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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a highly transmissible and pathogenic corona-
virus (Hu et al., 2021). First identified in Wuhan, China
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Abstract

Recent studies have suggested that neuropilin-1 (NRP1) may serve as a poten-
tial receptor in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection. However, the biophysical characteristics of interactions between
NRP1 and SARS-CoV-2 remain unclear. In this study, we examined the inter-
actions between NRP1 and various SARS-CoV-2 spike (S) fragments, including
the receptor-binding domain (RBD) and the S protein trimer in a soluble form
or expressed on pseudovirions, using atomic force microscopy and structural
modeling. Our measurements shows that NRP1 interacts with the RBD and tri-
mer at a higher binding frequency (BF) compared to ACE2. This NRP1-RBD
interaction has also been predicted and simulated via AlphaFold2 and molecu-
lar dynamics simulations, and the results indicate that their binding patterns
are very similar to RBD-ACE2 interactions. Additionally, under similar loading
rates, the most probable unbinding forces between NRP1 and S trimer (both
soluble form and on pseudovirions) are larger than the forces between NRP1
and RBD and between trimer and ACE2. Further analysis indicates that NRP1
has a stronger binding affinity to the SARS-CoV-2 S trimer with a dissociation
rate of 0.87 s~ 1, four times lower than the dissociation rate of 3.65 s~* between
NRP1 and RBD. Moreover, additional experiments show that RBD-
neutralizing antibodies can significantly reduce the BF for both ACE2 and
NRP1. Together, the study suggests that NRP1 can be an alternative receptor
for SARS-CoV-2 attachment to human cells, and the neutralizing antibodies
targeting SARS-CoV-2 RBD can reduce the binding between SARS-CoV-2
and NRP1.

KEYWORDS
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(Gomes, 2020), SARS-CoV-2 has rapidly spread globally
and is responsible for the COVID-19 (coronavirus disease
2019) pandemic. According to the World Health Organi-
zation (WHO) report, as of August 29, 2023, the global
cumulative number of reported cases is now over

Protein Science. 2023;32:e4773.
https://doi.org/10.1002/pro.4773

wileyonlinelibrary.com/journal/pro © 2023 The Protein Society. | 1 of 14


https://orcid.org/0000-0001-7936-1076
https://orcid.org/0000-0002-1890-0061
https://orcid.org/0000-0001-5642-6041
https://orcid.org/0000-0002-8778-595X
mailto:frank.zhang@umass.edu
mailto:woi216@lehigh.edu
http://wileyonlinelibrary.com/journal/pro
https://doi.org/10.1002/pro.4773

HOU Er AL.

2004 | WILEY-49) e

770 million, with more than 6.9 million death cases
(WHO, 2023). Though several vaccines worldwide have
been used for prevention under emergency use authoriza-
tion (WHO, NaN), it is expected that the transmission of
this novel coronaviruses will keep increasing due to more
transmissible variants, relaxation of public health social
measures, and inequitable vaccine distribution
(WHO, 2021). Therefore, the study of SARS-CoV-2 is still
important for researchers worldwide to provide more
insights into prevention and treatments.

Coronaviruses are enveloped, positive-sense RNA
viruses that belong to the family Coronaviridae (Heald-
Sargent and Gallagher, 2012). They are classified into four
genera (o, f, v, and §) and SARS-CoV-2 belongs to the
B-CoV genus. The genome of SARS-CoV-2 encodes four
structural proteins, spike (S), envelope (E), membrane
(M), nucleocapsid (N), and a series of nonstructural pro-
teins that mediate virus replication and inhibit host
immune responses (Alanagreh et al, 2020; Naqvi
et al., 2020). Among these proteins, the S protein is a
heavily N-linked glycosylated homo-trimer projecting
200 A from the surface of SARS-CoV-2 (Cao et al., 2021),
which is very crucial in mediating receptor binding and
hosting cell entry (Bierig et al., 2020; Cao et al., 2021). Dur-
ing SARS-CoV-2 entry mediated by S protein, the S protein
first binds to its receptor on the host cell membrane, and
this binding allows a proteolytic cleavage by host cell pro-
teases, resulting in the exposure of a fusion peptide
(FP) (Wrapp et al., 2020). This FP then embeds into the
host cell membrane and drives viral-host membrane
fusion. Following membrane fusion, the viral RNA enters
the host cell, completing the crucial invasion process
(Belouzard et al., 2012; Cao et al., 2021). It is now well-
known that the receptor-binding domain (RBD) of the
SARS-CoV-2 S protein binds specifically to ACE2 and initi-
ates the virus-cell membrane merging (Shang et al., 2020;
Yan et al., 2020). However, a recent study by Abebe et al.
indicated that the virus also infects tissues with low ACE2
expression or no ACE2 expression (Chekol Abebe
et al., 2021). Inspired by this finding, researchers have
explored potential receptors that can facilitate virus—cell
interactions when the ACE2 level is low.

