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ABSTRACT The cell surface receptor Neuropilin-1 (Nrp1) was recently identified as a host factor for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) entry. The Spike protein of SARS-CoV-2 is cleaved into two segments, the S1 (residues
(res.) 1–685) and the S2 (res. 686–1273) domains by furin protease. Nrp1 predominantly binds to the C-terminal RRAR amino
acid motif (res. 682–685) of the S1 domain. In this study, we firstly modeled the association of an Nrp1 protein (consisting of
domains a2-b1-b2) with the Spike protein. Next, we studied the separation of S2 from the S1 domain, with and without Nrp1
bound, by utilizing molecular dynamics pulling simulations. During the separation, Nrp1 stabilizes the S1 C-terminal region
(res. 640–685) and thereby assists the detachment of S2 N-terminal region (res. 686–700). Without Nrp1 bound, S1 tends to
become stretched, whereas the bound Nrp1 stimulates an earlier separation of S2 from the S1 domain. The liberated S2 domain
is known to mediate the fusion of virus and host membranes; thus, Nrp1 likely increases virus infectivity by facilitating the S1 and
S2 separation. We further analyzed the possible topological structure of the SARS-CoV-2 Spike protein when bound with Nrp1
and angiotensin-converting enzyme 2 (ACE2). Understanding of such an Nrp1-assisted viral infection opens the gate for the
generation of protein-protein inhibitors, such as antibodies, which could attenuate the infection mechanism and protect certain
cells in a future Nrp1-ACE2 targeted combination therapy.
SIGNIFICANCE Here, we explore the separation mechanism for the Spike protein by computational simulation, utilizing
pulling molecular dynamics. The study provides insight into the first steps in the molecular mechanism of virus infection,
especially because it suggests how the newly discovered virus co-receptor Neuropilin-1 facilitates separation of two
subunits of the virus Spike protein prior to virus-host cell membrane fusion.
INTRODUCTION

The virus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is responsible for the world-wide 2020 and
2021 coronavirus disease 2019 (COVID-19) pandemic. It
is increasingly appreciated for its deleterious effects on
the human nervous and cardiovascular systems, including
longer-term symptoms in some of the patients. SARS-
CoV-2 is known to associate with the host cell surface recep-
tor angiotensin-converting enzyme 2 (ACE2) via the viral
surface glycoprotein: the Spike or S protein (1). Upon the
initial contact of Spike protein and ACE2, the viral Spike
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protein can be further cleaved via a host cell protease furin,
which appears to be a crucial step of SARS-CoV-2 for cell
entry (2,3). This type of cleavage generates two Spike pro-
tein fragments, S1 and S2 (4,5). S2 displays a membrane
fusion domain, which is capped by S1 in the structure of
the viral Spike protein. The separation of S2 from S1 is
needed to expose the membrane fusion domain, which
then triggers fusion between virus and host cell, allowing
the flow of virus RNA into the host cell for replication, pro-
tein synthesis, and new virus assembly (3). S1 displays a
C-terminal polypeptide motif with the sequence RRAR
(4,5). This amino acid motif was recently found to be recog-
nized by another human cell surface receptor Neuropilin-1
(Nrp1) (6–8). Following this observation, Nrp1 was classi-
fied as a novel host factor that may work together with
ACE2 in SARS-CoV-2 entry.
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A mechanism for Nrp1 in virus infection
Neuropilin (Nrp,with two forms of Neuropilin-1 and Neu-
ropilin-2) is a transmembrane protein receptor active in neu-
rons and other cells. It can interact with several proteins that
have a C-end rule (CendR) sequence—a motif of the R/
KXXR/K sequence exposed at the protein’s C-terminus,
allowing them to bind to neuropilin. One of the most well-
known binding partners of neuropilin is the vascular endo-
thelial growth factor (VEGF) (9–11). Nrps, together with
the VEGF receptor, VEGFR, are involved in the develop-
ment and function of axons and synapses. VEGF binding
to VEGFR:Nrp complexes are crucial events in the growth
and leakiness of blood vessels. Thus, the Spike protein bind-
ing with Nrp1 may directly or indirectly interfere with the
formation of the endogenous receptor complex, with its
signaling and functions in the host cell (12–14). This
connection between the SARS-CoV-2 Spike protein and
neuropilin may relate the longer-term effects of COVID-
19 on the biological processes in neurons and blood vessels
(15–17). Specifically, a significant number of critically ill
COVID-19 patients experience impairments such as brain
inflammation, an increased permeability of the blood-
brain barrier, as well as an elevated occurrence in the
number of strokes (18–21). These observations make
the Nrp1:SARS-CoV-2 interaction an urgent focus for
investigation.

