1 residues in lower proximity, which range between 5 - 7 Å to σ3. Our 

identified mutant panel of 30 NgR1 residues in “high” and “low” proximity groups spans amino 

acids 119 to 258 (summarized in Table 1). All selected residues are within the LRR domain of 

NgR1, which includes amino acid residues 27 to 310, and has been previously implicated as the 

predominant MAI-binding domain (3).   

(A-C) Chinese hamster ovary (CHO) cells were mock-transfected or transiently transfected with plasmids encoding 

wildtype NgR1, mutant NgR1, NgR2, murine NgR1, or CAR for 48 hours. Cells were stained for receptor expression 

using flow cytometry or adsorbed with virus, fixed, and imaged for infection using immunofluorescence 

microscopy. (A) Schematic of experimental workflow. (B) Representative flow cytometry profiles show the gating 

strategy used to capture cells detected for receptor expression or virus binding. Live cell events were first gated 

using SSC x FSC plots. Events low in cellular complexity were isolated using side-scatter plot gating analysis, and 

single-cell events were isolated using forward-scatter plot gating analysis. Single-cell events were gated using 

histogram plots to detect receptor expression (FITC-A) or virus binding (APC-A). (C) Representative 

immunofluorescence images. Mock-, CAR-, and NgR1-infected cells are stained with DAPI to highlight nuclei 

(blue) and reovirus-specific polyclonal antiserum (green). Scale bar, 200 µM.  
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NgR1 cDNA was mutagenized to exchange these residues with arginine, unless the native 

residue was arginine, in which case residues were exchanged with glutamate. Both arginine and 

glutamate are large and charged, and we hypothesized that substitution with one of these residues 

may disrupt NgR1-σ3 binding capacity. Similar approaches have been used in other virus-receptor 

binding studies, which successfully identified receptor residues required for virus binding. For 

example, this approach was used to validate host protein MXRA8 residues required for 

chikungunya virus binding (32) and the same strategy was used to validate JAM-A as a reovirus 

receptor (33). Only residues which extend away from the NgR1 protein, not residues facing the 

protein interior, were targeted for mutagenesis. Mutant NgR1 residues that were fully 

characterized are mapped onto the NgR1 molecule in Figure 5A. Wildtype and mutant receptor 

expression and virus binding are quantified by flow cytometry (Figure 5B and 5C, respectively) 

and reovirus infection is calculated by immunofluorescence microscopy (Figure 5D).  

Of the thirty NgR1 mutants assessed for expression at the cell surface, twenty-three 

mutants were confirmed to express to levels comparable to wildtype NgR1 and were subsequently 

pursued for virus binding and infectivity assays. We rationalized that if NgR1 mutants were not 

expressed or detected efficiently at the cell surface, their protein structure may be compromised or 

improperly folded, which could skew reovirus binding data and thus were not included for further 

analyses. Protein expression, virus binding, and virus infectivity data are all normalized to mock- 

and wildtype NgR1-transfected cells.  

As hypothesized, most mutations in the high proximity group display decreased reovirus 

binding (Figure 5). Of the sixteen “high proximity” NgR1 mutants, ten mutants demonstrate 

significantly reduced reovirus binding capacity (determined by statistical significance). 

Conversely, only three of seven total “low proximity” mutants significantly diminish virus 
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binding. Virus binding by NgR1 mutants in the low proximity group is not completely abolished, 

while five high proximity mutants are rendered incapable of binding reovirus. Only one mutant in 

the low proximity group significantly diminishes reovirus infection, while nine mutants in the high 

proximity group reduce infection. Taken together, these data support the hypothesis that residues 

in the high proximity region are important for reovirus binding and infection.  
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Figure 5. Many NgR1 residues proximal to σ3 are required for reovirus binding and infection. 
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While proximity can be informative, we also wanted to evaluate the importance of residue 

location on the NgR1 protein. We hypothesized that NgR1 residues in the larger concave binding 

region may play a more important role for reovirus binding and infectivity than residues on the 

smaller convex surface. Based on the cryo-EM model, the σ3-facing concave NgR1 surface is 

