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Melanie Koehler *ab and David Alsteens *ah

Understanding the mechanisms underlying viral entry is crucial

for controlling viral diseases. In this study, we investigated the

interactions between reovirus and Nogo-receptor 1 (NgR1), a key

mediator of reovirus entry into the host central nervous system.

NgR1 exhibits a unique bivalent interaction with the reovirus capsid,

specifically binding at the interface between adjacent heterohex-

amers arranged in a precise structural pattern on the curved virus

surface. Using single-molecule techniques, we explored for the first

time how the capsid molecular architecture and receptor poly-

morphism influence virus binding. We compared the binding affi-

nities of human and mouse NgR1 to reovirus l1/r3 proteins in their

isolated form, self-assembled in 2D capsid patches, and within the

native 3D viral topology. Our results underscore the essential role

of the concave side of NgR1 and emphasize that the spatial

organization and curvature of the virus are critical determinants

of the stability of the reovirus–NgR1 complex. This study highlights

the importance of characterizing interactions in physiologically

relevant spatial configurations, providing precise insights into

virus–host interactions and opening new avenues for therapeutic

interventions against viral infections. Introduction

Viruses must cross host cell membranes to initiate infection
and rely on viral attachment proteins and host cell receptors to
mediate this crucial step in viral replication. Virus-receptor
interactions often involve diverse cell–surface components,
such as glycans and proteins, and influence tissue tropism and
pathogenesis.1,2 However, much remains to be understood
about the mechanisms by which host–cell receptors facilitate
viral dissemination in vivo and infection of discrete tissues to
produce organ-specific disease.

Mammalian orthoreovirus (reovirus) is a non-enveloped,
double-stranded RNA virus that can infect most mammalian
species.3 There are three main reovirus serotypes exemplified
by prototype strains type 1 Lang (T1L), type 2 Jones (T2J),
and type 3 Dearing (T3D).4 Reovirus infection is linked to rare
instances of neonatal meningitis, and the virus has been
isolated from cerebrospinal fluid samples, suggesting that
it infects cells in the human central nervous system (CNS).5
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New concepts
This study demonstrates a novel concept in viral entry mechanisms by
elucidating the unique bivalent interaction between reovirus and Nogo-
receptor 1 (NgR1). Unlike previous research that primarily focused on
isolated viral components or lacked precise spatial configurations, our
work reveals how NgR1 specifically binds at the interface between
adjacent heterohexamers on the reovirus capsid, arranged in a well-
defined structural pattern. This concept is differentiated by its
integration of single-molecule techniques and molecular dynamics
simulations to compare binding affinities of human and mouse NgR1
to reovirus proteins in various assemblies—isolated, 2D patches, and the
native 3D viral topology. Our findings provide new insights into the
critical role of the capsid’s molecular architecture and spatial
organization in stabilizing the virus-receptor complex. This research
advances nanoscience by highlighting the importance of characterizing
interactions in physiologically relevant configurations, thereby offering a
deeper understanding of virus–host dynamics. Furthermore, it opens new
pathways for developing targeted therapeutic interventions by leveraging
the structural specificity of these interactions.
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Since reovirus infection in humans is generally asymptomatic,
little is known about neuronal spread or specific strains that
cause human CNS disease. Conversely, reovirus infection in
mice is highly pathogenic and can lead to neuropathology.5,6

Reovirus tropism in the CNS is serotype-specific. Serotype 1
reovirus causes non-lethal hydrocephalus by infecting ependy-
mal cells that line cerebral ventricles, while serotype 3 reovirus
causes lethal encephalitis by infecting neurons in the CNS.7–10

Reovirus forms icosahedral particles that contain two protein
shells. The outer capsid contains the s1 protein, which is an
elongated receptor-binding fiber protruding from the center of
pentameric core-turret l2 (yellow; Fig. 1A).11,12 The capsid also
contains the s3 and m1 proteins, which form m13s33 heterohex-
amers (called heterohexamers hereafter), composed of three s3
monomers bound to a central m1 trimer base.13 There are 200
heterohexamers that form the bulk of the reovirus outer capsid
(white and grey; Fig. 1A) arranged in an icosahedral lattice. These
proteins function in viral attachment14,15 and disassembly.16–18

Several cell–surface receptors have been identified for reovirus
that appear to mediate a multistep infection process. JAM-A, the
best characterized reovirus receptor, is required for reovirus hema-
togenous dissemination but dispensable for reovirus CNS
tropism.7,19 Nogo-66 receptor 1 (NgR1) is a neural receptor for
reovirus in some mammalian species.20 NgR1 is a leucine-rich
repeat protein expressed by neurons and plays a role in axonal
growth.21,22 While human NgR1 (hNgR1) functions as a receptor for
T1L and T3D reovirus strains, the efficiency of murine NgR1
(mNgR1) engagement by reovirus is uncertain. Mice lacking NgR1
remain susceptible to reovirus encephalitis,23 suggesting that this
receptor is dispensable for reovirus neurovirulence in mice. The key
residues responsible for differences in reovirus binding to hNgR1
and mNgR1 are unknown. Reovirus T1L exhibits a slightly higher
affinity for hNgR1 compared to T3D. The unusual binding interface
between reovirus outer-capsid protein s3 and NgR1 involves two
binding interfaces: a smaller surface on the convex face of NgR1 and
a larger one on the more conserved concave face.15 Additionally, the
convex and concave faces of NgR1 appear to bind simultaneously to
two different s3 monomers (s3A and s3B) belonging to adjacent
heterohexamers (Fig. 1B–D),15 suggesting a key role of viral capsid
protein organization in receptor binding. Polymorphisms at NgR1
binding sites in s3 proteins or their spatial accessibility may
account for the disparities in binding for T1L and T3D strains,
although the implicated residues are still unknown.