The S1 RRAR amino acid motif is the predominant
recognition site between Nrp1 and the S1 subunit. However,
a construct of the Spike protein with the deletion of the S1
RRAR motif still interacts with Nrp1 (6). Therefore, the
binding between Nrp1 and the Spike protein also appears
to involve other regions on both proteins. In addition, the un-
derlying molecular mechanism by which Nrp1 facilitates
SARS-CoV-2 viral infection is not yet understood. In this
study, we predict possible binding models between the
Nrp1 a2-b1-b2 domain-containing protein with the ACE2-
bound Spike protein (Fig. 1 a). By considering topological
constraints, our docking calculations identify probable bind-
ing models of Nrp1 with the Spike protein trimer. Impor-
tantly, molecular dynamics pulling simulations suggest
that the separation of S2 from the S1 domain is assisted
by the interaction with Nrp1, proposing a molecular mech-
anism by which Nrp1 helps a viral attack by stimulating
Spike protein mediated infection.
MATERIALS AND METHODS

The overall flow chart of the study is shown in Fig. 1 b. All simulated sys-

tems mentioned earlier are listed in Table S1.
Complex of Nrp1-a2-b1-b2-domain-containing
protein with Spike protein segment 678-
TNSPRRAR-685

The polybasic sequence 678-TNSPRRAR-685 of the Spike protein frag-

ment S1 associates with the b1 domain of Nrp1 (6). We firstly modeled a
complex of an Nrp1 (a2-b1-b2-domain-containing) protein bound to this

polybasic peptide. The structure of this human Nrp-1 fragment was built,

based on available crystal structure (Protein Data Bank, PDB: 2qqm).

Missing loops in the crystal structure were added using MODELLER

(22). The VEGF-A:Nrp1 b1 domain complex (PDB: 4deq) was used as a

template to construct the model of the 678-TNSPRRAR-685 peptide bound

to Nrp1 (11). The modeled complex was set up and then relaxed for 20 ns at

310 K by an all-atom molecular dynamics simulation. In the simulation, the

association between the 678-TNSPRRAR-685 segment and the Nrp1 b1

domain was largely maintained by electrostatic attraction of Spike S1 res-

idues res. R683 and R685 with Nrp1 ress. D320 and D348, as described in

the study of Daly et al. (6). The final simulation structure of the complex of

Nrp1:678-TNSPRRAR-685 motif was extracted and used for further mo-

lecular docking.
Molecular docking of Nrp1-678-TNSPRRAR-685
motif to a monomeric Spike S1 (res.1–677)

To identify binding sites (between Nrp1 and the Spike protein) other than

the RRAR motif, the relaxed structure of the Nrp1 C-terminal octamer pep-

tide obtained from the earlier simulation was treated as a ligand and was

then docked to the receptor—here, a monomeric Spike S1 (res. 1–677)

with ClusPro 2.0 (23). The receptor structure of Spike protein (res. 1–

1146) was based on the available crystal structure (PDB: 6vsb) and models

(adding missing loops and residues) developed by Woo et al. (24,25). The

ligand in this case consisted of Nrp1 (a2-b1-b2) and the Spike protein 678-

TNSPRRAS-685 motif. The -N-terminus of the peptide (res. T678) needs to

fuse with residue Q677 of the receptor Spike S1. So, a distance restraint of

3 Å was applied between residues 677 and 678 in the docking. For

simplicity, glycosylation of the Spike protein was not considered in the

docking. Finally, ClusPro 2.0 gave 30 predicted models.
Filtration of seven highly probable binding
models of Nrp1:monomeric S1

Next, we excluded some models based on several criteria (Fig. 1 b). First,

structures that clash with the Spike protein trimer were excluded. Because

the docking was done between Nrp1 with a monomeric S1 (chain C); when

the predicted models are superimposed to a trimeric Spike protein, some of

them clash with either S2 of chain C or chains A and B. In total, 12 models

were excluded in this step (see representative instances in Fig. S1 a). In two

models, the N-terminal of the Nrp1 domain a2 was buried inside the space

between chain C N-terminal domain (NTD), chain B, and chain C receptor-

binding domain (RBD), leaving no space to place Nrp1’s a1 domain(see

Fig. S1 b). In the other two cases, the steric position of Nrp1 relative to

S1 was similar (root mean-square deviation of 1.2 or 1.5 nm, respectively;

see Fig. S1 c), we only kept one of two models with the better docking

score. Sixteen models were excluded so far. Finally, we also excluded seven

models that position the C-terminus of the Nrp1 b2 domain (res. 586) too

away from the membrane (see representative models in Fig. S1 d). We

will further discuss the topological constraint in the Results and discussion.