much larger and contains more highly proximal residues to σ3. Furthermore, the concave NgR1 

surface has shown to be critical for native NgR1 ligand engagement. Thus, data were also 

recategorized by their spatial position on NgR1 (Figure 6A). This analysis confirms many residues 

within the concave surface are required for virus binding and infectivity (Figure 6B-D). However, 

residue 119 on the convex surface is also important for virus binding and to a more modest extent, 

infection. These results suggest NgR1 engages reovirus predominantly using proximal residues 

within the concave region, but also utilizes residues on the convex binding surface. Encouragingly, 

these results support our cryo-EM model which proposes two reovirus binding sites on NgR1 and 

suggests that NgR1 does indeed engage σ3 using two interfaces. 

 (A) NgR1 residues targeted for mutagenesis are displayed on the NgR1 protein surface (1ozn). Selected NgR1 

residues in high proximity (< 5 Å, magenta) or low proximity (5-7 Å, blue) to σ3 were exchanged with arginine 

or glutamate. (B-D) CHO cells were either mock- or transiently transfected with plasmids encoding CAR, NgR1, 

or mutant forms of NgR1. Transfected cells were assessed for (B) NgR1 expression, (C) reovirus binding, or (D) 

reovirus infection. Results are normalized to those obtained with wildtype NgR1- and mock-transfected cells. 

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 < 0.0001; ns, not significant. 
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Figure 6. NgR1 residues on the concave and convex surfaces are required for reovirus binding. 
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5.4 NgR1-to-NgR2 residue exchanges do not decrease reovirus binding and infection 

Although NgR1 has two known family members, NgR2 and NgR3, previous work has 

demonstrated that only NgR1 is capable of functioning as a reovirus receptor (however, although 

NgR3 expression could not be confirmed, reovirus binding was not observed, (16)). NgR1 and 

NgR2 both bind an MAI ligand, MAG, and share 54% amino acid sequence identity when the 

divergent GPI-linked tails are excluded from analysis (34). Within the LRR domain alone, NgR1 

and NgR2 share 60% amino acid identity, which led us to evaluate the role of polymorphisms 

between NgR1 and NgR2 that could contribute to reovirus binding. Importantly in the ligand-

binding concave domain, many residues are conserved, whereas multiple significant 

polymorphisms exist on the convex surface (Figure 7A). By mapping polymorphisms between 

NgR1 and NgR2 into our reconstructed model, we were able to visualize which residues were 

likely σ3 binding candidates (Figure 7B) and positioned to interact with neighboring reovirus 

proteins. We hypothesized that NgR1 residues which engage σ3 may correlate to polymorphisms 

between NgR2 and thus, these polymorphisms may explain the inability to bind reovirus observed 

with NgR2.   

To test this hypothesis, we engineered three individual point mutations (highlighted in 

Figure 7A and 7B), along with double- and triple-mutant combinations of these residues. 

Mutations were engineered into the NgR1 cDNA backbone to effectively generate NgR1-to-NgR2 

 (A) NgR1 residues targeted for mutagenesis on the convex (green) and concave surface (orange) are displayed on 

the NgR1 protein surface (1ozn). (B-D) CHO cells were either mock- or transiently transfected with plasmids 

encoding CAR, wildtype NgR1, or mutant forms of NgR1. Transfected cells were assessed for (B) NgR1 expression, 

(C) reovirus binding, or (D) reovirus infection. Results are normalized to those obtained with wildtype NgR1- and 

mock-transfected cells. 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 < 0.0001; ns, not significant. 
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substitutions. These NgR1-to-NgR2 mutant constructs were assessed for receptor expression, virus 

binding, and virus infectivity in CHO cells. Each mutant construct is detected at the cell surface to 

levels comparable to wildtype NgR1 (Figure 7C). Despite adequate protein expression, neither 

single point mutations nor multiple mutations are able to diminish virus binding (Figure 7D) or 

infection (Figure 7E). These results suggest that substitution of NgR1-to-NgR2 residues at this 

proposed binding site is not sufficient to disrupt virus binding or infection, and suggest other 

residues may possibly contribute to the absence of reovirus binding observed for NgR2. 
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Figure 7. Exchange of selected NgR1 residues with NgR2 residues is not sufficient to ablate reovirus binding 

and infectivity. 