In this study, we used a novel approach integrating atomic
force microscopy (AFM) with molecular dynamics (MD) simula-
tions to delve deeper into the assembly of the viral capsid and
unravel molecular mechanisms underlying reovirus–NgR1 inter-
actions using strain T1L. Using high-resolution AFM imaging, we
resolved the assembly dynamics of heterohexamers under native
conditions at sub-nanometer resolution. With the high-force
sensitivity of the AFM technique, we employed hNgR1-
functionalized AFM tips to investigate the role of reovirus capsid
protein architecture in receptor binding. Specifically, we com-
pared the binding affinities of hNgR1 to force-probed heterohex-
amers in their isolated form, assembled into 2D patches, and
within the native 3D viral topology. Although previous studies

have been conducted using 2D assemblies of viral capsid
proteins,24 most research is focused on nanomechanical probing
of the virus capsid surface, as summarized in ref. 25. Here, we
used an innovative approach with AFM to probe adhesion of 2D
assemblies of viral proteins. This strategy enabled us to gather
comprehensive data highlighting the crucial roles of spatial
organization and curvature in stabilizing the T1L–NgR1 virus-
receptor interaction. A comparative analysis of binding to mNgR1
was conducted, offering valuable insights into reovirus host-range
governed by NgR1. Complementing these experimental findings,
MD simulations provide a molecular view of the residues involved
in stabilizing the reovirus–NgR1 complex and emphasize a crucial
role of the NgR1 concave face and the conservation of key
interaction interfaces across human and murine NgR1. This work
pioneers a nanotechnology-based method to dissect the thermo-
dynamics of a virus binding interface, paving the way for a deeper
understanding of viral tropism and pathogenesis.

Results
Experimental design to study heterohexamer-receptor interactions

To study NgR1-heterohexamer interactions at the single-molecule
level, we first reconstituted s33m13 heterohexamers assemblies,
mimicking the organization of these proteins on native reovirus
virions. Next, reovirus heterohexamers self-assembled on mica
surfaces were imaged by force–distance (FD) curve-based AFM
(FD-based AFM) (Fig. 1E and F) using native conditions.26 The
negatively charged mica substrate acts as an assembly-promoting
template, allowing the acquisition of high-resolution AFM topo-
graphy maps showing that a bidimensional (2D) lattice of hetero-
hexamers is formed at physiological pH, temperature, and ionic
strength, in the absence of other chaperone molecules (see
Methods) (Fig. 1G). These structures, despite not representing
the full viral capsid, constitute a relevant 2D model of specific
capsid proteins that can be probed at the single-molecule level in
an assembly closer to physiological conditions than isolated viral
proteins. Single heterohexamers probed by AFM are 13.8 �
0.2 nm (mean � standard deviation (S.D.)) in height (Fig. 1H).
The closely-packed hexagonal structures are 18.0 � 0.3 nm in
diameter, with a pore opening of 3.0 � 0.3 nm in size (Fig. 1I and
J). This lattice is formed of monomers with a center-to-center
distance of 22.9 � 0.7 nm oriented at an axis angle of 601 (Fig. 1K
and L). We also studied the dynamics of lattice formation and
found that heterohexamers assembled on mica display an expo-
nential growth phase up to B500 minutes, followed by a sta-
tionary phase (Fig. 1M). The maximum area covered by
heterohexamers lattices is 46.7 � 103 nm2, corresponding to 175
heterohexamers, which approximates the maximum number on
the viral capsid surface.

Probing hNgR1 interaction with self-assembled heterohexamers

Since s33m13 heterohexamers are capable of binding to hNgR1,
we probed a surface of assembled heterohexamers with an
hNgR1-functionalized AFM tip (Fig. 2A), reproducing in vitro
the spatial configuration found in physiological environments.
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The hNgR1-functionalized tip was scanned across the self-
assembled heterohexamers using the FD-based AFM mode,
allowing us to collect both topography and adhesion images
(Fig. 2B and C). Although tip functionalization slightly reduces

the resolution of the topographical images, the heterohexamers
remained clearly visible, and the corresponding adhesion
image shows some sparsely distributed adhesive pixels.
We simultaneously collected FD curves (Fig. 2D and E) and

Fig. 1 Imaging the self-assembly of reovirus m1s3 heterohexamers. (A) and (B) Density maps of reovirus alone (A) or in complex with hNgR1 (B). Viral
capsid proteins l2, l1/s2, m1, and s3 are depicted in yellow, red, white, and shades of grey, respectively. The receptor hNgR1 is depicted in blue. (C) and
(D) Surface representation of two s3m1 heterohexamers in complex with hNgR1 receptor, from the top view (C) and side view (D). (E) Schematics of the
assembly of m1s3 heterohexamers to form on hexagonal structures, as present on the viral capsid. (F) Schematics of the imaging setup, with a bare AFM
tip and self-assembled m1s3 heterohexamers on a mica substrate. (G) AFM topography image of a patch of self-assembled heterohexamers. (H)–(L)
Histograms of the measured parameters from self-assembled heterohexamers structures: height of single heterohexamers (H), diameter of the
hexagonal structure formed (I) and its pore size (J), center-to-center distance between hexagonal structures (K), and their axis angle (L). (M) Area of the
imaged self-assembled patches is plotted in function of time and fitted with an exponential fit (red line).
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Fig. 2 Probing the hNgR1 interaction with m1s3 heterohexamers and predicting the hNgR1–s3 binding interface. (A) Representation of the experimental
setup, with an hNgR1-functionalized AFM tip and self-assembled s3m1 heterohexamer patches on a mica substrate. FD and force–time curves are
collected, from which forces and LRs are extracted. (B) AFM topography image of the scanned s3m1 heterohexamers and (C) the corresponding adhesion
map of the same area. Colored scales indicate height and force, respectively. (D) Examples of FD curves recorded in FFV mode (using a linear movement
of the tip) that display either specific (#1 and #2) or nonspecific (#3) adhesion events. (E) Examples of FD curves recorded in PFT mode (using a sinusoidal
movement of the tip) that display either specific (#1 and #2) or nonspecific (#3) adhesion events. (F) Distribution of rupture forces as a function of their LR
measured between hNgR1 and self-assembled s33m13 heterohexamers, from AFM experiments conducted with rectangular (data points on the left; lower
LRs) or sinusoidal (data points on the right; higher LRs) tip movement. The solid line represents the Bell–Evans fit (for simple ligand–receptor bond) and
the dashed line represents the Williams–Evans model prediction (for multiple simultaneous uncorrelated bonds). Error bars indicate SD. (G)
Representation of the experimental AFM setup, operated in FV mode with an hNgR1-functionalized tip and single s33m13 heterohexamers grafted onto
a gold-coated surface. (H) Box plot of the BP calculated for the hNgR1-single heterohexamers interaction and control experiments, including this same
interaction with the addition of EDTA (5 mM), the interaction between hNgR1 and a surface coated with NHS/EDC (without heterohexamers), and an AFM
tip with tris-NTA (without hNgR1) and a single-heterohexamers-coated surface. (I) DFS plot showing the distribution of rupture forces as a function of
their LR, measured between hNgR1 and single heterohexamers. The solid line represents the Bell–Evans fit (for simple ligand–receptor bond). For
contact time plots, data points represent mean BP calculated for each contact time and were fitted using a least-squares fit of a monoexponential decay.
For all DFS and contact time plots, the error bars indicate SD. For all BP plots, one data point represents the BP obtained for one map of 1024 FD curves.
The horizontal line within the box indicates the median, boundaries of the box indicate the SEM, and the whiskers indicate the SD. All data are
representative of at least n = 3 independent experiments. (J) Structural representation of the complex between hNgR1 (in blue surface) and the two s3A