Altogether, after the filtering, we focused on seven models of Nrp1-a2-b1-

b2: Spike-protein binding, which fulfilled these criteria (see Fig. 2 a).
Molecular simulation of Nrp1-Spike-protein trimer

The seven models of Nrp1:monomeric-S1 (res. 1–677) were considered for

further analysis. Firstly, the modeled complex was superimposed with the

full-length Spike protein trimer (res. 1–1146; chain C was used for super-

imposition). To relax and better accommodate the initial docked structures

in the context of the full-length (1–1146) Spike protein trimer, we per-

formed all-atom molecular dynamics simulation with one Nrp1 bound to

the Spike protein trimer for each of the seven models for 20 ns. Standard
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FIGURE 1 Overview of a Spike protein trimer

with ACE2 and Nrp1 and the workflow of the study.

(a) ACE2 binds to Spike trimer RBD (chain A).

Nrp1 associates with Spike trimer at the S1-S2

cleavage site (chain C). (b) Flow chart of the compu-

tational modeling and simulation approach utilized

in this study. To see this figure in color, go online.
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simulation procedures were used with the NAMD version 2.12 package

(26). Specifically, all proteins were solvated by TIP3P water with

150 mM NaCl. Simulation parameters were set as 2 fs for time step, ther-

mostat at 310 K, and barostat of 1 bar, using the CHARMM36m force field

(27). The system contained �530,000 atoms in a cubic periodic boundary,

including water and ions. The root mean-square deviation of the Nrp1:

Spike complex is plotted in Fig. S2, showingthat all the simulations are

equilibrated (perhaps with exception of model 3). The pair interaction, sol-

vation energy, and surface-accessible surface area between Nrp1 and Spike

were calculated and listed in Fig. 2 b.
Steered molecular dynamics simulation of the
separation of S2 domain from S1 subunit

We applied steered molecular dynamics with Generalized Born Implicit

Solvent method to investigate the separation of S2 from the S1 unit (28).

In the implicit solvent simulation, the cutoff for calculating the Born radius

was set as 15 Å. A cutoff of 14 Å was used for calculating the interactions

between atoms. Ion concentration was set as 150 mM. For the steered mo-

lecular dynamics simulations, a time step of 1 fs was used. The S2 domain

was pulled out of S1 domain with a constant velocity of 0.00001 Å per time

step over 20 ns of simulations, run in duplicate with different velocity start-

ing seeds. A force constant of 25 kcal/(mol.Å2) was used for the harmonic

spring that generates the force to pull S2 away from S1. During the pulling,

the ACE2 protein as well as Nrp1 were restrained. To resist the drift of the

S1 domain, the RBDs (res. 318–541) of three Spike protein units were also

restrained. The principal axis of the Spike protein trimer was aligned to the

Z direction. The pulling direction was set in the Z direction. Because of the

application of biasing force, the association between Nrp1 and S1 678-

TNSPRRAR-685 motif could be quickly broken during the pulling. This

happened for models 2, 3, and 6 and especially for model 5. To study the

effect of Nrp1 binding on the S1:S2 dissociation, we excluded simulations

in which Nrp1: S1-TNSPRRAR associations were not maintained during

the pulling.

The pulling force was plotted versus the displacement of the S2 domain.

The total work was calculated as the cumulative work over all steps
Pn

0

FðiÞ � dðiÞ. It should be noted that the pulling work can be significantly

overestimated because the pulling was done over a very limited timescale

(20 ns) (29–31). For an estimate of the free energy, methods such as um-

brella sampling simulations could be utilized (32). Here, the main purpose

of pulling is to qualitatively but not quantitatively estimate the energy bar-

rier for separating the S2 and S1 subunits, especially to observe the separa-

tion details at the Nrp1:Spike S and, the S1:S2 interface, including around

the S1-S2 cleavage site . We chose an implicit solvent model for the steered

molecular dynamics for the following reasons: to pull S2 out of S1, the sys-

tem needs to be long enough in the Z direction (estimated >45 nm). For an

explicit solvent simulation, we estimated the system would have

>1,325,000 atoms. In addition to the huge size of the simulation system,
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the greater challenge is that water molecules would find it hard to fit in

the space between S1 and S2 subunits during a pulling over a limited simu-

lation time. The S2 subunit is big in size. During the pulling, an excessive

pressure would be generated by pushing away the many water molecules in

a size-limited simulation box because the water molecules have not enough

time to relax. Therefore, although generally the explicit solvent model

would probably give a better characterization of the detailed molecular in-

teractions, here, for the pulling simulation of a sizeable protein subunit

(S2), an explicit solvent simulation would introduce a high level of noise.