Neuropilin-1 (NRP1) is a protein expressed on the
surface of certain types of cells in the body, including
cells of the immune system and cells of the respiratory
tract (Roy et al., 2017; Wild et al., 2012). It is a highly
conserved single-pass membrane protein involved in neu-
ronal development and many other diverse physiological
processes, such as cell proliferation, angiogenesis, vascu-
lar permeability, and immune functions (Kyrou
et al., 2021; Liu et al., 2021). Recent studies indicated that
NRP1 could play a role in the infection of cells by SARS-

CoV-2. A previous study suggested that S protein binding
to NRP1 bl domain will use the same binding site
between VEGF ligands and NRP1 bl domain
(Gudowska-Sawczuk and Mroczko, 2021). Daly et al.
(2020) reported that NRP1 was also found to facilitate the
virus infection and interact with a polybasic sequence
motif in S protein after cleavage directly, and therefore
inhibiting NRP1 expression can significantly reduce the
infection rate. In the meantime, NRP1 has been found to
be upregulated in the respiratory tract during SARS-
CoV-2 infection according to Cantuti-Castelvetri et al.
(Cantuti-Castelvetri et al., 2020; Mayi et al., 2021). This
may increase the number of receptors on the surface of
cells that are available for virus binding, making it easier
for the virus to enter and infect the cells. A molecular
modeling study under specific docking conditions
showed that there are multiple interacting residue pairs
between NRP1 bl domain and SARS-CoV-2 RBD
(Alnomasy, 2021). Additional interactions were also pro-
posed between NRP1 a2-b1-b2 domains and the S protein
S1 subunit at multiple locations on both N-terminal
domain and C-terminal domain including RBD (Li and
Buck, 2021). However, it is important to note that the
role of NRP1 in SARS-CoV-2 infection is not fully under-
stood. In addition, the biomechanical binding strength
between NRP1 and SARS-CoV-2 S protein fragments that
could provide more solid information regarding forces
and potential interactions have not been fully studied
experimentally.

Here we report our quantification of mechanical
strengths and binding affinity between NRP1 and
SARS-CoV-2 S protein fragments using a custom-built
atomic force microscopy (AFM) based single-molecule
force spectroscopy (SMFS) (Sumbul et al, 2021;
Wojcikiewicz et al., 2006), which can directly measure a
single bond rupture between two proteins (Xiaohui
Zhang et al., 2009; Zhu et al., 2022). In the meantime,
AlphaFold2 Multimer and molecular dynamics
(MD) simulation were also used for binding prediction to
provide additional knowledge regarding the interaction
between NRP1 and SARS-CoV-2 S protein RBD. We also
studied the binding strength between NRP1 and SARS-
CoV-2 pseudovirions and compared with ACE2 under
the same setting to gain a better knowledge of the role of
NRP1 in SARS-CoV-2 infection. In addition, we tested
the impact of antibodies targeting SARS-CoV-2 S protein
RBD in inhibiting the binding between NRP1 and SARS-
CoV-2 pseudovirions. Together, our study suggests that
NRP1 can be an alternative receptor for SARS-CoV-2
attachment to human cells, and the neutralizing anti-
bodies targeting the RBD could still interrupt the binding
between SARS-CoV-2 and NRP1.
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2.1 | NRP1 binds to SARS-CoV-2 S

protein RBD and trimer with mechanical
strength comparable to ACE2

The binding strengths between SARS-CoV-2 S protein
RBD/trimer and NRP1 were characterized by using AFM.
These proteins were attached to the cantilever AFM tips
and glass surface via an established protocol (Figure 1a).
Measurements were made by utilizing a custom-built
AFM, which is specifically designed for operation in the
force spectroscopy mode (Krieg et al., 2019; Newton
et al., 2017; Wojcikiewicz et al., 2004). During AFM force
scanning, the cantilever would firstly be lowered to the
surface of the glass substrate, where immobilized soluble
NRP1 would interact with the RBD/trimer. Then, the
cantilever was retracted from the substrate surface under
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a set velocity. Any binding between the RBD/trimer and
NRP1 would generate an adhesive pull-off force deter-
mined by the cantilever's deflection and detected by a
position-sensitive two-segment photodiode (Figure 1b).
The biophysical characteristics of RBD/trimer-NRP1
interactions were studied through a dynamic force spec-
trum (DFS), which is a plot of the most probable unbind-
ing force as a function of the loading rate. All unbinding
forces measured for each specific interaction were first
divided into at least four groups in the order of their load-
ing rates. Data in each group were analyzed by histo-
grams to determine the most probable unbinding force
(Figure 2a,b). Figure 2c and Figure 2d show the unbind-
ing force between the RBD/trimer and NRP1, which
increases linearly with the loading rate in logarithm.
While ACE2 exhibits a stronger unbinding force with
RBD as seen in Figure 2c, the introduction of the trimer
instead of the RBD alone reveals that NRP1 has a greater
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(a) The process of AFM tip functionalization and protein immobilization. The amino functionalized substrate also utilized

the same procedure from PEG coating to protein immobilization. (b) Scheme of receptor-ligand interaction measurement using a custom-

built AFM. In our study, S protein fragments or pseudovirions were immobilized on the AFM tip, and receptors were fixed on the

functionalized glass substrate. An example of typical force scanning result from AFM is shown. Dashed line in the plot shows the tip

approaching and the solid line shows the tip retraction along with a detected unbinding between receptor and ligand. ®-® illustrate the

entire procedure of a single force scan, where the tip approaches the substrate from @ to ®, and the receptor-ligand complex is unfolding

from @ to @, binding is going to break at @, generating a peak in the retraction line, and the tip is back to an undeformed status and keeps

retracting during ®. AFM, atomic force microscopy; PEG, polyethylene glycol.
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FIGURE 2 SMFS results among SARS-CoV-2 S protein fragments, NRP1, and ACE2. (a) Typical force scans for nonspecific interaction
and specific interaction. (b) Exemplary statistical analysis of force scan results from the RBD versus NRP1 experiments to determine most
probable unbinding forces. (c) Dynamics force spectrum (DFS) with the linear fit for interactions between RBD and NRP1, compared with
interactions between RBD and ACE2. (d) DFS with the linear fit for interactions between trimer and NRP1 with interaction between trimer
and ACE2 as a comparison. (e) The interaction specificity is compared by the binding frequency among experiment groups and control
groups using bovine serum albumin (BSA). Contact force, dwell time, and retraction speed during the binding frequency measurement were
set to 200 pN, 0 s, and 3.7 um/s, respectively. Error bars are given to show the range. Significance comparison was determined by unpaired

t-test. ¥*<0.01; ***<0.001; ns: not significant. NRP1, neuropilin-1; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2; SMFS, single-molecule force spectroscopy.