(in light-grey surface) and s3B (in dark-grey surface) subunits. (K) Root-mean-square deviation (RMSD) of indicated chains computed using hNgR1 as the
reference for the MD trajectory alignment. Plots are colored in blue, light grey, and dark grey for hNgR1, s3A, and s3B, three MD replicates are shown.
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force–time curves (Fig. S1A, ESI†) on the self-assembled patches
of heterohexamers. These data mostly depicted specific adhe-
sion events, i.e., curves with a single adhesive peak were located
at a separation distance of 45 nm, which accounts for the
extension of the polyethylene glycol (PEG) tip-to-virion spacer.
Thus, these data can be fitted with the worm-like chain model
describing the extension of the polymer chain under external
load,27 while FD curves on the underlying substrate show
nonspecific binding (curve #3 in Fig. 2D and E). For each
specific binding event, the rupture forces were plotted against
the loading rate (LR) in a so-called dynamic force spectroscopy
(DFS) plot using a semi-logarithmic scale (Fig. 2F). The Bell–
Evans model predicts a linear dependence of the most probable
rupture force on the DFS plot.28,29

For weak rupture forces, it is not straightforward to discri-
minate between multiple bonds at the lowest LRs. Therefore,
we explored a wider range of LRs by combining the FD curve-
based mode with rectangular or sinusoidal modulation of the
distance (Fig. S1B, ESI†) with oscillation frequencies in the
range of 0.25 to 0.5 kHz. This approach enabled us to more
accurately evaluate the linearity of Bell–Evans fit and determine
whether multiple bonds are established. We analyzed a total of
1088 curves, which show specific breaking forces ranging from
15 to 300 pN (Fig. S2, ESI†). From the Bell–Evans fit (Fig. 2F,
solid line), we extracted a dissociation rate constant (koff) of
3.51 � 2.02 s�1 and a distance to the transition state (xu) of
0.67 � 0.04 nm, which describes the binding free-energy land-
scape of hNgR1 interacting with self-assembled heterohexamers.
At the lower LRs, a single population of data points is observed,
while at higher LRs, a second population becomes more evident.
This second population correlates well with the Williams–Evans
prediction30 for a double bond (Fig. 2F, dashed line), which can
originate from either from parallel interactions involving two
separate hNgR1 molecules bound to the AFM tip or a single
hNgR1 molecule bound to the tip interacting with multiple sites
on the heterohexamer. In the latter case, hNgR1 could bind
using two opposing interfaces with adjacent heterohexamers, as
suggested by the cryo-EM data. However, the exact nature of this
second force population requires further investigation.

Human NgR1 engages single heterohexamers with high-affinity

The kinetics extracted for hNgR1 binding to assembled hetero-
hexamers show a significantly higher koff (B7-fold) relative to
hNgR1 binding to T1L virions,15 which we did not expect. This
kinetic difference is likely due to the three-dimensional
arrangement of the heterohexamers, which adopt a denser
conformation when reconstituted in vitro on a planar support,
potentially hindering NgR1 access to adjacent heterohexamers.

To ensure that the surface-assembled geometry of the het-
erohexamers was not responsible for the observed differences
in binding kinetics, and to assess the requirement for the two
interfaces in the formation of the binding complex, we examined
the interaction using unassembled, or isolated heterohexamers,
referred to as single heterohexamers (Fig. 2G). Our results show
that hNgR1 can bind to single heterohexamers, with a BP of
9.6 � 1.1% (mean � SD). The specificity was further validated by

the addition of EDTA or the absence of one of the binding
partners (Fig. 2H). We did not observe a significant difference in
the extracted rupture force (distribution of forces in Fig. S3,
ESI†), which was again in the range of 15–300 pN (Fig. 2I).
Analysis of rupture forces at the single-heterohexamer level
enables calculation of koff of 0.32 � 0.21 s�1 and xu of 0.86 �
0.08 nm. With a lower dissociation rate constant than that of
assembled heterohexamers, single heterohexamer results show a
more stable interaction compared to the assembled heterohex-
amers, indicating that accessibility of NgR1 to the heterohex-
amer binding interface is critical for complex stability.
Conversely, the association rate of the receptor to single hetero-
hexamers is somewhat less favorable than that of virions, with a
kon of 2.17� 0.20 mM�1 s�1, suggesting that complex initiation is
facilitated not only by the multimeric arrangement of hetero-
hexamers, but also by the curvature of viral particles.

It is conceivable that initial interactions with the convex face
of hNgR1 facilitate formation of the complex. The affinity of
NgR1 for single heterohexamers lies in the high-affinity range,
also observed for virion binding15 (Fig. S4, ESI†). Thus, the
stability of the binding complex appears to be largely depen-
dent on a single interface established with the concave face of
hNgR1. However, by comparing the various koff values extracted
for the three systems used, we observed that the stability of the
binding interactions is as follows: single heterohexamers 4
single virus c assembled heterohexamers. We conclude that
the accessibility of the NgR1-binding groove between s3 sub-
units from adjacent heterohexamers plays a key role in the
stability of the complex.