In the implicit solvent model, the water interaction is modeled as a dielec-

tric continuum. Importantly, the direct protein-protein interaction and pro-

tein entropy components are less affected by the choice of the implicit

versus the explicit solvent model. So, we chose an implicit solvent model

in this study for the pulling simulation.
Model construction of Spike-Nrp1-ACE2 complex
with viral and host membrane

We used the membrane-bound ACE2 (PDB: 6m17) built with CHARMM

GUI as a template. Next, the Spike protein is docked to ACE2 based on

the template structure of the ACE2:RBD complex. Specifically, the ‘‘up’’

RBD of chain Awas bound to ACE2. The Spike protein (1–1174) was tilted

relative to the membrane because it was bound to an ACE2. Next, we fused

the Spike protein to the transmembrane helix segment (Carbon Alpha, CA

distance �0.1 nm), again built with CHARMMGUI. The distance between

the viral and host membrane was estimated around 30 nm. Then, Nrp1 (a2-

b1-b2) is docked to the Spike protein with templates of model 1–7.
RESULTS AND DISCUSSION

Binding modes of between Nrp1 and Spike
protein

The simulated binding models between Spike protein with
an Nrp1 are shown in Fig. 2. Sterically, for all the seven
models, the Nrp1 are located in between the NTD (res.
13–305) and the bottom of the RBD (res. 509–541) of the
Spike protein. Within this region, Nrp1 has different domain
orientations relative to the S1 subunit (Fig. 2 a). Beyond the
major interaction site between the Nrp1 and the S1 CendR
(681-RRAR-685) motif, in all seven systems, there are
several additional interactions between the Nrp1 and the
Spike protein. We summarized major interaction residues/
regions in Fig. 2 b and Fig. S3. On the side of the S1 subunit,
S1 NTD (res. 13–305), the N- and C-termini of the RBD



FIGURE 2 Binding modes for seven predicted

models. (a) Models, shown for Spike trimer

(chain-C): Nrp1 (a2-b1-b2) binding. The

TNSPRRAR motif is marked in blue. The last res-

idue of the Nrp1 a2-b1-b2 domain segment is

marked in red. (b) Noticeable residue-residue con-

tacts (<0.4 nm) between Spike protein and Nrp1 in

different models (except for the RRAR binding re-

gion). Together with additional residue-residue

contacts (<0.6 nm), the proteins are seen to interact

via domains a2, b1, and b2 on Nrp1 and a limited

number of regions N1–N4, RBDN, RBDC, C1–

C3, the very C-terminus of S1 and beginning

of S2 (see Fig. S3 for details). Listed in Table b

are the buried solvent-accessible surface area

(SASA), pair-interaction energy, and changes of

solvation energy for the different models. The

interaction energies (based upon pairwise vdW

and electrostatic forces) are calculated between

Nrp1 (domains a2-b1-b2) with a full Spike trimer

(chains A, B, and C). The models shown are listed

in order of their population near their cluster cen-

ters (most to least). Standard errors were calculated

over different frames of the simulation trajectories

(saved at every 100 ps). To see this figure in color,

go online.
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(res. 318–437; res. 509–541), and the C-terminal S1 regions
are major binding sites. On the side of the Nrp1, each one of
the three domains (a1, b1, and b2) more or less make contact
with the Spike protein. The Nrp1 domains as well as the
Spike protein binding regions are relatively extended, with
only three pairs of the 12 defined regions in Fig. S3 being
in close proximity (N2–N4, RBDN-RBCC, and C2–C3).
Several models overlap with respect to at least some of
the regions, which suggests that a certain type of interface
is involved in forming a complex. Intriguingly, there is
only one model that has all three Nrp1 domains involved,
and one with only one domain (b1) involved (models 4
and 5, respectively). Models involving Nrp1 domains a2,
b1, or b2 are considerably varied in the regions that are be-
ing contacted on the side of the Spike protein.

Looking at models 1, 2, and 7 at the residue level,
noticeable hydrophobic contacts such as V622:W411, I68/
V70:M204, or I624/R634:Y322/W411 are seen. Inmodels 3,
4, and 7, electrostatic pairs such as R21:E456, R214:E308,
or R78:E507 are apparent. The remaining contacts are
mostly established between polar amino acids with other po-
lar, charged, and aromatic amino acid side chains, which
have the possibility to form hydrogen bonds. Experimen-
tally, a relatively weak binding affinity (13.0 or 20.3 mM)
was measured between the Nrp1 b1 domain and the Spike
S1 CendR peptide (679–685) (6). Additional contacts
beyond the CendR peptide may help to strengthen the
Nrp1:Spike protein complex. The calculated buried surface
area, paired interaction as well as solvation interaction en-
ergy between Nrp1 and Spike protein are listed for reference
in Fig. 2 b. At this point, however, we have no strong evi-
dence that any one of the seven models may be more
strongly bound than the remaining ones. Thus, currently,
we suggest that rather than forming a single or very few
well-defined complex structures with specific domain-
domain interactions, several binding interfaces may coexist
and can interconvert with each other, similar to other dy-
namic protein complexes (e.g., K-Ras at membrane)
(33,34). It is worth mentioning that Nrp1 does not interact
with the RBD’s motif for binding ACE2 (res. 437–538);
thus, the ACE2 association with the Spike protein should
be unperturbed unless there are allosteric effects (35–37).
Moreover, for simplicity, glycosylation of the Spike protein
is not considered in the docking and simulation. The Spike
protein has multiple glycosylation sites in the S1 domain.
The great majority of these sites (N122, N149, N165,
N234, N282, N331, N343, N603, and N657) are distant
from the binding interface between Nrp1 and S1. Only
N17, N74, N323, and N616 are within or close to the inter-
acting regions between Nrp1 and S1 (Fig. S4). These four
Biophysical Journal 120, 2828–2837, July 20, 2021 2831
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glycosylation sites may have an influence on Nrp1 binding,
but this issue is beyond the scope of this report and is de-
ferred to a future article that will also include experimental
data on the system.