 

(A) Consensus alignment of NgR1 and NgR2 LRR domains. Polymorphisms between NgR1 and NgR2 are 

indicated in tan, and residues targeted for mutation are highlighted in yellow. Residues within the proposed binding 

region (within 5 Å of neighboring σ3 molecules) are indicated with a magenta bar above the protein sequence. (B) 

Residues that vary between NgR1 and NgR2 are displayed on the NgR1 surface in tan. Residues targeted for 

mutagenesis are highlighted in yellow. (C-E) CHO cells were either mock- or transiently transfected with plasmids 

encoding NgR1, NgR2, or mutant forms of NgR1 incorporating NgR2 residues at the NgR1:σ3 interface. Mutants 

were assessed for (C) NgR1 expression, (D) reovirus binding, or (E) reovirus infection. Results are normalized to 

those obtained with wildtype NgR1- and mock-transfected cells. Error bars indicate SEM. Values that differ 

significantly from NgR1 by one-way ANOVA and Dunnett's test are indicated: *, P < 0.05; ****, P < 0.0001; ns, 

not significant.  
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5.5 Murine-to-human NgR1 substitutions are not sufficient to confer receptor function 

While human NgR1 has been validated as a reovirus receptor, the murine homologue of 

NgR1 does not support reovirus binding or infection (15). Compared to moderate shared sequence 

identity between NgR1 and NgR2, human and murine NgR1 are more similar and share 89% 

protein sequence identity within the LRR domain (34). Using protein sequence alignment of 

human and murine NgR1, polymorphisms can be identified throughout the LRR binding domain 

(Figure 8A). These polymorphic residues (Figure 8B, colored on NgR1 in teal) indicate possible 

sites that may contribute to reovirus binding. We hypothesized that by exchanging residues in the 

murine NgR1 (mNgR1) backbone to human NgR1 (hNgR1), we could confer receptor function 

and render mNgR1 as a reovirus receptor.   

Four polymorphic sites were chosen for mutagenesis using the partial sequence alignment 

(Figure 8A-B) based on their proximity to and their extension towards σ3. Using the same mutant 

generation and screening strategy in the mNgR1 backbone, we engineered a panel of single, 

double, triple, and quadruple mutants. Constructs containing multiple mutations were engineered 

to account for the possibility that multiple residue interactions at the protein surface may be 

required to promote hNgR1-like virus binding. Following transfection, all constructs are detected 

at the cell surface (Figure 8C), but no construct promotes enhanced reovirus binding (Figure 8D) 

or infection relative to hNgR1 (Figure 8E). These data reveal that the single- and multi-mutation 

constructs we designed are not sufficient to confer hNgR1-like virus binding functionality, and 

suggest a more complex binding relationship between virus and receptor. 
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Figure 8. Exchange of selected murine NgR1 residues with human NgR1 residues is not sufficient to confer 

receptor function. 

 

  

(A) Consensus alignment of human and murine NgR1 LRR domains. Polymorphisms between human and murine 

NgR1 are indicated in teal, and residues targeted for mutation are highlighted in yellow. Residues within the 

proposed binding region (within 5 Å of neighboring σ3 molecules) are indicated with a magenta bar above the 

protein sequence. (B) Polymorphic residues are mapped onto the human NgR1 surface, and residues targeted for 

mutation are highlighted in yellow. (C-E) CHO cells were either mock- or transiently transfected with plasmids 

encoding murine NgR1 (mNgR1), human NgR1 (hNgR1), or mNgR1 mutants containing selected hNgR1 residues 

and assessed for (C) NgR1 expression, (D) reovirus binding, and (E) reovirus infection. Results are normalized to 

those obtained with hNgR1- and mock-transfected cells. Error bars indicate SEM. Values that differ significantly 

from hNgR1 by student’s t-test test are indicated: *, P < 0.05; ****, P < 0.0001; ns, not significant.  
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Table 1. Characterization of NgR1 mutants. 