MD simulations of the hNgR1 in complex with r3A and r3B

To validate the predominant interaction interface between the
concave face of hNgR1 and s3 protein, we conducted three
independent MD simulations of 2.5 ms with explicit solvent
(Fig. 2J). The root-mean-square deviation (RMSD) analysis of
the backbone alpha carbon (Ca) of each subunit shows that the
proteins are stable during the simulations (Fig. S5, ESI†). The
RMSF analysis highlights the most flexible loops in the s3
subunits (Fig. S5, ESI†). To monitor flexibility of the two s3
monomers with respect to hNgR1, we calculated the RMSD
using hNgR1 as the reference for the MD trajectory alignments
(Fig. 2K). Lower RMSD values were observed for the s3B subunit
than for s3A, suggesting greater stability for the concave inter-
face of the s3–hNgR1 binding interaction. Taken together, the
in vitro and in silico experiments confirm that hNgR1 stably
interacts with s3 protein between adjacent heterohexamers
and that the binding interface is predominantly located
between the external surface of the s3B subunit and the
concave surface of hNgR1.

Influence of NgR1 polymorphism on r3 binding

While hNgR1 and mNgR1 share structural and functional
homology,31 subtle polymorphisms within the virus-bound inter-
faces may wield substantial influence, potentially heralding a
paradigm shift in our understanding of reovirus engagement
dynamics. These polymorphisms may contribute to the
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differences observed in experiments using cultured cells and
mice.20,23 Therefore, to determine whether the few differences
in hNgR1 and mNgR1 amino acid sequences alter reovirus–NgR1
engagement, we investigated interactions between mNgR1 and s3

using T1L virions (fully functional viral particle) (Fig. 3A–C) or
single heterohexamers (Fig. 3D–F).

We first validated the specificity of the interaction by analyzing
the BPs before and after addition of EDTA (Fig. 3B and E). Next,

Fig. 3 Thermodynamical characterization of the interactions between mNgR1 and either reovirus T1L or single m1s3 heterohexamers, and predicting the
mNgR1–s3 binding interface. (A) Representation of the experimental setup, with an AFM tip functionalized with a reovirus T1L virion and mNgR1 proteins
grafted on a gold-coated surface, operated in FV mode. (B) Box plot of the BP calculated for the T1L–mNgR1 interaction, with (control) and without addition
of EDTA (5 mM). (C) DFS plot showing the distribution of rupture forces as a function of their LR, measured between T1L virion and mNgR1. Binding
probability is plotted (as inset) as a function of the contact time. (D) Representation of the experimental setup, with an AFM tip functionalized with mNgR1
and single s3m1 heterohexamers grafted on a gold-coated surface, operated in FV mode. (E) Box plot of the BP calculated for the mNgR1-single
heterohexamers, with (control) and without addition of EDTA (5 mM). (F) DFS plot showing the distribution of rupture forces as a function of their LR,
measured between mNgR1 and single heterohexamers. For all DFS plots, the solid line represents the fit of the data with the Bell–Evans fit (for simple
ligand–receptor bond). For contact time plots, data points represent mean BP calculated for each contact time and were fitted using a least-squares fit of a
monoexponential decay. For all DFS and contact time plots, the error bars indicate SD. For all BP plots, one data point represents the BP obtained for one
map of 1024 FD curves. The horizontal line within the box indicates the median, boundaries of the box indicate the SEM, and the whiskers indicate the SD. All
data are representative of at least n = 3 independent experiments. (G) Structural prediction of the complex between mNgR1 (in orange surface) and the two
s3A (in light-grey surface) and s3B (in dark-grey surface) subunits. (H) RMSD of indicated chains computed using mNgR1 as the reference for the MD
trajectory alignment. The plots are colored in orange, light grey, and dark grey for mNgR1, s3A and s3B, respectively. R1, R2, and R3 denote MD replicates.
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we conducted DFS analyses (Fig. 3C, F and Fig. S6, ESI†), which
enabled extraction of the kinetic parameters of the binding
interactions. Similar to hNgR1 binding, a higher kon of 6.94 �
0.23 mM�1 s�1 was observed for mNgR1 binding to virions relative
to single heterohexamers (2.99 � 0.46 mM�1 s�1), suggesting that
the display of heterohexamers on the viral capsid facilitates
receptor binding. Similarly, like hNgR1 binding interactions,
mNgR1 binding to virions occurred with lower stability (koff of
0.65 � 0.35 s�1, xu of 0.73 � 0.07 nm) relative to single hetero-
hexamers (koff of 0.23 � 0.12 s�1, xu of 0.76 � 0.05 nm), high-
lighting that access to the s3 interface influences stability of the
complex. These analyses revealed high-affinity interactions for
virions and heterohexamers (KD = 93.5 � 53.6 nM or 76.8 � 51.8
nM, respectively). Thus, both hNgR1 and mNgR1 establish stable
complexes with reovirus T1L, despite their subtle polymorphisms.

Depicting the r3–mNgR1 interface using MD

Since AFM experiments suggest that hNgR1 and mNgR1 bind
reovirus comparably, we sought to determine whether MD simula-
tions would offer an explanation for the differences in the capacity
of these NgR1 homologs to function as reovirus receptors. As
before, MD simulations were conducted using a geometry

mimicking the assembly observed on the particle surface with
mNgR1 binding between two s3 subunits (s3A and s3B) (Fig. 3G).
For simulations with mNgR1, the initial complex was obtained
using the coordinates of s3A and s3B from the hNgR1 complex and
superimposing coordinates of mNgR1 (PDB: 5O0L) in to the
hNgR1-bound site.32 The RMSD values for both hNgR1 and mNgR1
fall within a similar range, and the RMSF shows a similar flexibility
profile, indicating comparable stability of the binding complex
(Fig. 3H and Fig. S7, ESI†). This finding reinforces the results
obtained from AFM experiments and underscores the consistency
of the binding behavior of the NgR1 orthologues. Furthermore, the
observed higher flexibility at the convex interface in both cases
suggests a lesser role of this interface in stabilizing the complex,
aligning with our previous observations of reovirus–hNgR1 inter-
actions. Collectively, these results suggest that the interface stability
and dynamics of reovirus binding to mNgR1 and hNgR1 are
comparable, which is consistent with our AFM findings.