The association of Nrp1 with the Spike protein relies on
the cleavage of Spike protein into the S1 and S2 domain seg-
ments by furin protease. The purpose of the cleavage is to
free the S2 subunit for subsequent viral-host membrane
fusion. We inferred that the Nrp1 may have a role in the sep-
aration process of S1 and S2. Next, instead of investigating
further details on the Nrp1: Spike protein binding modes, we
explore a possible role of the Nrp1 in modulating the sepa-
ration of the Spike protein S2 and S1 segments.
FIGURE 3 Separation process of the ACE2-S1 and S2 domain of chain C

with and without Nrp1, here shown (a) in absence of Nrp1 (first of seven

simulations shown) and (b) for ACE2-S1-Nrp1:S2 model 7, bottom. (S1

is in green, S2 in purple, and Nrp1 in orange.) The displacement of the

S2 domain c.o.m relative to initial position is given as distance d. The

time interval in the pulling simulations (1 nm/ns) between the structures

shown is 2, 5, 7, 10, and 16 ns without Nrp1 bound and 2, 5, 6, and 7 ns

with Nrp1 bound, respectively. (c) Plot of the distance between the S1

and the S2 c.o.ms of chain C at the time of separation (when nearest dis-

tance S1:S2 distance becomes >5 Å) . Two simulations were run and re-

ported for each model except for model 5, in which Nrp1:S1 binding is

easily disconnected during the pulling of the S2 domain. To see this figure

in color, go online.
The separation of S2 from the S1 domain

We characterized the separation process of the Spike protein
by pulling the S2 out of the S1 subunit using a steered molec-
ular dynamics simulation of 20 ns, with a constant pulling ve-
locity of 1 nm/ns. The peptide bond between residues 685
(S1) and 686 (S2) were cut for all three units of the Spike pro-
tein trimer.We pulled S2 out of S1 in two system setups, with
and without Nrp1, i.e., the ACE2-S1:S2 complex and ACE2-
S1-Nrp1:S2 complex (a ‘‘-’’ indicates that those units are
moved together, whereas ‘‘:’’ indicates a non-covalent inter-
action, whose dissociation is being monitored). Fig. 3, a
and b shows snapshots at the stated times of the S2 separation
from the S1 domain with and without Nrp1 bound. In each
case, the S2 subdomain (res. �730–770 and 960–1000) is
gradually pulled out from the S1 subunit, which capped it.
Interactions are completely lost at an S2 displacement �5–
6 nm. The detachment of S2 from S1 at the S1-S2 cleavage
region (res. �640–700), however, takes longer time and dis-
tance. Remarkably, the S2:S1 dissociation, observed at the
S1/S2 cleavage region for chain C of the Spike protein
happens at a shorter distance of 7 nm in the presence of
Nrp1 bound there (Fig. 3 b), in comparison with a distance
of 16 nm in the absence of Nrp1 (Fig. 3 a). Fig. 3 c shows
the separation position of S2 from S1 for chain C of the Spike
protein for all simulated complex systems. The separation
position was measured by the displacement of center of
mass (c.o.m) of S2 from its initial position. The displacement
of the S2 domain is typically<10 nm, mostly�5–7 nm with
the assistance of Nrp1 binding. By contrast, in the absence of
Nrp1 binding, the displacement of the S2 domain is around
14.452.0 nm. Thus, for all seven simulations, the separation
of S2 and S1 for the chain C of Spike protein happens with a
shorter displacement of the S2 domain.