unbinding force with the trimer than ACE2 (Figure 2d).
This suggests the presence of additional potential binding
sites for NRP1 within the trimer. To examine if the inter-
action is specific, an adhesion frequency measurement
was conducted under the same measurement conditions,
and the measurement included a control group, which is
the interaction between the trimer and bovine serum
albumin (BSA). The result shows the BF between
RBD/trimer and NRP1 or ACE2 is about 20%-50% on
average, while the BF between RBD/trimer and BSA is
around 5% or less, almost no adhesion between the
RBD/trimer and BSA (Figure 2e), indicating that most of
the interaction detected stemmed from the binding
between the receptors and ligands.

A more detailed analysis of the biophysical character-
istics of these interactions was proceeded by fitting the
DFS data to the Bell-Evans model. According to
the model, an external force (f) could distort the inter-
molecular potential of a receptor-ligand complex, result-
ing in the decrease of the activation energy and the
increase of the dissociation rate, k(f):

k(f)=k° exp(k]:/ ) (1)

where k° is the dissociation rate constant in the absence
of the external pulling force; y is the position of the tran-
sition state, indicating the energy barrier location, also
called the reaction length; T is the temperature in Kelvin;
and kg is the Boltzmann constant. The probability of
protein-protein unbinding as a function of the force can
be written as:

ror-wenligr{ G-l

The most probable unbinding force (F*) at a given load-
ing rate (r¢) can then be given by:

kBT kBT
=——In +——1In(r¢).
4 <k0kB T> % (re)

F*
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By fitting the DFS data to Equation (3), we calculated the
k® and y for these interactions. The results show that the
dissociation rate of RBD-NRP1 is about 3.65+3.33s™"
with a reaction length of 0.33 +£0.07 nm, and the dissocia-
tion rate of trimer-NRP1 is about 0.87+0.52s ' with a
reaction length of 0.39 +0.04 nm. Smaller dissociation in
the interaction between trimer and NRP1 indicates that
they have stronger binding than the interaction between
RBD and NRP1, but slightly weaker binding compared to
ACE2-RBD interaction from our previous study
(a dissociation rate around 0.047 +0.034 s~ with an acti-
vation Dbarrier position of 0.39+0.05nm) (Cao
et al., 2021).

2.2 | Prediction via AlphaFold2 and MD
simulation provide potential RBD-NRP1
complexes

AlphaFold2 with multimer extension was utilized to pre-
dict complex models of NRP1 ala2blb2 domains (resi-
dues 22-591) and SARS-CoV-2 S protein RBD (residues
319-537), considering the efficiency and restrictions on
Google Colab and following verification via MD simula-
tions. AlphaFold2 provided several predictions based on
the user's setting. We first compared the predicted RBD
(p-RBD) structure in the complex models to the experi-
mental structures (PDB ID: 6VXX for closed state RBD;
PDB ID: 6VYB for open state RBD) in RCSB PDB using
TM-score. The higher the TM-score is, the more similar
these two structures are. Statistically, a TM-score of
greater than 0.5 suggests that two proteins are in about
the same fold; on the contrary, when the TM-score is
smaller than 0.17, two proteins are in two random struc-
tures. However, it should be noted that, when TM-score
is greater than 0.3, the p-value corresponding to the TM-
score is still significantly small (p < 0.001) (Xu and
Zhang, 2010), meaning that two proteins are still likely in
about the same fold.

Our comparison results (Figure 3) show that all
p-RBDs are in about the same fold to the experimental
structures and are slightly closer to the closed-state RBD
structure. Enabling or disabling Amber force field
(Amber FF) during predictions did not have an obvious
impact on the structural similarity result. It should be
noted that this type of comparison may not be able to
align flexible domains such as twists around hinges in
some structures. The predicted NRP1 structure was not
compared to the experimental structures in PDB since
most structures before 2018 have been used for Alpha-
Fold2 training. This structural comparison initially con-
firmed that all predicted protein structures are
reasonable. MD simulations were then conducted to

(a) (©) 10+
Closed /) Amber FF Disabled
Amber FF Enabled
0.8 0
p<5.5 x 1077
p-RBD £ 56
RBD (PDB) 3 _
(b) E 0.4 4 p<0.001
Open -
024 _
p=>1
p-RBD 0.0

RBD (PDB) p-RBDvs. RBD Closed ~ P-RBD vs. RBD Open

FIGURE 3
models and PDB experimental structures using TM-score. Shown

Structural similarity comparison between predicted

are overlaid structures of the predicted model (p-RBD) and the
reported experimental structures of (a) closed-state RBD (from PDB
6VXX) and (b) open-state RBD (from PDB 6VYB). (c) Columns
show the mean value of TM-score and error bar shows the standard
deviation. The influence of enabling Amber force field (Amber FF)
on model prediction was also considered and no significant
difference was found between models with and without the Amber
FF. RBD, receptor-binding domain.

examine the stability of the complex structure and obtain
insights on potential interacting residue pairs.

