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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for causing the current coro-
navirus 2019 (COVID-19) pandemic, uses its spike (S1) protein for host cell attachment and entry. Apart
from angiotensin-converting enzyme 2, neuropilin-1 (NRP1) has been recently found to serve as another
host factor for SARS-CoV-2 infection; thus, blocking S1-NRP1 interaction can be a potential treatment for
COVID-19. Herein, molecular recognition between SARS-CoV-2 S1 C-end rule (CendR) heptapeptide
including small-molecule antagonists (EG00229 and EG01377) and the NRP1 was investigated using
molecular dynamics simulations and binding free energy calculations based on MM-PBSA method. The
binding affinity and the number of hot-spot residues of EG01377/NRP1 complex were higher than those
of CendR/NRP1 and EG00229/NRP1 systems, in line with the reported experimental data as well as with
the lower water accessibility at the ligand-binding site. The (i) T316, P317, and D320 and (ii) S346, T349,
and Y353 residues of NRP1 were confirmed to respectively form H-bonds with the positively charged
guanidinium group and the negatively charged carboxyl moiety of all studied ligands. Moreover,
Rosetta protein design was employed to improve the binding affinity between CendR peptide and
NRP1. The newly designed peptides, especially R683G and A684M, exhibited higher binding efficiency
than the native CendR heptapeptide as well as the small-molecule EG00229 by forming more H-bonds
and hydrophobic interactions with NPR1, suggesting that these designed peptides could be promising

NRP1 inhibitors to combat SARS-CoV-2 infection.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The expanding of coronavirus disease 2019 (COVID-19) pan-
demic has had an unexpected impact on current society and
humanity. In May 2021, the world health organization (WHO)
declared over 167 million infections and 3.4 million deaths glob-
ally (https://covid19.who.int). Researchers have been attempted
to develop an antiviral drug or a vaccine for controlling and reduc-
ing the COVID-19 cases, but now reliable pharmaceutical interven-
tions against this disease have not been reported yet.

The COVID-19 is caused by a new coronavirus, namely severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1-3].
Patients infected with SARS-CoV-2 may present mild to severe
symptoms, including fever, cough, sore throat, tiredness, chest
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pain, and severe pneumonia [4,5]. Although both SARS-CoV-1
and SARS-CoV-2 are originated from bats, the human-to-human
transmission of SARS-CoV-2 is easier than that of SAR-CoV-1
[1,6]. Structurally, SARS-CoV-2 consists of four major proteins,
including the envelope (E), membrane (M), nucleocapsid (N), and
spike (S) proteins [7,8]. The S protein of SARS-CoV-2 comprises
S1 and S2 subunits that are responsible for the host cell attachment
and entry. The S1 subunit of SARS-CoV-2 S protein directly binds to
the angiotensin-converting enzyme 2 (ACE2) receptor of human
cells, facilitating the viral infection [9-11]. Till now, many studies
have been attempted to discover and develop the molecules that
specifically disrupt the protein-protein interaction between S1
and ACE2 for preventing SARS-CoV-2 infection [12-14].

Recent studies have shown that SARS-CoV-2 S1 protein not only
binds to the ACE2 but also the neuropilin-1 (NRP1) receptor
(Fig. 1A) [8,15]. Interestingly, suppression of NRP1 expression in
ACE2-expressing cells significantly reduced SARS-CoV-2 infection
[16]. Based on X-ray crystal structure, the SARS-CoV-2 S1 protein
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Fig. 1. (A) Cartoon representation of SARS-CoV-2 infection. (B) Superimposed structures of NRP1 b1 domain in complex with CendR heptapeptide (PDB entry 7JJC) [19],
EG00229 (PDB entry 3197) [19], and EG01377 (PDB entry 6FMF) [20]. (C) Chemical structure of all studied ligands.