 

NgR1 mutants were characterized by expression on the cell surface, proximity to σ3, location on NgR1, capacity to 

diminish reovirus binding, and capacity to diminish reovirus infection. Mutant expression on the cell surface was 

determined by statistical comparison with expression of wildtype NgR1. Only mutants that displayed expression 

levels that did not differ statistically from wildtype NgR1 were pursued in subsequent reovirus binding and 

infectivity experiments. Proximity to neighboring σ3 molecules is depicted as “high” (within 5 Å) or “low” (5-7 Å). 

Location on the concave or convex NgR1 surfaces was determined using the NgR1 crystal structure. Diminished 

reovirus binding or infectivity was characterized as “yes” or “no” based on the results shown in Figures 5 and 6, 

with “yes” residues defined as mediating statistically lower binding and infectivity relative to wildtype NgR1.   
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Table 2. Summary of primers used in site-directed mutagenesis of human NgR1, human NgR2, murine NgR1, 

and reovirus outer-capsid protein σ3. 
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6.0 Discussion 

To enter cells, viruses engage attachment factors, entry receptors, or a combination of these 

host molecules using one or more viral proteins. These specific interactions between virus and cell 

dictate which cells become infected within the host and how the virus spreads throughout and 

between hosts. Reovirus engages multiple host receptors and uses a variety of structural proteins 

to bind these molecules. Using multiple capsid proteins to bind an array of host receptors promotes 

reovirus entry and replication in many cell types, including cells in the CNS. Other viruses also 

are capable of using multiple capsid proteins to bind host attachment factors and entry receptors. 

For example, adenovirus uses fiber, penton, and hexon capsid proteins to engage host receptors 

including CAR (35), sialylated glycans (36), and CD46 to enter cells (20). In this study, we 

characterized interactions between reovirus capsid protein σ3 and host receptor NgR1 to elucidate 

the molecular interactions required for viral infection.  

To characterize the newly identified binding interactions of reovirus and NgR1, we first 

evaluated residues of the reovirus σ3 protein within the proposed NgR1-binding domain for the 

capacity to influence binding to NgR1. We found that σ3 residue exchange within this domain was 

not sufficient to diminish NgR1 binding (Figure 3C), which supports our proposed model of 

reovirus in complex with NgR1. We chose to only alter one surface of σ3, although our model 

suggests NgR1 engagement by multiple σ3 surfaces (Figure 1D). Although residue exchange on 

one σ3 surface was not sufficient to disrupt NgR1 binding, it is possible that residue exchange on 

all NgR1-binding surfaces of σ3 simultaneously would diminish NgR1 engagement. To test this 

hypothesis, residue exchange within multiple σ3 surfaces proposed to interact with NgR1 would 

need to be characterized using NgR1-binding assays.  



 39 

We next evaluated residues in NgR1 required for binding to reovirus and identified several 

NgR1 residues required for both binding and infection (Figure 5). These critical residues are 

within the MAI ligand-binding region of NgR1, suggesting redundancy in the use of this domain 

to bind other ligands (including viral capsid components). Importantly, residues required for 

reovirus binding are present on both the concave and convex surfaces of NgR1 (Figure 6). Use of 

both NgR1 surfaces to bind reovirus validates our cryo-EM model of reovirus engagement and 

supports our hypothesis that NgR1 binds reovirus by bridging two σ3 molecules. These results 

also suggest that reovirus binds a host receptor using a canyon formed by σ3 capsid proteins, 

analogous to the receptor-binding canyons in picornaviruses (19). This receptor-binding strategy 

has not been previously described for reovirus.  

We conducted additional experiments to evaluate whether exchange of polymorphic 

residues between human NgR1 and non-receptor family members and homologs, NgR2 and 

murine NgR1, could influence reovirus binding. Loss-of-function residue exchange using NgR1-

to-NgR2 constructs was not sufficient to diminish reovirus binding and infection (Figure 7). 