In Fig. 4, we looked into the separation process in greater
detail. Overall, the separation of S2 from S1 involves two
steps (Fig. 4 a): the separation at the cap region (S1 res.
303–549 and S2 res. 735–768 and 856–985) and the separa-
tion at the S1/S2 cleavage region (S1 res. 640–685 and S2 res.
686–700). For the first step, the S2 region escapes from a
cavern surrounded by S1 residues (Fig. 4 a). In this cavern,
2832 Biophysical Journal 120, 2828–2837, July 20, 2021
several noticeable interactions between S1 (mainly RBD
residues) and S2 were seen as E309-R765, I312-L861,
Y313-R765, F318-M740, R319-D745, and Y380-L984 (see
Fig. 5 a for full contact maps). Actually, ACE2 binding ap-
pears to require at least one of RBD to be in ‘‘up’’ conforma-
tion, which reduces the interaction between that one RBD
unit and the S2 segment (38–40). The S2-S1 dissociation in
this cap region involves the breaking of the majority of con-
tact interactions between S1 and S2. This constitutes the
first and highest energy barrier for the S2-S1 dissociation
(Fig. 4 b; Table 1). After step 1 separation (�5 nm displace-
ment of S2), the number of contact residues at the capped re-
gionwere largely reduced (Fig. 5 c); however, the connection
between S2 and S1 at the S1-S2 cleavage region is still main-
tained at this point in time (Fig. 5 d). As shown in Fig. 5 c, the
Nrp1 does not have a noticeable influence on the detachment
process of S2 and S1 at the cap region. At around 5-nm
displacement of S2, most of the initial contact interactions
at the cap region are broken in both cases.

At the S1-S2 cleavage region, noticeably, S2 residues
692–697 form a b-sheet with S1 residues 669–674



FIGURE 4 Two-step separation between S2 and S1. (a) Two steps of S2 exit from the S1 domain: S1 regions that cap S2 domain (purple) are highlighted in

a surface representation in green. (b) Pulling force versus displacement of S2 domain (with and without Nrp1). Results shown were averaged over duplicate

simulations of the seven models without and with Nrp1. (c) S2-S1 contacts at the cleavage site at the start of the simulation (here model 7 at 0 ns). (d) Shows a

schematic picture of the ‘‘holding effect’’ of Nrp1—essentially, Nrp1 binding stabilizes the region it associates with and does not allow the stretching of this

region. (S2 is in violet, S1 in green, and Nrp1’s primary binding domain b1 in yellow.)

A mechanism for Nrp1 in virus infection
(Figs. 4 c and 5 b). This interaction contributes to the second
barrier during the S2-S1 dissociation (Fig. 4 b; Table 1).
When Nrp1 is bound to the S1 CendR peptide, it has a crit-
ical role in this S1-S2 cleavage region. In the absence of
Nrp1, the S1 C-terminal region tends to move together
with the S2 subunit when it is pulled. Thus, it takes longer
time and distance for the detachment of S2 and S1 at the
S1-S2 cleavage region (Figs. 4 d and 5 d). In the presence
of Nrp1, however, the Nrp1 binding at the cleavage site pro-
vides a mechanical support for the adjacent regions (S1 res.
640–685) by stabilizing them. This interaction largely re-
stricts the stretching and local unfolding of the S1 C-termi-
nal region (Figs. 4 d and 5 d) and, in turn, appears to
destabilize S1-S2 contacts in this region. This leads to the
earlier separation of the N-terminal segment of S2 (res.
�686–700) from the C-terminal of S1 (res. �640–685).

The separation of S2 and S1 for chain A and chain B is
not influenced by Nrp1 binding with chain C. Typically,
the full separation of S2 from S1 for chain A and chain B
still needs a big displacement of the S2 domain �13–
17 nm. Comparing the work needed to separate S2 and
S1, the value with and without Nrp1 is 11135 85 and
1178591 kcal/mol, respectively. Thus, there is little differ-
ence in the total work that we estimate is needed to separate
the S2 and S1 domains. However, in all cases (Fig. S5),
Nrp1 binding reduces the second energy barrier for separa-
tion. This is likely a reflection of a reduced need of pulling
force at 7–10 nm displacement of S2, as in the presence of
Nrp1, S2 already detaches from S1 at the cleavage region for
one unit of Spike protein (chain C). There is a caveat here in
that the fast pulling of S2 from S1 could significantly over-
estimate the need of force/work for the S2-S1 separation.
Thus, we cannot conclude whether or not the bound Nrp1
may actually reduce or alter the dissociation free energy
of S1 from S1. Nevertheless, our analysis clearly demon-
strates that the Nrp1 can accelerate the S2-S1 separation
by allowing it to occur at a shorter displacement of S2.
This is crucial when considering that there is a limited dis-
tance for S2 movement that is possible spatially between the
viral and host membranes as discussed later.
Global topological constraints in an Nrp1-Spike-
ACE2 protein complex