binds to NRP1 receptor via its Arg-Arg-Ala-Arg C-terminal
sequence (°®2RRAR®®), called “C-end rule (CendR)” motif [16].
Site-directed mutagenesis indicated that C-terminal R685 of S1
protein is crucial for the binding of NRP1 [16]. Moreover, blocking
this interaction using selective inhibitor, EG00229, can inhibit the
viral infection, suggesting that SI-NRP1 interaction serves as a
potential anti-SARS-CoV-2 target. Therefore, in this study, we
aimed to investigate the binding pattern and susceptibility of
SARS-CoV-2 S1 CendR heptapeptide as well as small-molecule
inhibitors (EG00229 and EG01377; Fig. 1C) [17,18] against NRP1
receptor using all-atom molecular dynamics (MD) simulations
and free energy calculations. Moreover, computational protein
design with Rosetta was employed to improve the binding affinity
between the SARS-CoV-2 S1 CendR and the NRP1 b1 domain. We
hope that the information obtained from this study could be useful
for the development of more effective drugs targeting NRP1 in the
fight against COVID-19.

2. Computational methods
2.1. System preparation and molecular dynamics simulations

The crystal structures of human NRP1 b1 domain in complex
with SARS-CoV-2 S1 CendR heptapeptide (PDB ID: 7]JC, chain C)
[16], EG00229 (PDB ID: 3197, chain A) [19], and EG01377 (PDB
ID: 6FMF, chain A) [21] were obtained from the RSCB Protein Data
Bank. The H++ server [22] was used to determine the protonation
state of all amino acid residues at pH 7.4. The electrostatic poten-
tial (ESP) charges of EG00229 and EG01377 were calculated
with the HF/6-31G* level of theory using Gaussian09 program
[23]. The antechamber module of AMBER20 was employed to gener-
ate the restrained ESP (RESP) charges of the two small-molecule
inhibitors. The AMBER ff14SB force field was applied for the
protein, while other parameters were obtained from the generalized
AMBER force field version 2 (GAFF2) [24]. Remaining missing
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Fig. 2. Time evolution of (top) all-atom RMSD and (bottom) #H-bonds of CendR heptapeptide (left), EG00229 (middle), and EG01377 (right) in complex with NRP1.

Table 1

Average AGping and its energy components (kcal/mol) of CendR, EG00229, and
EG01377 in complex with NRP1 calculated with the MM-PBSA method. Data are
shown as mean * standard error of mean.

Energy component CendR EG00229 EG01377

(kcal/mol)

Gas Term

AEqw —23.81 £0.18 —25.60 £ 0.14 -31.29 £ 0.15

AEee —32835+197 -203.22+0.67 —-223.28 £0.70

AEnm —352.16 +2.00 -228.82+0.65 —254.58 +0.70

~TAS 35.91 + 1.07 27.71 £ 0.82 33.51 £ 0.57

Solvation Term

A(;Egll\jr 314.75 £ 1.83 197.10 £ 0.55 213.56 + 0.56

Acggltpolar —5.91 + 0.02 —4.76 + 0.01 —5.72 £ 0.01

AGgony 308.84 £ 1.82 192.34 £ 0.54 207.84 + 0.56

Binding Free Energy

AGping -7.41 +0.34 —8.76 + 0.24 -13.23 £0.28

Kq (uM) 20.3 [41] 5.1 [41] 1.3 [20]
—— CendR —— EG00229 —— EG01377

800

SASA (A?)

200

20 40 60 80

1
100
Time (ns)

Fig. 3. SASA plots along the simulation time of the three studied systems.

parameters were generated by using parmchk2 modules. LEaP
module in AMBER20 was used to add missing hydrogen atoms
and solvate each complex in an isomeric truncated octahedral
box of TIP3P water model [25] with a buffer distance of 13 A. Chlo-
ride ions were added to neutralize the systems. The systems were
then minimized to remove unfavorable interactions. Each proce-
dure composed of steepest descent (SD) 2500 steps followed by
conjugated gradient (CG) 2500 steps, in which the heavy atoms
of proteins were first restrained with the force constant of
5.0 kcal mol~! A2, Then, the protein backbones were restrained
with the force constants of 10, 5, and 1 kcal mol ! A2, respec-
tively. At last, the systems were fully minimized without any
restraint. After that, the systems were simulated under the peri-
odic boundary condition [26-28] with a simulation time step of
0.002 ps using PMEMD module. The SHAKE algorithm [29] was
used to constrain all bonds involving hydrogen atoms. The temper-
atures were controlled using Langevin dynamic technique [30]
with the collision frequency of 1 ps~'. For the heating step, each
system was gradually heated from 0 to 310 K for 200 ps, while
the protein backbones were restrained with the force constant of
10 kcal mol~' A=2 in the NVT ensemble. In the equilibrating step,
the systems were simulated at 310 K for 300 ps in the NVT ensem-
ble. After that, the systems were simulated at 310 K and 1 atm in
the NPT ensemble until reaching 100 ns.