The MD simulation results on Alphafold2-predicted
bound complexes have further narrowed down to two
candidates that can form stable interactions, model 2 and
3 (m2, m3). Figure 4a shows an initial structure of m2.
From the beginning, the receptor binding motif (RBM, a
crucial binding sequence in RBD) is in close contact with
bl domain (residue 254-403, pink) of NRP1. As the simu-
lation progressed, the RBM loop structure reoriented its
position, having more pair residue interactions between
RBM and bl domain of NRP1. The representative inter-
acting residue pairs of RBD and of NRP1 are: K458-D320
(RBD-NRP1), F456-Y297, N501-K351, and T500-K350
(Figure 4b). Interestingly, most interacting residues in
RBM at the RBD-NRP1 interface are also involved in con-
tacts with ACE2. For example, our previous studies
showed that F456, N501, and T500 in RBD exhibited
strong interactions with T27, D30, K31, K353, Y41, D355,
and R357 in ACE2 at the RBD-ACE2 interface (Cao
et al., 2021; Jawad et al., 2021; Kim et al., 2021, 2023;
Lupala et al., 2021). More specifically, we reported that
F456, N501, and T500 residues had hydrophobic, charge-
charge, and hydrophobic interactions, respectively. Nota-
bly, these types of interactions are also found at the RBD-
NRP1 interface resulting from the simulation.

The m3 originally did not show close contacts
between RBM and NRP1 as much as in m2 (Figure 4c).
However, during the simulation, NRP1 changed its orien-
tation and the interface gained multiple pair residue
interactions. It should be noted that the interacting


http://bioinformatics.org/firstglance/fgij//fg.htm?mol=6VXX
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=6VYB
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=6VXX
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=6VYB
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FIGURE 4 Predicted bound complexes and corresponding MD simulation results. (a and c) Initial structures of m2 and m3 from
AlphaFold2 prediction. (b and d) Snapshots of m2 and m3 after 200-ns MD simulations. The RBD is displayed in white and the RBM is
shown in green. The al, a2, bl, and b2 domains of NRP1 are colored in brown, blue, pink, and yellow, respectively. Interacting residues are

represented by stick model with labels. MD, molecular dynamics; NRP1, neuropilin-1; RBD, receptor-binding domain; RBM, receptor

binding motif.

residues in m3 are slightly different from those in m2. In
m3, Q493 and Y505 in RBD are involved in the interface
interactions, where Q493 shows a charge-charge interac-
tion with K351 and Y297, and Y505 shows hydrophobic
interactions with Y297. NRP1 Y297 also interacts with
RBD N501, and RBD F456 has close contact with NRP1
W411 through n-= interactions. Finally, residues that are
mainly having contacts with the NRP1 bl domain
are largely located at the beginning and end of the inter-
face, exhibiting a feature of hinge, which was also
reported in our prior study (Kim et al., 2023). Overall, at
the RBM-NRP1 interface, interacting residue pairs,
nature, and patterns (i.e., hinge motion) are similar to
those in the RBD-ACE2 interface.

2.3 | Quantification of SARS-CoV-2
pseudovirion-NRP1 interactions using
single-virus force spectroscopy

Pseudovirion is a modified viral particle that is typically
not contagious but has a genome that can be used to pro-
duce and express specific proteins on its surface. The
pseudovirion used here is provided by Dr. Wendy Maury
(University of Iowa). The pseudovirus, named rvVSV/
Spike, has been recently used to study SARS-CoV-2-
receptor interactions (Bohan et al., 2021). Compared to
the S protein trimer we tested, pseudovirion can arrange
SARS-CoV-2 S proteins in a more realistic conformation
expressed on the virion surface. The distribution of the
protein and its surrounding environment could be more
natural and closer to the authentic SARS-CoV-2 viruses.

By following the protocol mentioned previously, pseudo-
virions were immobilized on the AFM tip via the polyeth-
ylene glycol (PEG) linker and NRP1 was immobilized on
the functionalized glass substrate. We repeated the SMFS
using the custom-built AFM (Figure 5a).

The result is shown in Figure 5. Similarly, a con-
trolled test of adhesion frequency on receptors and BSA
was also conducted to ensure interaction specificity, and
a detailed analysis of the biophysical characteristics of
interactions was generated by fitting the data to the Bell-
Evans model, using Equation (3). The interaction speci-
ficity result (Figure 5d) shows that the experimental
groups (pseudovirions vs. receptors) have a BF around
30% on average, and the BF of control groups (ligands or
receptors against BSA) is around 5% or less, almost no
adhesion, indicating that most of the interactions
detected are specific. Compared to ACE2, SARS-CoV-2
pseudovirions and NRP1 have a slightly higher unbind-
ing force (Figure 5b). Also, the unbinding force between
pseudovirions and NRP1 is larger than that between RBD
and NRP1 (Figure 5c). Interestingly, measured loading
rates under the same settings between pseudovirions and
NRP1 are on average lower than the others. The mea-
sured dissociation rate between SARS-CoV-2 pseudovir-
ions and NRP1 is 0.93 + 0.40 s~! which is much smaller
than that of RBD-NRP1 but slightly larger than that of
trimer-NRP1. The results further strengthen our findings
that NRP1 has a stronger binding affinity against SARS-
CoV-2 S protein trimer compared to RBD.