Comparison of key NgR1 residues involved in the interaction
with r3

Using MD simulations for both hNgR1 and mNgR1, we also
conducted an in-depth analysis of the frequency of interactions

Fig. 4 Residues in common that are involved in the interactions between human and murine NgR1 with s3B. (A) and (B) Heat maps of interacting
residues in the initial complexes that occur frequently in the simulations. Cells of the heat maps are colored according to the increased number of
interactions, from white to dark blue for the hNgR1 complex (A) and white to dark orange for the mNgR1 complex (B). (C) and (D) 3D representation of the
key interactions established by residues Y160, Q162, and R206 of hNgR1 and mNgR1, and H230 of s3B. The s3, hNgR1 (C), and mNgR1 (D) structures are
shown in grey, blue, and orange cartoons, respectively. Violet lines indicate the residue connections that are found during the simulations (for the type of
interactions, see Table S1, for the complete overview of all contacts see Fig. S8, ESI†).
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with s3. Our simulations reveal that s3B consistently maintains
interactions observed in the structures of both hNgR1 and
mNgR1 at high frequency (Fig. 4). The majority of the frequent
interactions with s3B are shared by the two receptors, with only
minor variations in the observed interaction patterns (Fig. 4A
and B, all interactions depicted in Fig. S8, ESI†). Consistent
with experimental mutagenesis data,15 key interactions
mediated by residues Y160, Q162, and R206 of hNgR1 are also
observed for mNgR1 (Y160 and Q162 form hydrogen bonds
with s3B residues D231 and E227, respectively, while R206
interacts with H230 via cation–p or hydrogen bond interac-
tions, Fig. 4C and D). Additionally, our analysis identifies H230
of s3B as potentially functioning in the binding interaction,
given its high contact frequency with a network of residues
from both hNgR1 and mNgR1, including NgR1 residue Y232
(Fig. 4C and D).

Conversely, residues within s3A do not have high-frequency
interactions with either hNgR1 or mNgR1 during the simula-
tions, and none of the interactions observed in the initial
structures are maintained (Table S2, ESI†). This discrepancy
suggests that the high flexibility of the interface with s3A leads
to changes in interaction patterns and binding modes through-
out the simulations. The majority of the residues that differ in
sequence between hNgR1 and mNgR1 (Fig. S9, ESI†) are located
in this convex interface. These differences suggest that the
interface contributing most importantly to binding also is the
most similar in both receptors.

Discussion

In this study, we investigated molecular interactions between
reovirus strain T1L and NgR1, a host cell receptor that mediates
reovirus entry into some neuronal cells. Using a combination
of experimental and computational methods, we aimed to

elucidate the assembly dynamics and interaction kinetics
between reovirus s33m13 heterohexamers and NgR1.

Our high-resolution AFM imaging experiments provided
unprecedented insights into the assembly dynamics of reovirus
heterohexamers at nanoscale (Fig. 1). We observed the for-
mation of a two-dimensional lattice of heterohexamers under
native conditions, closely mirroring the assembly of viral pro-
teins on the surface of a reovirus particle that typically encap-
sidates the dsRNA genome. This lattice structure on the surface
was strikingly similar to that observed on the actual virus
particle. As this assembly mimics physiological conditions,
we subsequently force-probed these patches with an hNgR1-
functionalized AFM tip and determined hNgR1 binding
strength and stability of the complex (Fig. 2A–F). Unexpectedly,
we found that the complex has a lower stability compared with
observations made previously using whole virions.15

Further evidence of the influence of viral assembly on
binding strength was obtained by studying the interactions of
NgR1 with isolated heterohexamers (Fig. 2G–I). These findings
underscore the limitations of reconstituting molecular assem-
blies on flat substrates. The geometry of the capsid subunits in
this setup differs significantly from their native arrangement
on the virus particle, potentially altering the binding configu-
ration of the complex. Our results suggest that these deviations
from the native curvature as well as the lateral organization of
the virus particle alter the kinetics and possibly the thermo-
dynamics of the virus-receptor interaction (Fig. 5).

Complementing our AFM experiments, MD simulations
allowed an examination of the protein–protein interfaces in
the reovirus–NgR1 complex. Both techniques consistently indi-
cate that the binding complex is predominantly stabilized by
the concave interface of NgR1. Examination of the effect of
NgR1 polymorphisms on s3 binding reveals only subtle differ-
ences in the interaction patterns between hNgR1 and mNgR1.
Despite these differences, both NgR1 orthologues formed

Fig. 5 Spatial organization and curvature are critical determinants of NgR1–reovirus complex stability. Models of NgR1 binding interfaces with reovirus
heterohexamers reconstituted on a planar support or within the curved virus capsid. The concave NgR1 interface binds more strongly to individual
heterohexamers compared to densely packed self-assembled structures (lower koff), however the multimeric heterohexamer arrangement promotes a
higher association rate (higher kon). The local curvature of the viral capsid in reovirus native topology allows for a greater accessibility of the NgR1-binding
groove between s3 subunits from adjacent heterohexamers, which plays a key role in the stability of the complex (lower koff). Created with
BioRender.com.
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stable complexes with s3, underscoring the conservation of key
interaction interfaces across species. The binding association
as depicted by the AFM experiments suggests that the establish-
ment of the binding complex is influenced by the convex NgR1
surface with the s3B subunit, as reflected by the higher kon

extracted in conditions where the assembly geometry mimics
viral assembly. This interface could serve as a template to
facilitate proper orientation of the final binding pose.

Overall, our study provides valuable insights into the intricate
molecular choreography orchestrating reovirus–host interactions,
particularly within the central nervous system. The identification
of subtle polymorphisms within virus-bound interfaces challenges
conventional wisdom about NgR1–reovirus binding and unveils a
novel dimension in understanding viral tropism and pathogen-
esis. By elucidating these dynamics at the molecular level, our
research advances our comprehension of viral infections and sets
the stage for targeted therapeutic interventions against reovirus
infections. This breakthrough underscores the critical importance
of exploring virus–host interactions at a subcellular level and
offers promising avenues for combating viral diseases with preci-
sion and efficacy.

Materials and methods
Virus production

The T1L strain of reovirus was recovered from BHK-T7 cells
using plasmid-based reverse genetics.33 Virus was plaque pur-
ified from BHK-T7 cell lysates, propagated in L929 cells, and
purified from infected L929 cell lysates by cesium chloride
gradient centrifugation as described.34 Infected cells were lysed
by freeze thaw and sonication. Virions were extracted from
lysates using Vertrel-XF (TMC Industries), layered onto step
gradients of cesium chloride (1.2–1.4 g cm�3), and centrifuged
at 87 000 � g at 4 1C for 18 h. The visible band corresponding to
the density of reovirus particles (B1.36 g cm�3) was collected
and exhaustively dialyzed against virion-storage buffer (150 mM
NaCl, 15 mM MgCl2, and 10 mM Tris [pH 7.4]). Particle number
of purified virions was estimated by spectral absorbance at
260 nm (1 OD260 = 2.1 � 1012 particles per mL).