2.2. Analysis

The root-mean-square displacement (RMSD) of complex and
the number of hydrogen bonds (#H-bonds) between protein and
ligand were calculated using cpptraj module [31] of AMBER20.
The H-bond interactions were calculated using the following crite-
ria: (i) distance between the H-bond donor (HD) and H-bond
acceptor (HA) < 3.0 A and (ii) the angle of HD—H---HA > 135°.
The solvent-accessible surface area (SASA) was calculated using
the NRP1 residues within 5 A of small-molecule antagonists as
solvent-exposed area. All energy calculations were performed using
MMPBSA.py module [32] of AMBER20. The total binding free energy

(AGuing) and per-residue decomposition free energy (AGiS4"¢) were
calculated using molecular mechanics-Poisson-Boltzmann surface
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Fig. 4. (A) AG{jf“é‘“e of CendR heptapeptide (left), EG00229 (middle), and EG01377 (right) in complex with NRP1 b1 coagulation factor domain. (B) Representative structures
showing the ligand orientation in NRP1 b1 domain drawn from the last MD snapshot. The contributing residues of NRP1 involved in the binding of all studied ligands are
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VAW (AEyqw + AGIr

solv

area (MM-PBSA) method [33] on 100 frames taken from the pro-
duction phase.

2.3. Peptide design

Rosetta 3.12 [34] was employed with the beta_nov16 energy
function to design new mutants of SARS-CoV-2 S1 CendR peptide.
The FastDesign protocol [35,36] based on the FastRelax was used in
this study. This protocol not only designed target residues but also
attempted to optimize structure by allowing the movement of
sidechains and backbones. The crystal structure of NRP1/SARS-

values, where the highest to lowest free energies are shaded from white to red, respectively. (C) Electrostatic (AEeje + A
, magenta) energy contributions from each residue of NRP1 b1 domain to the binding of CendR (left), EG00229 (middle), and EG01377 (right).

Gpolar
solv

, purple) and

CoV-2 S1 CendR complex was used as a template. To design pep-
tides with improved binding affinity, positions 683 and 684 of
CendR were selected as target residues due to their locations that
were close to the arginine-binding cleft and could form potential
interactions with the NRP1 protein. In each run, the residues
within 5 A of the target residue were allowed to move. The 50 inde-
pendent runs [37] of design were performed on each position. The
50 independent runs without design were also performed and used
as a reference for further analysis. The free energy (AG) in Rosetta
was calculated in Rosetta Energy Units (REU). Each of the designed
peptides with the lowest free energy was selected. The binding free