Additionally, gain-of-function residue exchange using murine-to-human NgR1 constructs was not 

sufficient to confer reovirus receptor functionality (Figure 8). Although we did not evaluate every 

possible residue exchange between NgR1 proteins, our results suggest a more complex binding 

relationship between reovirus and NgR1 that is not dependent on single residues alone.  

Reovirus binds human NgR1 using multiple σ3 surfaces, engages multiple NgR1 domains, 

and may even bind other NgR1-interacting partners specific only to human NgR1. A co-receptor 

for human NgR1 may be required for reovirus entry into host cells following initial NgR1 binding, 

analogous to the requirements for co-receptors CCR5 or CXCR4 for HIV cell entry following CD4 

binding (37, 38). Multiple co-receptors for NgR1 have been identified and are used to engage MAI 
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ligands in the CNS and promote downstream signaling (17). Known NgR1 co-receptors include 

p75 (39), LINGO-1 (40), and AMIGO3 (41). If these co-receptors also are required for reovirus 

binding or cell entry, they could be evaluated using protein-binding assays to define possible 

functions as co-receptors for reovirus.  

While most humans experience one or more reovirus infections by adolescence, disease is 

rare (8, 9). However, reovirus causes significant and sometimes lethal disease in newborn mice 

(42, 43). Species-specific host factors that contribute to differences in reovirus virulence have not 

been identified, but the age of the host is a major contributor (44). However, understanding the 

different roles of receptor homologs in mice and humans contributes to our knowledge of reovirus-

mediated disease. Murine NgR1 is not a reovirus receptor, while human NgR1 confers this 

function. Therefore, we hypothesize that another receptor is used by reovirus to bind and enter 

murine neurons. Consistent with this hypothesis, we recently identified the murine homolog of 

paired immunoglobulin receptor B (PirB) as a neural receptor that promotes reovirus binding and 

entry (45). Remarkably, PirB displays partially overlapping expression with NgR1, shares native 

MAI ligands with NgR1, and is required for full reovirus neurovirulence in mice. Furthermore, 

while murine PirB is a functional reovirus receptor, the human homolog of PirB does not bind 

reovirus. Although NgR1 and PirB are structurally dissimilar, we hypothesize that each functions 

to allow reovirus infection of CNS neurons in humans (NgR1) or mice (PirB). Since reovirus 

infects most mammalian species, it is not surprising that reovirus uses many receptors to infect 

mammalian hosts. Understanding how NgR1 and PirB function as reovirus receptors in a variety 

of host species may reveal an evolutionary bridge between these proteins that has been exploited 

by reovirus to infect a broad range of mammals.  
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The main NgR1 structural motif, the leucine-rich repeat (LRR), is widely used in plants 

and animals and often contributes to innate immune functions. For example, a large group of LRR 

proteins in plants, referred to as R proteins, protect against invading pathogens by recognizing 

pathogen-associated effectors that dampen innate immune responses (46). In animals, Toll-like 

receptors are LRR proteins that bind pathogen-associated molecular patterns, such as viral dsRNA 

or bacterial lipopolysaccharide, to activate innate immune signaling. LRR proteins also have been 

implicated in some types of adaptive immunity. Jawed vertebrates, or gnathostomes, evolved to 

use V(D)J recombination to produce a repertoire of lymphocyte receptors based on the 

immunoglobulin (Ig) fold to recognize pathogens or pathogen components (47). Conversely, 

jawless vertebrates, or agnathans, generate adaptive immune receptors using an alternative 

mechanism. Modular LRR domains are reorganized by somatic rearrangement to form a repertoire 

of variable lymphocyte receptors (VLRs) used as adaptive immune mediators to protect against 

invading pathogens (48). This alternative VLR method yields an equivalent repertoire of antigen 

receptors as V(D)J recombination and Ig domains, which function in a manner similar to 

lymphocyte receptors to bind pathogens using the LRR motif (49). Surviving agnathan species, 

hagfish and lampreys, are the only known vertebrates to employ the VLR mechanism of adaptive 

lymphocyte receptor function. Thus, intricate relationships between LRR proteins and pathogens 

have co-evolved for hundreds of millions of years. Therefore, it is not surprising that viruses can 

recognize the conserved LRR motifs in proteins and, furthermore, can bind these motifs to enter 

cells.  