We also estimated the association rate (k,,) between
pseudovirions and NRP1 using the method developed by
the Hinterdorfer group (Dragovich et al., 2019; Rankl
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FIGURE 5 SMFS results among SARS-CoV-2 pseudovirions, NRP1, and ACE2. (a) Scheme of receptor—pseudovirion interaction

measurement using a custom-built AFM. In our study, SARS-CoV-2 pseudovirions were immobilized on the AFM tip, and receptors were
fixed on the functionalized glass substrate. ©®-® illustrate the entire procedure of a single force scan, where the tip approaches the substrate
(@®-®@), and the receptor-pseudovirion complex is unfolding (@-®), binding breaks (®), generating a peak in the retraction line, and the tip is
back to an undeformed status and keeps retracting (®). (b) Dynamics force spectrum (DFS) with the linear fit for interactions between
SARS-CoV-2 pseudovirions and NRP1 with ACE2 as comparison. (c) DFS with the linear fit for interactions between SARS-CoV-2 S protein
fragments or pseudovirions and NRP1. (d) The interaction specificity was compared by the binding frequency among experiment groups and
control groups using BSA. Contact force, dwell time, and retraction speed during the binding frequency measurement were set to 200 pN,
0s, and 3.7 pm/s, respectively. Error bars are given to show the range. Significance comparison was determined by unpaired ¢-test.
***<0.001; ns: not significant. AFM, atomic force microscopy; BSA, bovine serum albumin; NRP1, neuropilin-1; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; SMFS, single-molecule force spectroscopy.

et al., 2011). When interactions follow a pseudo first-
order kinetics, the association rate can be calculated
using Equation (4):

The effective radius r. is estimated based on the radius
of AFM tip provided by the manufacturer, the length of
PEG linker, and the size of pseudovirions. Here all mate-
rials and protocols we used are the same as our previous

1 3
2 '4”reffNA

kon = (4)

3}’le

where 4zrl; gives the effective volume where the interac-
tion can take place; N, is Avogadro constant; ny is the
number of binding partners; r is the interaction time.

work (Dragovich et al., 2019). Thus, the effective radius is
about 130.8 nm. The binding partners can be estimated
from unbinding force histogram or probability density
curves at the longest contact time (Dragovich
et al., 2019). The interaction time 7z can be obtained by fit-
ting the relation between BF and contact time (¢):
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BF=A x {1—exp(ﬂ>}, (5)

T

where A is the maximum BF; ¢, is the lag time; 7 is the
interaction time. Measurements were made by using our
custom-built AFM and the retraction speed was set to a
constant value. In addition, dwell time was set to several
different values such as 0/60, 5/60, 10/60, 20/60, 40/60s,
etc. to provide multiple different hold time lengths when
the AFM tip contacted the substrate. Time spent on
indentation force loading and unloading was also
counted for correction.

Fitting on the BF and contact time (Figure 6b) shows
that the maximum BF between SARS-CoV-2 pseudovir-
ions and NRP1 is about 49.5% and it also gives an
interaction time constant of 167.74 + 20 ms. Binding
partners ny is about 2 based on the histogram of rupture
force at the longest contact time length (Figure 6a). The
association rate (ko,) can then be calculated using
Equation (4) and information provided above, which is
8.4x10°+1.0x10°M's7!. The dissociation constant
can then be estimated by the ratio between dissociation
rate (k°) and association rate (kon), which is about
110.8 nM.

2.4 | Antibody blocking experiment

A previous study showed that soluble inhibitors for
SARS-CoV-2 S protein RBD can significantly decrease the

(a) 40
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FIGURE 6

interaction between the S proteins and ACE2 (Yang
et al., 2020). To explore the blocking efficiency on SARS-
CoV-2 and NRPI1 interaction, the antibodies for RBD
(AcroBiosystems, Cat. No. SAD-S35) were dissolved into
PBS with a concentration of 10 pg/mL, which is a satu-
rated concentration for blocking of S protein and ACE2
interactions based on manufacturer technical sheet. Pseu-
dovirions with SARS-CoV-2 S proteins were immobilized
on the AFM tip, and receptors (NRP1, and ACE2 for
comparison) were immobilized on the amino-
functionalized glass substrate using the protocol previ-
ously mentioned (Ebner et al, 2007, 2008; Rankl
et al., 2008; Riener et al., 2003). Similar SMFS experi-
ments were conducted under the same conditions. We
first measured the BF of interactions without antibodies,
and the frequency was consistent with the aforemen-
tioned results. After adding the antibody into the PBS
solution for 15 min, we measured the BF again between
pseudovirions and receptors. The result shows that adhe-
sion frequencies for NRP1 and ACE2 both have
decreased significantly after treating with the SARS-
CoV-2 S protein RBD antibody (Figure 7). This result
combining with our MD simulation suggests that the
interactions between RBD-NRP1 and between RBD-
ACE2 could be similar and share binding residues, which
leads to a competition between RBD-ACE2 and
RBD-NRP1. Co-existence of ACE2 and NRP1 on the cell
membrane could possibly increase the chance of viral
attachment, resulting in high vulnerability of cells, but
current vaccines or treatments targeting on RBD could
also prevent the infection effectively.