The Spike protein must be close enough to the host mem-
brane to access the Nrp1 extracellular region; however, the
steric position of Spike protein is influenced by the host
ACE2 receptor. ACE2 forms dimer at the membrane sur-
face in complex with the neutral amino acid transporter
B0AT1 dimer (1). Overall, the configuration of the ACE2
dimer lacks flexibility and is perpendicular to the cell
membrane, i.e., facing away from it. The Spike protein
Biophysical Journal 120, 2828–2837, July 20, 2021 2833



FIGURE 5 Contacts between S2 and S1 at cap-

ped region and at the S1-S2 cleavage region. The

cap region comprises S1 res. 303–549 (mostly

RBD region) and S2 res. 735–768/856–985. The

S1-S2 cleavage region consists of S1 res. 640–

685 and S2 res. 686–700. (a) Contact map between

S1 RBD and S2 subunit. (b) Contact map between

S1 C-terminal region and S2. (c) Number of resi-

dues of S2 (chains A, B, and C) that interact with

S1 RBD (chains A, B, and C) at a different position

of S2 displacement with and without Nrp1 bound.

(d) Number of residues of S2 (chains A, B, and C)

that interact with S1 C-terminal region (res. 640–

685 only of chain C), again with and without

Nrp1 bound. Note that the number of contacts is

counted to all three S protein units and temporarily

increases as the S1-S2 cleavage region becomes

distorted. To see this figure in color, go online.
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domains are tilted relative to the membrane by binding
to the ACE2 molecules with its RBD (from chain A;
Fig. 6 a). We measured the tilting angle as �26� (orienta-
tion of the vector connecting c.o.ms of S1 (1–685) and
c.o.m. of S2 (686–1146)). Spike chain C is the closest sub-
unit to the host membrane, and thus, the easiest one for
Nrp1 association. The distance of the S1-S2 cleavage site
(chain C) is �16.1 nm to the cell membrane surface. So,
Nrp1 roughly needs to extend �16.1 nm above the mem-
brane. We next estimate the probable length of the Nrp1
extracellular region in this context.

The Nrp1 extracellular region (res. 1–856) consists of five
domains: a1 (27–141), a2 (147–265), b1 (275–424), b2
(431–586) and an MAM domain (640–813) (Fig. 6 b).
The fold of the protein fragment containing the a2-b1-b2 do-
mains is relatively compact with short linkers of five to nine
amino acids between these domains. By contrast, the linkers
between the b2 and MAM domains (linker 2, 587–639), as
well as the connection of the MAM domain to the trans-
membrane helix (linker 3, 814–856) are long. We estimated
the end-to-end distance of linker 2 and linker 3 by applying
the free rotation model of a polymer chain:<R2 > ¼
nl21þcos q

1�cos q
, with n as 53 and 43 residue equivalents (n),

respectively (41). The length (l) of a segment is set as
0.34 nm, and the rotation angle (q) is set as 134�, as typically
2834 Biophysical Journal 120, 2828–2837, July 20, 2021
used in the coarse-grained model for a random coil polypep-
tide chain (42). The average end-to-end distance is esti-
mated as 4.96 and 4.47 nm, respectively (Fig. 6 b). Based
on the available structure (43), the distance between N-
and C-terminus of the MAM domain is 2.6 nm. Supposing
linker 2, linker 3, and MAM all align in a way to maximize
the distance in membrane normal direction (Z direction), we
estimated the probable length of linker-2-MAM-linker-3 re-
gion is 12.0 nm. The orientation of the Nrp1 (a2-b1-b2
domain) protein fragment relative to the Spike protein deter-
mines whether the C-terminus of the Nrp1 b2 domain is
close enough to fuse with N-terminus of its linker 2. Gener-
ally, the Nrp1 a1-b1-b2 fragment should be placed in a po-
sition in which the distance of the C-terminus of its b2
domain (residue 586) to the membrane surface is
<12.0 nm. With this criterion, we excluded seven predicted
docking models as mentioned in the Materials and methods
(Fig. 1 b), which have distances that are too far, between
13.5 and 17.3 nm. For the remaining seven models we
selected, the distances of the b2 C-terminus to the mem-
brane surface are estimated to be between 9.1 and
10.6 nm (Fig. 6 c).