Purified human and mouse NgR1-His protein

His-tagged hNgR1 protein were expressed and purified as
described.15 FreeStylet 293-F cells (Thermo Fisher Scientific)
were transiently transfected at a cell density of 106 cells mL�1

using a 1 : 3 ratio of plasmid DNA (encoding amino acids 1–310
of hNgR1 appended to a 7X-His tag) to polyethyleneimine (PEI
25Kt, Polysciences). Cells were incubated at 37 1C for 7 days
and pelleted. The supernatant was collected, supplemented
with cOmpletet protease inhibitor EDTA-free (Roche), and
loaded onto a 5-mL HisTrap FF crude column (Cytiva) preequi-
librated with running buffer (10 mM HEPES [pH 7.4], 150 mM
NaCl) supplemented to contain 20 mM imidazole. A 20-to-
500 mM imidazole gradient was applied to the column to first
wash and then elute hNgR1-His. hNgR1-His was further pur-
ified by size-exclusion chromatography using a HiLoad 16/60

Superdex 75 column (Cytiva) equilibrated with running buffer.
Fractions containing hNgR1-His were collected, concentrated
to 8 mg mL�1 and frozen at �80 1C until further use.

His-tagged mNgR1 (amino acids 1–447) was acquired
through Bio-Connect (CAT# 50106-M08H).

Expression and purification of the r3l1 heterohexamer

High Fivet insect cells were infected with a P3 recombinant
baculovirus stock expressing m1 and s3 of reovirus strain T1L at
an MOI of five. Cells were supplemented with 0.1% FBS,
incubated at 27 1C for 96 h and the supernatant was harvested
at 3500 � g for 10 min. The supernatant was loaded onto a
HiTrap Q FF 5-mL ion-exchange column (Cytiva) and washed
with buffer A (20 mM Tris [pH 8.5], 2 mM MgCl2, 2 mM BME)
supplemented to contain 100 mM NaCl. Heterohexamer protein
complexes (s33m13) were eluted with a linear gradient of buffer A
from 100 to 550 mM NaCl. Fractions containing m1 and s3 were
pooled and concentrated to 10 mL with a Amicons Ultra-15
Centrifugal Filter Unit with a 100-kDa molecular weight cut-off
(MWCO). Protein was diluted dropwise with ammonium sulfate
buffer (buffer A supplemented to contain 4 M ammonium
sulfate) to a final concentration of 0.7 M ammonium sulfate.
Protein was loaded onto a HiTrap Phenyl HP 5-mL column
(Cytiva) and eluted with a linear gradient of buffer A from 0.7
to 0 M ammonium sulfate. Fractions containing heterohexamer
were pooled, concentrated, and the protein was further purified
using a HiLoad 16/600 SD200 size-exclusion column equilibrated
with buffer B (20 mM Bicine [pH 9], 150 mM NaCl, 2 mM MgCl2,
2 mM BME). Heterohexamer fractions were pooled and stored at
�80 1C until further use.

Preparation of assembled r33l13 heterohexamer patches on mica

Heterohexamer fractions previously stored in buffer B were
used to prepare assembled m1s3 heterohexamer patches on
mica. First, the heterohexamer sample (3 mg mL�1) was buffer
exchanged by dialysis at 4 1C overnight with HEPES/NaCl buffer
(20 mM HEPES, 300 mM NaCl, pH 7.4). Protein was stored at
�20 1C until further use. On the day before the experiment, the
heterohexamer sample (diluted to 0.015 mg mL�1 in incubation
buffer [20 mM HEPES, 300 mM NaCl, 5 mM MgCl2]) was
adsorbed at room temperature overnight to freshly cleaved
mica using conditions to ensure the sample did not dry out.
Divalent cations present in the incubation buffer allow electro-
static coupling of protein to the cleaved, negatively charged
mica surface. Mica was subsequently washed with incubation
buffer, immediately prior to imaging.

Functionalization of AFM tips

AFM tips were coated with T1L virions, hNgR1, or mNgR1, as
follows. AFM tips (MSCT probes, Bruker; AC-40, Olympus;
PeakForce HIRS-B, Bruker) were functionalized with primary
amino groups with aminopropyl-triethoxysilane (APTES; Sigma-
Aldrich) from gas phase, as described.35 Tips were cleaned with
chloroform (Sigma-Aldrich) for 5 min and treated with UV
radiation and ozone (UV-O; Jetlight) for 15 min. Then, two
plastic trays were placed inside a desiccator, which was flooded
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with argon gas for 15 min. AFM tips were placed inside the
desiccator, followed by adding 30 mL of APTES and 10 mL of
triethylamine to their respective trays and the desiccator was
closed. After a reaction time of 2 h, both trays were removed
and the desiccator was flooded with argon gas for 10 min. The
desiccator was closed and tips were incubated for at least two
days to ‘‘cure’’ the APTES coating. In a second step, AFM tips
were coupled with Ald-Ph-PEG24-NHS ester linkers, as described
previously. In a second step, AFM tips were coupled with Ald-
Ph-PEG24-NHS ester linkers, as described previously.36 The tips
were immersed in a solution of 1 portion of Ald-Ph-PEG24-NHS
(3.3 mg) in chloroform (0.5 mL) and triethylamine (30 mL) for
2 h. Tips were rinsed three times in chloroform, allowed to dry,
and placed onto parafilm in a polystyrene Petri dish.

For AFM tips functionalized with reovirus T1L virions, the
Petri dish was stored at 4 1C and 100 mL of virus solution (109

particles mL�1) were pipetted onto the tips. Then, 2 mL of
freshly prepared sodium cyanoborohydride solution (B6%
[wt/vol] in 0.1 M NaOH) were added to the virus droplet and
tips were incubated in this solution at 4 1C for 1 h. Ethanola-
mine (5 mL; 1 M [pH 8.0]) was carefully mixed with the droplet.
Tips were incubated at 4 1C for 10 min, rinsed three times in
ice-cold virus buffer (150 mM NaCl, 15 mM MgCl2, 10 mM Tris
[pH 7.4]), placed in individual wells of a multiwell-plate con-
taining virus buffer, and stored at 4 1C until further use.