In the evolutionary arms race between pathogen and host, viruses (including reovirus) have 

adapted to bind pathogen receptors to establish infection rather than initiate clearance by the 

adaptive immune response. Numerous viruses engage receptors with shared adaptive immune 
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structural motifs, such as the Ig fold (50). For example, coxsackie virus and adenovirus bind CAR, 

which contains two Ig-like domains (51), herpes simplex virus binds nectin proteins, which contain 

three Ig-like domains (52, 53), and reovirus σ1 binds JAM-A, which contains two Ig-like domains 

(25). As Ig domain-containing proteins are widely used as viral receptors, it was not surprising to 

find another class of adaptive immunity motif-containing proteins that functions as a viral receptor. 

LRR motif-containing proteins, such as NgR1, also may be used as receptors for other pathogens, 

although we are not aware of examples in addition to NgR1.  

Reovirus receptor NgR1 is predominantly expressed by neurons. Following binding to its 

natural ligands in the CNS, NgR1 inhibits axonal outgrowth (54-56). Axonal outgrowth inhibition 

is a critical function in neuron maturation in developing mammals and disrupts neuronal repair 

after injury. Neuron damage caused by viral infection can lead to serious outcomes such as 

encephalitis, paralysis, behavioral changes, and even death (57). NgR1 expression by neurons is 

increased following injury (58), which may provide a feed-forward mechanism of viral infection 

and damage. Understanding how viruses enter such highly protected cells can help inform 

therapeutic approaches to mitigate virus-induced damage in neurons.  

Reovirus is one of many pathogens that infect neurons. Rabies virus first infects peripheral 

neurons and disseminates to the CNS by traversing synapses to cause fatal neurological disease in 

a variety of mammalian hosts (59, 60). Herpes simplex virus also invades the CNS by first 

traversing peripheral neurons and can establish latency in neurons for extended intervals before 

reactivating (61). Zika virus invades neurons to cause microcephaly in newborn infants (62, 63). 

Although these viruses differ in their genome characteristics and replication cycle, are from 

distinct viral families, follow different routes of infection, and lead to different symptoms, they 

cause significant disease by infecting neurons in their respective hosts. Therefore, it is crucial to 
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understand mechanisms and receptors used by neurotropic viruses to guide therapeutic approaches. 

Reovirus is a powerful experimental system to answer these questions, as it is a neurotropic virus 

that causes significant disease in mice. Experiments with reovirus can be conducted using 

relatively low biosafety conditions, which is less expensive and more accessible than the 

biocontainment requirements for other neurotropic viruses. For example, reovirus experiments can 

be conducted using BSL2 conditions, whereas rabies virus experiments require BSL3 containment. 

Reovirus also is easily cultivated, amenable to genetic manipulation using reverse genetics, can be 

purified in large quantities for biochemical studies, and readily infects laboratory mice. Thus, 

reovirus as a model system to study neurotropic disease is valuable in the context of public health, 

as we can apply insights gained from reovirus to develop therapeutic interventions for other 

pathogens.  

In addition to providing an excellent model system to study viral neuropathogenesis, 

reovirus also is a pathogen of concern for pandemic potential. Reovirus shares many attributes of 

other pandemic-causing viruses such as coronavirus and influenza virus. Reovirus contains a 

segmented genome, which allows gene segment reassortment and the capacity to rapidly exchange 

genetic traits. Virtually all mammals are hosts for reovirus, which provides an ample reservoir for 

reassortment and emergence of new viral strains. Our study robustly contributes to an 

understanding of the biochemical mechanisms used by reovirus to infect NgR1-expressing cells. 

Given the possibility of emergence of more virulent reovirus strains, expanding our knowledge of 

reovirus binding and infection may contribute to prevention and treatment strategies should more 

virulent strains emerge. 
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