M. Klaewkla, T. Charoenwongpaiboon and P. Mahalapbutr

Journal of Molecular Liquids 335 (2021) 116537

MO CendR | Econs | EGoisr |

100

H [«2] o
o o o

H-bond occupation (%)
N
o

Y353

~~~~~~~ H-bond
T349 P317
e o4 ’_
B D320 & g-=--f
S346 T316

»»»»»»» H-bond
T349
i Y D320
K351
$346
Y353

Fig. 5. (A) Percentage of H-bond occupation of NRP1 contributing to the binding of (left) CendR heptapeptide, (middle) EG00229, and (right) EG01377. (B) Ligand orientation
in the NRP1 b1 domain showing H-bond formations between protein and ligand(s). Orange dashed line indicates H-bond formation.

energy (AGpind(rosetta)) Of €ach complex was then evaluated using
InterfaceAnalyzer module [38] of Rosetta. Finally, these complexes
with designed peptides of CendR were subjected to MD simulation.

3. Results and discussion
3.1. System stability

The stability of all simulated systems was determined using the
calculations of root-mean-square displacement (RMSD) and the
number of intermolecular H-bonds (#H-bonds) along the simula-
tion time. The obtained results are plotted and summarized in
Fig. 2. We found that the structural flexibility of EGO0229/NRP1
and EG01377/NRP1 complexes (RMSD of ~ 2.0 A) was lower than
that of CendR/NRP1 model (RMSD of ~ 2.0-3.0 A), since the number
of degrees of freedom of CendR heptapeptide is higher than that of
EG00229 and EG01377. In the case of time evolution of #H-bonds,
the CendR system exhibited higher fluctuation than the other two
models, especially during the first 80 ns. Notably, #H-bonds of
EG01377 system (7.32 % 1.35 over the last 20 ns) was higher than
that of the CendR (6.99 * 1.31) and EG00229 (5.40 + 1.14) models,
suggesting that EG01377 exhibited the highest binding affinity
with NRP1 (discussed in more detail later).

3.2. Inhibitory efficiency

The binding free energy (AGping) of all studied ligands toward
NRP1 was estimated using MM-PBSA method. As shown in Table 1,
the molecular mechanics energy (AEyy) in gas phase revealed that
electrostatic interaction (AE.) is the main force inducing protein-
ligand complexation (AE.. of —328.35 + 1.97, —203.22 * 0.67,
and —223.28 + 0.70 kcal/mol for CendR, EG00229, and EG01377,
respectively), which is ~ 7-14-fold stronger than the van der Waals
(vdW) interaction (AE,qw of —23.81 + 0.18, —25.60 * 0.14, and 31.
29 + 0.15 kcal/mol for CendR, EG00229, and EG01377, respec-
tively). This electrostatic-driven complexation is in good agree-
ment with the reported binding of a prototypic CendR peptide,

RPAR to NRP1 b1 domain [39] as well as the electrostatic surface
of compound 3 (Lys(Har)-GlyW|[Trl]GlyW[Trl]Arg) at the NRP1 b1
domain [40]. The electrostatic contribution of CendR system was
higher than that of the two focused small-molecules antagonists,
since the CendR has several polar moieties that can form H-
bonds with NRP1 (discussed in more details later). Even though
the CendR system exhibited the lowest AEy\ value among the
three systems, the high values of entropic term (TAS) and solvation
free energy (AGsory) increased the total AGyng, leading to the low
binding affinity with NRP1 b1 domain compared to the other two
small-molecule inhibitors.

In the case of AGping results, we found that EG01377 displayed
the highest binding affinity with NRP1 (AGpjng of —13.23 £ 0.28 k
cal/mol) followed by EG00229 (—8.76 * 0.24 kcal/mol) and CendR
(=7.41 £ 0.34 kcal/mol), respectively. These results are in line with
(i) the reported experimental data showing that the inhibitory
activity against NRP1 of EG01377 (Ky4 of 1.3 uM [20]) is higher than
that of EG00229 (Kq of 5.1 uM [41]) and CendR (Kg of 20.3 pM [41])
and (ii) the solvation effect around the ligand-binding site (Fig. 3)
demonstrating that the average SASA values of EG01377/NRP1
complex (430.62 = 51.98 A2) were lower than that of the other
two systems (CendR/NRP1 complex (550.76 * 0.53 A2?) and
EG00229/NRP1 complex (566.28 + 0.63 A?)).

3.3. Key binding residues

To investigate hot-spot residues involved in the binding of all

studied ligands to NRP1, the AGS9"® calculation based on MM-
PBSA method was conducted. The total energy contribution from

each residue associated with ligand binding of all studied systems

is shown in Fig. 4, where the negative and positive AGES4" values