For AFM tips functionalized with NgR1 protein, following
coupling to PEG linkers, 100 mL of a 100 mM Tris nitrilotriacetic
amine 540 trifluoroacetate (tris-NTA; Toronto Research Chemicals,
Canada) solution was added to the tips. Freshly prepared sodium
cyanoborohydride solution (2 mL; B6% [wt/vol] in 0.1 M NaOH)
was mixed in and tips were incubated in this solution for 1 h on
ice. Next, 5 mL of ethanolamine (1 M [pH 8.0]) was added to the
droplet, mixed carefully, and tips were incubated for 10 min on ice.
A solution of 50 mL of hNgR1-His (1 mM) or mNgR1-His (1 mM) and
2.5 mL of 5 mM NiCl2 was pipetted onto tips and incubated for 2 h
on ice. Finally, tips were rinsed three times in phosphate-buffered
saline (PBS), placed in individual wells of a multiwell-plate contain-
ing PBS, and stored at 4 1C until further use.

Preparation of model surfaces using surface chemistry

Gold-coated surfaces were coupled with either hNgR1, mNgR1, or
s3m1 heterohexamers. Surfaces were rinsed with ethanol, dried
with low nitrogen flow, and treated with UV radiation and ozone
(UV-O; Jetlight) for 15 min. Surfaces were immersed in a solution
containing 1% of 16-mercaptohexadecanoic acid and 99% of 11-
mercapto-1-undecanol [V/V] and incubated overnight. The next
day, surfaces were rinsed with ethanol, dried with low nitrogen
flow, and incubated in a solution of NHS and EDC (10 mg mL�1

NHS and 25 mg mL�1 1-ethyl-3-[3-dimethylaminopropyl]-
carbodiimide [EDC]) for 30 min. Then, surfaces were rinsed three
times with milliQ water, without drying.

For surfaces coated with s3m1 heterohexamers, a 50-mL
droplet of 100 mg mL�1 solution of heterohexamer was added
to surfaces. Surfaces were incubated for 1 h, rinsed three times
with wash buffer (PBS containing 0.05% Tween20), and stored
in PBS at 4 1C until further use.

Fc-tagged hNgR1 (R&D systems) or mNgR1 (Bio-Techne)
proteins were immobilized on surfaces via protein A chemistry,
as previously described.37 Following NHS and EDC incubation,
surfaces were incubated in 100 mL of protein A (100 mg mL�1) in
PBS at RT for 1 h. Surfaces were rinsed three times with wash
buffer and incubated for 1 h in 300 mL of blocking buffer (PBS
supplemented to contain 0.05% Tween20 and 1% BSA). Then,
50 mL of 100 mg mL�1 hNgR1-Fc or mNgR1-Fc protein was
incubated on surfaces for 1 h. Finally, surfaces were rinsed three
times with wash buffer and stored in PBS at 4 1C until further use.

FD-based AFM on assembled r33l13 heterohexamers patches

AFM (Bioscope, Resolve, Bruker) operated in PeakForce
tapping (PFT) mode was used to image assembled heterohex-
amers. PeakForce HIRS-B (Bruker) cantilevers were used to first
scan a large area, between 5 to 10 mm2, at a 128 � 128-pixel
resolution. Then, smaller areas with specific patches of
assembled heterohexamers were imaged with a PFT frequency
of 0.25 or 0.5 kHz. The force setpoint was set to 150 pN, with an
amplitude of 50 nm, and a 1–3 Hz scan rate.

To probe interacting forces between hNgR1 and assembled
heterohexamers, AC-40 (BioLever, Olympus) or PeakForce
HIRS-B (Bruker) cantilevers were used. The AFM was operated
in either FASTForce volume (FFV) or PFT mode. For FFV
experiments, a scan rate of 0.125–0.25 Hz and a setpoint of
100–150 pN was used, whit a ramp size distance of 100 nm.
Areas of 128 � 128- or 256 � 256-pixel resolution were scanned.
When scanning a smaller area of the surface of a heterohex-
amer patch, a 64 � 64-pixel resolution was used, with 3 or 5 Hz
scan rate. For PFT experiments, the setpoint was 150 pN, with a
PFT frequency of 0.25 or 0.5 kHz, and a 0.25 Hz scan rate. The
amplitude was set to 50 nm.

FD-based AFM on model surfaces

ForceRobot 300 (Bruker, Germany) and NanoScope Multimode
8 (Bruker, NanoScope software v9.1) were operated in force–
volume (contact) mode to conduct force distance (FD) curve-
based AFM experiments on hNgR1-, mNgR1- or single s3m1
heterohexamers-coated surfaces. Virus-functionalized or NgR1-
functionalized MSCT-D probes (spring constants calculated
using thermal tune38) were used to scan areas of 5 � 5 mm,
with a ramp size set to 500 nm and a resolution of 32 �
32 pixels (corresponding to 1024 FD curves). Surfaces were
mounted on a piezoelectric scanner using a magnetic carrier
and all experiments were conducted in PBS at RT. Approach
velocity was maintained at 1 mm s�1 and the maximum force
was set to 500 pN.

To probe interactions between NgR1 and reovirus or hetero-
hexamers over a wide range of loading rates, dynamic force
spectroscopy (DFS) experiments were conducted. In these
experiments, retract velocities were varied between 0.1, 0.2, 1,
2, 5, 10, and 20 mm s�1 without surface delay. Kinetic on-rate
(kon) experiments were conducted by extracting the binding
probability when surface delay is added, allowing the tip to stay
in contact with the surface for different periods of time. Hold
times were set to 0, 50, 100, 150, 250, 500 and 1000 ms.
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Additional independent control experiments were con-
ducted in order to ensure the specificity of the interactions.
Blocking was conducted by adding 5 mM EDTA to the buffer,
resulting in the chelation of Ni2+ and subsequent loss of
ligation between NgR1 and NTA. Measurements were taken
before and after addition of the blocking agents, at a retraction
velocity of 1 mm s�1. The same sample area was probed several
times, using the same tip and without surface delay.