(®) 60

[
o
1

IS
o
1

Binding Frequency (%)
3 8
1 1

-
o
1

| = Binding Frequency (%)|

T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800
time (ms)

Association rate measurement results of interaction between pseudovirions and NRP1. (a) Histogram of rupture force at the

longest contact time to estimate the number of binding partners. According to the histogram, it is likely to have two binding partners since
there are two potential possible rupture force peaks, one around 50 pN and the other one around 140 pN. (b) Fitting binding frequency of
interactions between SARS-CoV-2 pseudovirions and NRP1 to estimate association rate. NRP1, neuropilin-1; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.
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NRP1 interacting with RRAR motif in S protein S1 subu-
nit, where NRP1 collaborated together with ACE2 to
facilitate S1-S2 separation and enhance SARS-CoV-2
invasion (Li and Buck, 2021). Therefore, it is likely that
NRP1 could be another crucial receptor and play multiple
roles in SARS-CoV-2 infection. Future studies using more
powerful computing platform or advanced imaging tech-
niques such as cryo-EM may help us reveal these multi-
ple binding locations clearly. In general, our findings
demonstrate that NRP1 could be a potent alternative
receptor especially when the cell membrane is lack

The dissociation rate determined by Equation (3) and
AFM data is a dynamic rate constant that describes
ligand dissociating from a protein. It can reflect the bind-
ing affinity between ligands and receptors. Here, we mea-
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FIGURE 7 Binding frequencies between pseudovirions and

ACE2 or NRP1 before and after adding antibodies for S protein
RBD. Contact force, dwell time, and retraction speed during the
measurement were set to 200 pN, 0 s, and 3.7 pm/s, respectively. A
statistical analysis indicates that the impact of antibodies is
significant for both ACE2 and NRP1. Significance comparison was
determined by paired t-test. **<0.01; ns: not significant. NRP1,
neuropilin-1; RBD, receptor-binding domain.

3 | DISCUSSION AND
CONCLUSIONS

Our study reveals that SARS-CoV-2 S protein trimer/
pseudovirions carrying S proteins and NRP1 exhibit a
higher unbinding force compared to those with ACE2,
and the fitted dissociation rates also indicate their poten-
tial high binding affinity. Though SARS-CoV-2 S protein
RBD and ACE?2 still possess strong binding affinity com-
pared to NRP1, our force spectroscopy and MD simula-
tion results suggest that the NRP1 could potentially work
as an alternative receptor given the considerable unbind-
ing force and similarity in interaction interface between
NRP1 and RBD. In addition, antibodies specifically tar-
geting S protein RBD are also found to be effective in
reducing the binding probability to NRP1, which corre-
lates well with our findings and provides additional evi-
dence. In the meantime, it is also worth to note that,
compared to ACE2, NRP1 may interact with SARS-
CoV-2 S protein at multiple locations according to the
significant difference in our measured dissociation rates
for RBD-NRP1 and trimer-NRP1. This implies that not
only can the binding possibility be increased, but also the
viral docking on the cell surface can be improved when
the NRP1 is present. Previous studies (Daly et al., 2020;
Li and Buck, 2021) demonstrated that the NRP1 could
interact with S protein at some other locations. For
instance, a MD simulation study by Li and Buck showed

sured and compared dissociation rates between NRP1
and S protein RBD, trimer, or pseudovirions: 3.65
+3.33s ! (RBD-NRP1), 0.87 + 0.52 s (trimer-NRP1),
and 0.93 + 0.40s ' (pseudovirions-NRP1). The signifi-
cant difference in dissociation rates between RBD-NRP1
and trimer-NRP1 suggests that in addition to RBD, the
trimer offers more potential interaction sites for NRP1.
Compared to traditional techniques for binding affinity
measurement, our custom-built AFM established a 2D
membrane-membrane contact environment to study
SARS-CoV-2's affinity to NRP1, where ligands and recep-
tors are all immobilized. Traditional measurement of
binding affinity via methods including BLI, ELISA, etc.
has either ligands or receptors in soluble form, which
allows more degrees of freedom for studying the interac-
tion between receptor and ligand. Such an experimental
condition will provide more potential binding sites and
may present a higher binding affinity in the end, which
may not be able to exhibit in vivo situation.

It is well-known that NRP1 is highly expressed in
olfactory epithelium and some other neuronal cells. The
strong binding affinity between SARS-CoV-2 S protein
and NRP1 that we detected without any cleavage on S
protein also implies that the binding between SARS-
CoV-2 and NRP1 may play a role in many SARS-CoV-2
symptoms related to nervous systems such as loss of
smell or neuronal pain, since their binding may change
or interrupt signal regulations via NRP1. Previous study
by Cantuti-Castelvetri et al. (2020) concluded that SARS-
CoV-2 may not infect cells and initiate virus entry by
binding with NRP1. However, Moutal et al. (2021)
observed that S protein can interfere with VEGF-A/
NRP-1 pathway, leading to the suppression of spinal
activity and reduced neuronal signal, causing analgesia.
A recent study by Zazhytska et al. (2022) revealed that
SARS-CoV-2 can indirectly affect signaling genes without
infection, causing COVID-19-induced anosmia. Chapoval
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et al. summarized that a pain-lowering effect caused by
interactions between NRP1 and S protein could explain
the disease transmission in asymptomatic individuals,
compared to the pain-promoting effect caused by the
interaction between S protein and ACE2 (Chapoval and
Keegan, 2021). In addition, researchers have hypothe-
sized that one potential pathway to the central nervous
system during SARS-CoV-2 infection is through the retro-
grade transport along axons of olfactory sensory neurons,
delivering from olfactory epithelium to the olfactory bulb,
then toward the olfactory nucleus in the pyriform cortex
(Cardona et al., 2020; Davies et al., 2020). Considering
the relatively high expression of NRP1 and its essential
role in the nervous system, NRP1 may contribute to the
invasion of SARS-CoV-2 to the central nervous system
which could cause pathological complications and may
enhance the deterioration of brain tumors or glioblas-
toma (Zalpoor et al., 2022). Thus, further research regard-
ing the role of NRP1 in COVID-19 could promote our
understanding in relations between SARS-CoV-2 infec-
tion and a series of symptoms in COVID-19 and post-
COVID-19, which may provide potential solutions to
improve patients’ recovery.