are energy stabilization and destabilization, respectively. It should
be noted that only residues exhibiting the energy stabilization
of < —1.5 kcal/mol were taken into account.

The obtained results demonstrated that there were five (E319,
D320, S346, T349, and Y353), six (Y297, W301, D320, S346, T349,
and K351), and seven (Y297, W301, D320, S346, T349, E348, and
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peptide along the simulation time.

Y353) NRP1 residues associated with the binding of CendR,
EG00229, and EG01377, respectively. These key binding residues
are strongly supported by the alanine mutagenesis showing that
Y297A, W301A, D320A, S346A, T349A, K351A, and Y353A result
in a complete loss of biotinylated VEGF-A binding to NRP1 [19].
The highest contributing residues found in the EG01377/NRP1
complex was in good agreement with the AGping results (Table 1)
as mentioned earlier. Among nine hot-spot residues, D320 showed

the lowest AGE44 for all systems (—6.87, —5.24, and —5.17 kcal/
mol for CendR, EG00229, and EG01377, respectively) via electro-
static attraction and H-bond formation with a positively charged
guanidinium group of all studied ligands (Fig. 5), suggesting
D320 as the most important key binding residue. This result is con-
sistent with the mutational analysis mentioned above as well as
the work of J. Daly et al. reported that the binding between the
NRP1 and the alanine-substituted C-terminal R685 of CendR
(R685A), which is the position that interacts with D320 residue
of NRP1, was not observed [41].

In terms of the energy contribution from electrostatic (AEgje +
AGP* purple line) and the vdW (AEqw + AG;‘;’{;""'“, magenta line)

solv
energies from each NRP1 residue (Fig. 4C), we found that the main
energy contribution for stabilizing all studied ligands was the elec-
trostatic energy (up to ~ —8.0 kcal/mol), especially for the D320
(electrostatically interacted with the positively charged guani-
dinium group of ligands) as well as the S346 and T349 (electrostat-
ically interacted with the negatively charged carboxyl group of
ligands), whereas the vdW contribution was observed in the range

of ~ 1.0 to —3.5 kcal/mol as related to the AEyy results (Table 1).

3.4. Protein-ligand hydrogen bonding

Since electrostatic attraction was the main force inducing pro-
tein-ligand complexations (Table 1), we further investigated the
structural insights into the intermolecular H-bond formation
between ligand(s) and NRP1 during the last 20 ns of simulation
using the defining criteria described in material and method
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section. The percentage of H-bond occupation (%H-bond) is plotted
in Fig. 5A, whereas the ligand orientation showing H-bond forma-
tions is illustrated in Fig. 5B. Note that only NRP1 residues that
exhibited %H-bond of > 10% were taken into account.

As expected, all studied ligands formed H-bonds with several
polar and charged residues in the NRP1 b1 coagulation factor
domain. There were eight (Y297, T316, P317, E319, D320, S346,
T349, and Y353), seven (T316, P317, D320, S346, T349, K351, and

Y353), and eight (N300, W301, T316, D320, S346, E348, T349,
and Y353) residues responsible for H-bond formations in CendR,
EG00229, and EG01377 systems, respectively. The (i) T316, P317,
and D320 and (ii) S346, T349, and Y353 residues were found to
respectively form H-bonds with the positively charged guani-
dinium group and the negatively charged carboxyl moiety of all
studied ligands, consistent with the crystalized form of NRP1 in
complex with CendR heptapeptide [16], EG00229 [19], EG01377
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[20], and tuftsin [42]. It should be noted that the number of strong
H-bonds (>70% occupancy) of CendR (3 residues: S346, T349, and
Y353) was higher than that of EG01377 (2 residues: S346 and
Y353) and EG00229 (0 residue) models, respectively, in line with
the AEe results (Table 1).

3.5. Key binding residues in SARS-CoV-2 S1 CendR peptide

To evaluate the hot-spot residues of CendR peptide upon the

binding of NRP1, the AGEi9" and RMSD calculations were con-
ducted. As shown in Fig. 6, the positively charged R685 residue

of CendR showed the lowest AGLSUe (544 kcal/mol) and the
highest stability (RMSD of 1.98 + 0.41 A averaged over 100 ns).