AFM data analysis

Depending on the instrument used for data acquisition, JPK data
processing (version 6.1.149) or NanoScope analysis software (v2.0)
were used for F–D curve data analyses. FD curves that displayed
adhesion events, with peaks corresponding to PEG-linker exten-
sion, were selected and the retraction curve was fitted with the
worm-like chain model for polymer extension.27 For DFS data,
rupture forces were extracted and loading rates were determined
using the slope of adhesion peaks in force–time curves. Histo-
grams of rupture force distributions for distinct LR ranges were
fitted with various force spectroscopy models, allowing the esti-
mation of koff and xu.39,40 For kinetic on-rate analysis, the binding
probability for each hold time (the time the tip is in contact with
the surface) was determined from the fraction of curves that
displayed a specific binding event. Those data were fitted and
KD calculated as described previously.41 Origin software (Origi-
nLab) was used to graph the DFS and kon results, as well as fitting
of the data. Statistical significance of BP values was assessed by
conducting two-sample t tests. P-Values were obtained using
https://www.statskingdom.com/. Image processing of assembled
heterohexamers was performed using Gwyddion (v2.5) and Nano-
Scope analysis software (v2.0). Assembly dynamics of heterohex-
amers was analyzed with origin software (OriginLab) and the area
of lattice formation was fitted with an exponential fit, according to
the equation: y = A1 � exp(�x/t1) + y0.

MD simulations

The structure of hNgR1 (chain N) bound to two s3 subunits
(chains s and m) was retrieved from the structure EMD-13149 in
the electron microscopy data bank (https://www.ebi.ac.uk/
emdb/). The structure of mNgR1 was retrieved from the struc-
ture 5O0L in the RCSB protein data bank (PDB ID: 5O0L) and
superimposed to hNgR1 (chain N) with the protein structure
alignment tool available in Maestro (Schrödinger Release 2022-1,
Maestro, Schrödinger, LLC, New York, NY, 2022).

Missing hydrogen atoms were added to the proteins, and side
chains were optimized using the protein preparation Wizard tool
at physiological pH (Schrödinger Release 2022-1, Maestro, Schrö-
dinger, LLC, New York, NY, 2022). Protonation states of histidine,
aspartate and glutamate residues are reported in Table S3 (ESI†).
The prepared protein was solvated in a cubic box with a padding of
15 Å, using the TIP3P water model,42 and neutralized with a proper
number of sodium and chloride ions to reach a salt concentration
of 0.154 M. The system was built with the leap software imple-
mented in AMBER (The Amber Molecular Dynamics Package, at
https://ambermd.org/),43,44 using the ff14SB force field.43–45 The
initial system (169730 atoms for the human complex and 190906

atoms for the complex with murine NgR1) was minimized with
AMBER. The restraints force on the water and ions were gradually
reduced starting from 1000 kcal mol�1 Å�2. The steepest descent
algorithm was used for 1000 steps, followed by 800 steps of the
conjugate gradient algorithm in each stage.

The equilibration stage was then performed in three different
passages under canonical NVT (N: number of particles, V: volume,
T: temperature) ensemble in AMBER. Firstly, the minimized sys-
tems were gradually heated to 300 K and equilibrated using a
timestep of 1 fs for 200 ps in which positional restraints applied to
heavy atoms (excluding hydrogen, sodium, and chlorine) were
gradually decreased from 100 to 50 kcal mol�1 Å�2. The second
equilibration stage was 200 ps long with a timestep of 1 fs
with positional restraints of 10 kcal mol�1 Å�2. In the last step of
10 ns, the systems were equilibrated without positional restraints.
The temperature was maintained at 310 K using a Langevin
thermostat46 with a low damping constant of 1 ps�1. The M-SHAKE
algorithm47 was used to constrain the bond lengths involving
hydrogen atoms. Long-range coulombic interactions were handled
using the particle mesh Ewald summation method (PME).48

Three independent replicates of 2.5 ms unrestrained MD
simulations for both the human and mouse complexes using
the isotropic ensemble (NPT) with an integration time step of 2
fs using the GROMACS software (version 2022.3).49,50 In each
replicate, new velocities were computed according to a Maxwell
distribution at temperature 300 K using gen-vel flag in GRO-
MACS. The temperature was set at 300 K, by setting the
damping constant at 0.1 ps�1. The pressure was set to 1 bar
using a Parrinello–Rahman barostat51 with a coupling constant
of 2 ps and a compressibility of 4.5 � 10�05 bar�1. All bonds
involving hydrogen atoms were constrained using LINear con-
straint solver (LINCS) algorithm. The cutoff distance for long-
range and van der Waals interactions was set at 10.0 Å for both
equilibration and production stage.

MD frames (one per ns) were extracted for the analyses. Root
mean square deviation (RMSD) values were computed with an
in-house Python script based on MDAnalysis (v2.2.0).52,53 We
conducted the RMSD and RMSF analyses for analyzing the
dynamic behavior of the individual monomers (each chain
aligned to itself, Fig. S5 and S7, ESI†) and for evaluating the
complex stability (using the coordinates of NgR1 as a reference
for the structural alignment, Fig. 2 and 3). GetContacts was
used to analyze interactions of hNgR1 and mNgR1 with s3
protomers (using geometric criteria with default settings
https://getcontacts.github.io/, except for distance cutoff of
3.5 Å and angle range of 70–1201 for hydrogen bonds). Replica
2 of the mNgR1 simulations was not used for interaction
analysis because of the higher RMSD of the s3 subunits
compared to other trajectories (Fig. 3H). Data were visualized
using the Matplotlib Python library.54
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47 V. Kräutler, W. F. Van Gunsteren and P. H. Hünenberger, A
fast SHAKE algorithm to solve distance constraint equations
for small molecules in molecular dynamics simulations,
J. Comput. Chem., 2001, 22, 501–508.

48 U. Essmann, et al., A smooth particle mesh Ewald method,
J. Chem. Phys., 1995, 103, 8577–8593.

49 M. J. Abraham, et al., GROMACS: high performance mole-
cular simulations through multi-level parallelism from lap-
tops to supercomputers, SoftwareX, 2015, 1, 19–25.

50 H. Bekker, et al., 4th international conference on computa-
tional physics (PC 92), World Scientific Publishing, 1993,
pp. 252–256.
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