4 | MATERIALS AND METHODS

41 | Protein constructs

SARS-CoV-2 S protein RBD (wildtype) was purchased
from Acrobiosystems (Newark, DE, catalog #SPD-
C52H3). It is expressed from human 293 cells (HEK293)
with a polyhistidine tag at the C-terminus and contains
AA Arg 319-Lys 537 (accession # QHD43416.1). Accord-
ing to the manufacturer, the purity of RBD is >95% as
determined by SDS-PAGE.

SARS-CoV-2 S protein trimer (wildtype) was pur-
chased from Acrobiosystems (Newark, DE, catalog
#SPN-C52H9). It is the ectodomain of SARS-CoV-2 S
protein which contains AA Val 16-Pro 1213 of the wild-
type (Wuhan-Hu-1) strain (accession # QHD43416.1).
The recombinant protein is expressed from human
293 cells (HEK293) with a polyhistidine tag at the
C-terminus. Proline substitutions (F817P, AS892P,
A899P, A942P, K986P, V987P) and alanine substitutions
(R683A and R685A) are introduced to stabilize the tri-
meric prefusion state of SARS-CoV-2 S protein and abol-
ish the furin cleavage site. According to the
manufacturer, the purity of the protein was >95% as
determined by SDS-PAGE. Trimerization of the protein
has been verified by MALS and negative stained electron
microscopy.

The ACE2 protein was purchased from Acrobiosys-
tems (Newark, DE, catalog #AC2-H52HS). It is a recom-
binant N-terminal His-tagged protein consisting of
GIn18-Ser740 of human ACE2 (GenBank accession num-
ber: AF291820.1), expressed from HEK293 cells. Accord-
ing to the manufacturer, the protein has been shown to
bind the SARS-CoV-2 S protein with high affinity.

The human neuropilin-1 protein was purchased from
Acrobiosystems (Newark, DE, catalog #NR1-H5228). It is
expressed from human 293 cells (HEK293) carrying a
polyhistidine tag at the C-terminus and contains AA Phe
22-Lys 644 (accession # AAH07533).

The anti-SARS-CoV-2 RBD neutralizing antibody was
purchased from the Acrobiosystems (Newark, DE, cata-
log #SAD-S35). The antibody is recombinantly produced
from human 293 cells (HEK293) based on antibodies iso-
lated from a SARS-CoV-2 infected patient. According to
the manufacturer, the antibody can recognize and inhibit
the interaction between SARS-CoV-2 RBD and ACE2
effectively. No cross-reactivity is detected with S protein
RBD domain of other CoVs.

4.2 | Pseudovirus

The pseudovirus, named rVSV/Spike, was a kind gift
from Dr. Wendy Maury (University of Iowa). As
described earlier, the pseudovirus created stocks as a
recombinant VSV virus with the spike protein carrying
the D614G mutation in Vero E6 cells. For purification,
the supernatants containing the pseudovirions were con-
centrated by centrifugation, resuspended in PBS, and lay-
ered over a 20% sucrose/PBS cushion. After additional
centrifugation, the virus pellet was resuspended in PBS
(Bohan et al., 2021).

4.3 | Cantilever preparation/coverslip
preparation

To functionalize AFM cantilevers (MLCT-BIO-DC, Bru-
ker, USA) with SARS-CoV-2 S protein RBD, trimer, and
SARS-CoV-2 pseudovirions, the cantilever was first sila-
nized with (3-aminopropyl)-triethoxysilane (APTES).
SARS-CoV-2 S protein RBD, trimer, and SARS-CoV-2
pseudovirions at 1 pM were immobilized onto the sila-
nized cantilever using a heterobifunctional PEG crosslin-
ker, Acetal-PEG-NHS (2000 MW, Creative PEGworks,
USA), according to the detailed protocol developed by
Dr. Hermann J. Gruber, Johannes Kepler University
(Ebner et al., 2007, 2008; Rankl et al., 2008; Riener
et al., 2003). Our previous work on SARS-CoV-2 versus
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ACE2 has shown that the molecular weight of Acetal-
PEG-NHS does not influence significantly on the mea-
surement results (Cao et al., 2021). Soluble recombinant
NRP1 or ACE2 (1 pM) were attached to the amino-
functionalized glass substrates (NANOCS, USA) using
the same crosslinking approach. Functionalized cantile-
vers and glass surfaces were stored in PBS and used for
the AFM experiment within 8 h.

4.4 | Single-molecule force
spectroscopy (SMFS)

SMFS was conducted using a custom-designed AFM
apparatus. AFM measurements were collected at cantile-
ver retraction speeds ranging from 0.19 to 3.7 pm/s to
achieve the desired loading rate (200-2000 pN/s). All
measurements were conducted at 25°C in phosphate-
buffered saline (PBS). The contact time and indentation
force between the cantilever and the sample were mini-
mized to obtain measurements of the unitary unbinding
force.