The guanidinium group of R685 electrostatically interacted with
the negatively charged D320 (Fig. 6B) and formed H-bonds with
T316, P317, and D320 residues, while its C-terminal carboxyl group
formed H-bonds with S346, T349, and Y353 of NRP1 (Fig. 6C). The

R682, R683, and A684 residues of CendR exhibited the AGIEi"® of ~
—1.0 to —4.0 kcal/mol and the moderate stability (RMSD of 5.38 +
1.97 A, 5.05 + 1.55 A, and 2.57 + 0.85 A for R682, R683, and A684,
respectively), whereas the other residues, including N679, S680,
and P681 (located far away from the arginine-binding cleft of

NRP1) showed the highest AGE" (~ 0 kcal/mol) and the lowest
stability (RMSD of 10.52 * 4.54, 7.65 * 3.32, and 5.91 # 2.3 A for
N679, S680, and P681, respectively). Altogether, the R685 residue
of SARS-CoV-2 S1 CendR peptide is suggested as the most impor-
tant hot-spot residue against NRP1.

3.6. Computational design of NRP1 peptide binders

To enhance the binding affinity between the SARS-CoV-2 S1
CendR and the NRP1 b1 domain, computational protein design
with Rosetta was employed. The R683 and A684 residues of CendR
were selected as target positions, since they located near the
arginine-binding pocket of NRP1 and exhibited the moderate sta-
bility and binding efficiency against NRP1. The R685 was not
selected for peptide design because (i) it showed strong binding
affinity with NRP1 and (ii) its guanidinium group was a key func-
tional group for the binding of NRP1 via electrostatic attraction
(Figs. 4-6). Rosetta provided six designed peptides, including
R683D, R683G, AG84E, A684K, A684L, and A684M. Interestingly,
the AGyind (rosetta) Of all designed peptides was lower than that of
the wild-type CendR (AAGpind (rosetta) Of < 0) (Fig. 7A). To validate
this, MD simulations and free energy calculations based on MM-
PBSA method were then performed. The obtained results (Fig. 7-
B-C) revealed that all six designed peptides showed higher binding
efficiency than the wild-type CendR. Among them, R683G (AGping
of —11.94 £ 0.26 kcal/mol) and A684M (AGping of —11.78 + 0.29 k
cal/mol) were the two most promising NRP1 inhibitors, since their
predicted binding efficiency is better than the other designed pep-
tides as well as the small-molecule antagonist EG00229.
Replacement of arginine by glycine (R683G) may reduce the steric
effect on the peptide structure, allowing its N-terminal residues
(57°NSPR®82) to interact with NRP1 (Fig. 7D-E), while replacement
of alanine by methionine (A684M) increased the hydrophobic
interaction between peptide and NRP1. Notably, both designed
peptides also formed more H-bonds with NPR1 residues 680-682
compared to the parent CendR heptapeptide (Fig. 7F). Altogether,
these designed peptides are suggested as promising inhibitors of
SARS-CoV-2 S1 CendR motif interaction with NRP1

4. Conclusion

In this work, the binding mechanism and susceptibility of the
SARS-CoV-2 S1 CendR peptide as well as the small-molecule antag-
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onists EG00229 and EG01377 in complex with the NRP1 b1 domain
were fully revealed by all-atom MD simulations and free energy
calculations based on MM-PBSA method. From AGy;ng calculation,
the susceptibility against the NRP1 of all studied ligands was
ranked in the order of EG01377 > EG00229 > CendR, in line with
the reported experimental data. The molecular complexation of
all studied systems was driven mainly by electrostatic attraction
rather than vdW interaction. Among nine hot-spot residues,

D320 showed the lowest AGE" via electrostatic attraction and
H-bond formation with the positively charged guanidinium group
of all studied ligands. According to computational protein
design with Rosetta, all six designed CendR peptides (R683D,
R683G, A684E, A684K, A684L, and A684M) exhibited higher bind-
ing efficiency with NRP1 than the wild-type CendR heptapeptide,
and, among them, R683G and A684M are suggested as promising
peptide inhibitors of SARS-CoV-2 S1 CendR motif interaction with
NRP1. Altogether, the obtained structural and energetic informa-
tion at the atomic level from this work could be helpful for further
design and development of more specific NRP1 inhibitors in the
fight against COVID-19.
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