Nrp1 is able to access the Spike protein chain C as
analyzed earlier, but we predict that Nrp1 would need to
be stretched to bind with Spike chain A and chain B because



TABLE 1 The pulling force averaged over every 1-nm interval

with Nrp1 bound and without Nrp1

d (nm) Force (pN) w Nrp1 Force (pN) w/o Nrp1 D (pN) p

0–1 935 833 102 ***

1–2 881 814 66 ***

2–3 614 500 113 ***

3–4 511 380 131 ***

4–5 441 377 63 ***

5–6 393 341 51 ***

6–7 384 383 0 0.98

7–8 434 460 �26 *

8–9 443 512 �69 ***

9–10 518 663 �144 ***

10–11 433 680 �246 ***

11–12 412 582 �169 ***

12–13 392 431 �39 *

13–14 331 357 �26 0.03

14–15 239 313 �73 ***

15–16 218 270 �52 ***

16–17 206 235 �28 0.03

17–18 245 236 9 0.41

18–19 246 242 3 0.77

19–20 236 251 �15 0.22

The difference and significance (p-values) are calculated over simulation

trajectories every 1 ns interval (saved at every 100 fs or 100 steps)

*p < 0.01;

***p < 0.0001; w, with; w/o, without.

A mechanism for Nrp1 in virus infection
the estimated distances (b2 C-terminus to membrane) are
large for all seven models (Fig. 6 c). However, we cannot
exclude the possibility that linker 2 and 3 of Nrp1 may
largely straighten themselves so that Nrp1 can still access
the CendR peptide of chains A and B spatially. Furthermore,
in the case that Nrp1 could interact with Spike protein in
absence of ACE2, the spatial constraint can be released.
Thus, next we further explore the separation process when
Spike protein is bound to three Nrp1. Fig. 7 shows the sep-
aration process of S2 from S1 with the assistance of three
Nrp1s (for model 1). The complete separation of S2 and
S1 for chains A, B, and C occurs with a displacement of
the S2 domain of 6.8, 9, and 12 nm and 13, 2.3, and
5.8 nm, respectively, for duplicate simulations. Again, these
displacements are much shorter than the displacement of the
S2 domain (�13–17 nm for all three units) in the absence of
Nrp1. Similar to Fig. 4, Nrp1 binding lowers the second acti-
vation barrier (Fig. 7 b). However, the pulling work needed
to separate S2 and S1 with the support of Nrp1 is also only
slightly smaller than that without the support of Nrp1:
10265123 vs. 1178591 kcal/mol. Therefore, Nrp1 does
not significantly alter the overall work needed for S2-S1
separation; however, it makes the separation happen earlier
by stabilizing the S1 C-terminal region during the dissocia-
tion process. Again, as in the case of the singly bound Nrp1
to one Spike protein unit, this would accelerate the separa-
tion of S2 from the S1 domain also for the three Nrp1/three
Spike protein units (i.e., a trimer).
CONCLUSIONS

In this study, we modeled the structures of Nrp1 (domains
a2-b1-b2) binding to the ACE2 complexed SARS-CoV-2
Spike protein. We analyzed the topological constraints
that are generated in such a complex. Importantly, we stud-
ied the separation process when the S2 subunit of the Spike
protein moves out of the S1 subunit in the presence and
absence of S1 bound Nrp1. We found that the Nrp1 associ-
ation with the Spike protein could facilitate an earlier or
more probable separation of S2 from the S1 domain by sta-
bilizing S1 at the C-terminal region and by destabilizing
S1-S2 contacts, allowing earlier dissociation of the S2
N-terminal segment from this region. Lastly, we suggest
that the tilting of the Spike protein with respect to the
membrane is also helpful for the separation of S2 and S1
subunits. Even without ACE2 binding, the recent cryo-
electron tomography (cryo-ET) structure of an isolated
SARS-CoV-2 virus shows a prevalent tilting of the entire
Spike protein by 40� relative to the virus surface/membrane
(44). The lateral diffusion of the Spike protein relative to the
FIGURE 6 Topological constraints of Nrp1 on

binding with Spike protein trimer, bound to an

ACE2 dimer. (a) ACE2 (yellow and lime, which

also go into and through the membrane) and

B0AT1 (light blue) 2:2 dimer complex at the bot-

tom left. Shown is the Spike protein trimer (chains

A, B, and C in blue, gray, and red, respectively) in

the middle. Shown is Nrp1 (orange) at the bottom

right of the figure. (b) Linear domain arrangement

in the sequence of the Nrp1 receptor. (c) Estimated

distance of C-terminus of the Nrp1 b2 domain to

the membrane bilayer lipid headgroups in the

different models with Nrp1 bound to chains A, B,

and C. To see this figure in color, go online.
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FIGURE 7 Separation process of S2 and S1 with

three Nrp1s, i.e., one binding to each unit of the

Spike protein trimer. (a) Snapshots and the

displacement of the S2 domain relative to initial

position are shown. (b) Pulling force versus

displacement of the S2 domain with three Nrp1

bound. Data are shown as averaged over two simu-

lations for model 1 (red), that is the separation of

two times three S1:S2 contacts, whereas the

ACE2 data are taken from Fig. 4 b. To see this

figure in color, go online.
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ACE2 and Nrp1 receptors may provide a source of kinetic
energy that drives the separation of the S2 and S1 domains.
Future computational and experimental work are needed to
unveil the details of the underlying molecular mechanism.
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