Calibration of the cantilevers (lever C of MLCT) was
done by first measuring the inverse optical lever sensitiv-
ity (InvOLS) via recording force curves on a hard glass
surface, followed by obtaining the spring constant of the
cantilever via thermally-induced fluctuations (Levy and
Maaloum, 2001). The spring constants (9.6 + 2.8 pN/nm,
mean + SD) of the calibrated cantilevers agreed with the
values specified by the manufacturer (10 pN/nm). All
the unbinding rupture forces have been corrected for vis-
cous drag force (Franz et al., 2007), which was obtained
by multiplying the tip movement velocity by the viscous
drag coefficient. The viscous drag coefficient was mea-
sured by moving the cantilever at varying velocities near
the substrate (Cao et al., 2021; Franz et al., 2007) and is
5.05 pN s/pm for the lever C of MLCT.

To enable the measurement of a single molecular
interaction, the contact between the cantilever tip and
the substrate was minimized by reducing both the con-
tact duration (<50 ms) and the compression force
(~200 pN). The brief contact duration was chosen to
ensure that, for the majority of contacts (67% or greater),
no adhesion (rupture force) was observed between the
AFM tip and surface. Assuming the adhesion bond for-
mation obeyed Poisson statistics, an adhesion frequency
of ~33% in the force measurements implies that among
the observed unbinding events, the probabilities of form-
ing a single, double, and triple adhesion bond between
AFM tip and surface were 81%, 16%, and 2%, respectively
(Chesla et al., 1998). Therefore, our experimental condi-
tion ensured there was a >80% probability that the adhe-
sion event was mediated by a single bond (Evans, 2001).
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4.5 | Interaction prediction via
AlphaFold2 and MD simulation

NRP1 and SARS-CoV-2 S protein RBD complex struc-
tures were predicted by AlphaFold2 coupled with Google
Colab. Compared to other structural prediction methods,
AlphaFold2 is a high-accuracy prediction tool based on
deep learning that can generate the closest computational
predicted structures to experiment determined structures
(Mirdita et al., 2022; Skolnick et al., 2021). The latest ver-
sion has included an extension, called Multimer, to pre-
dict protein-protein complexes specifically. The sequence
information of human NRP1 (residues 22-644) and
SARS-CoV-2 S protein RBD (residues 319-537) were
retrieved from UniProt database (NRP1: 014786; SARS-
CoV-2 spike: PODTC2). These sequences were properly
trimmed to fit with the sequence information of the
human NRP1 and SARS-CoV-2 S protein RBD purchased
for our experiments. The long free tail of human NRP1
(residues 592-644) was removed to improve computing
efficiency. The Amber FF was enabled, the multiple
sequence alignment (MSA) mode was selected as
“MMseqs2,” the pair mode was set as “unpaired+paired,”
and the model type was set to “AlphaFold2-multimer-v2”
or “auto.”

Two predicted models from AlphaFold2 prediction
results (i.e., m2 and m3) were used to run MD simula-
tions, as other models from AlphaFold2 showed that
RBD residues that are supposed to be imbedded toward S
protein (Wrobel et al., 2020) had unrealistic interactions
with bl domain. All systems were prepared with
CHARMM-GUI Solution Builder (Jo et al., 2008; Lee
et al., 2016). The initial system composed of approxi-
mately 400,000 atoms had a box size of about
160 x 160 x 160 A>. The CHARMM36(m) FF were used
for proteins (Hatcher et al., 2009); 0.15 M KCI was incor-
porated with TIP3P water model for the solvation
(Jorgensen et al., 1983). By employing the force-based
switching function (Dion et al., 2004), the van der Waals
interactions switched off smoothly between 10 and 12 A,
and for the long-range electrostatic interactions, the
particle-mesh Eward method (Essmann et al., 1995) with
a mesh size of ~1 A was utilized. The SHAKE algorithm
(Ryckaert et al., 1977) was applied to constrain bond
lengths including hydrogen atom. Temperature and pres-
sure were set to 303.15 K and 1 bar, respectively, where
Langevin dynamics with a friction coefficient of 1 ps™*
and Monte Carlo barostat were applied to maintain tem-
perature and pressure, respectively (Aqvist et al., 2004;
Chow and Ferguson, 1995). The NVT simulations with
positional and dihedral restraints were conducted for
equilibration simulation. Then, NPT simulations were
performed for production simulation without any
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restraints. The 4 fs of time-step was used together with
the hydrogen mass repartitioning method (Gao
et al., 2021; Hopkins et al., 2015). Periodic boundary con-
dition was applied for all simulations. All simulations
were conducted at least 200 ns using OpenMM simula-
tion package (Eastman et al., 2017).

4.6 | Statistical analysis

Three hundred to 500 force curves were typically
recorded for each pulling speed from different sites on
the substrate. Recorded force curves were further ana-
lyzed by IGOR Pro to collect unbinding forces and load-
ing rates for Bell-Evans model fitting. The fitting was
performed using IGOR Pro or Origin software by mini-
mizing the chi-square statistic for the optimal fit. Unless
otherwise stated, the data is reported as the mean and
the standard error of the estimate. Statistical analyses
between groups were performed using an unpaired or
paired t-test by R Studio based on each specific situation,
with a p-value less than 0.05 considered statistically
significant.
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