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Corilagin and 1,3,6-Tri-O-galloyl-3-D-glucose: Potential
inhibitors of SARS-CoV-2 Variants'

Vincent Binette,® Sébastien C6té,“” Mohamed Haddad,© Phuong Trang Nguyen,? Sébastien
Bélanger,® Steve Bourgault,? Charles Ramassamy, Roger Gaudreault,%} and Normand
Mousseau®t

The COVID-19 disease caused by the virus SARS-CoV-2, first detected in December 2019, is still
emerging through virus mutations. Although almost under control in some countries due to effective
vaccines that are mitigating the worldwide pandemic, the urgency to develop additional vaccines and
therapeutic treatments is imperative. In this work, the natural polyphenols corilagin and 1,3,6-tri-O-
galloy-B-D-glucose (TGG) are investigated to determine the structural basis of inhibitor interactions
as potential candidates to inhibit SARS-CoV-2 viral entry into target cells. First, the therapeutic
potential of the ligands are assessed on the ACE2/wild-type RBD. We first use molecular docking
followed by molecular dynamics, to take into account the conformational flexibility that plays a
significant role in ligand binding and that cannot be captured using only docking, and then analyze
more precisely the affinity of these ligands using MMPBSA binding free energy. We show that both
ligands bind to the ACE2/wild-type RBD interface with good affinities which might prevent the
ACE2/RBD association. Second, we confirm the potency of these ligands to block the ACE2/RBD
association using a combination of surface plasmon resonance and biochemical inhibition assays.
These experiments confirm that TGG and, to a lesser extent, corilagin, inhibit the binding of RBD
to ACE2. Both experiments and simulations show that the ligands interact preferentially with RBD,
while weak binding is observed with ACE2, hence, avoiding potential physiological side-effects induced
by the inhibition of ACE2. In addition to the wild-type RBD, we also study numerically three RBD
mutations (E484K, N501Y and E484K/N501Y) found in the main SARS-CoV-2 variants of concerns.
We find that corilagin could be as effective for RBD/E484K but less effective for the RBD/N501Y and
RBD/E484K-N501Y mutants, while TGG strongly binds at relevant locations to all three mutants,
demonstrating the significant interest of these molecules as potential inhibitors for variants of SARS-
CoV-2.

lion reported cases and 3.1 million deaths as of April 2021, This

The COVID-19 disease, first detected in late December 2019 in
Wuhan China, has quickly spread worldwide leading to 145 mil-
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disease is caused by the virus SARS-CoV-2 of the coronavirus fam-
ily, which is characterized by a lipid envelope sealing a genome
made of a single positive RNA strand. To replicate its genome,
SARS-CoV-2 has to penetrate and hijack the translation center of
a host cell.

To do so, SARS-CoV-2 uses its Spike protein to bind to the
angiotensin-converting enzyme 2 (ACE2)23 4 receptor found at
the cell surface in a wide variety of human organs, such as the
heart, the liver, the kidneys and alveoli® and that plays a deci-
sive regulating function in the renin-angiotensin system (RAS)™>.
More specifically, the crystal structure of the Spike protein and
ACE2 interface® shows that the interactions with ACE2 are medi-
ated by the receptor binding motif (RBM) of the receptor binding
domain (RBD) of the Spike protein.
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The SARS-CoV-2 virus is constantly changing due to evolution-
ary pressure and mutations in its crucial Spike-protein were ob-
served all over the world. The B.1.1.7 variant, initially observed
in the United Kingdom, includes a mutation at position 501 of the
RBD where the asparagine is replaced by a tyrosine (N501Y)Z.
The B.1.351 variant, identified first in South Africa, counts multi-
ple mutations on the RBD including K417N, E484K and N501Y%.
The B.1.1.28 variant, originating in Brazil, and its descendent, the
P.1 mutant, contains multiple mutations on the RBD, including
K417T, E484K and N501Y2. Among these mutations, the E484K
and N501Y mutations, present in the above variants, could be
critical as they are located on the RBD of the Spike protein and
they have been shown experimentally to confer enhanced affinity
for ACE219,

Many strategies to prevent virus-induced infection aim at us-
ing small molecules to mitigate one (or many) of the steps of the
SARS-CoV-2 mechanism of action!. On the Spike protein, two
main regions could potentially be targeted; (1) The RBM of the
RBD that directly interacts with ACE2© and, although not located
directly at the interface, (2) the furin cleavage sites of the Spike
protein have been shown to significantly affect the binding affin-
ity between the Spike protein and ACE2212113 1 this work, we
only focused our attention on the former.

One of the promising approaches considered for reducing the
transmission of SARS-CoV-2 is the use of polyphenols because
they are natural compounds found in plants and their thera-
peutic potential is already well documented for different dis-
eases, e.g., neurodegenerativel#10 cardiovascularl?, antihyper-
tensive'l®, cancers1Z12 HIv2021l and antiviral?243 including an-
tiviral drug candidates for SARS-CoV-1 and COVID-192425 Since
the beginning of the actual pandemic, the potential of polyphe-
nols against SARS-CoV-2 has been widely investigated2%/2Z, For
instance, molecular docking of amentoflavone, a natural com-
pound found in Ginkgo Biloba, on SARS-CoV-2 Spike protein
showed a high binding affinity?8. Other results from molecular
docking and MD simulation on SARS-CoV-2 Spike protein iden-
tified fisetin, kaempferol and quercetin, all natural compounds
found in many fruits and vegetables, as having a high binding
affinity and a network of interactions that could disrupt the inter-
action with ACE2/22,

Here, we focus on two naturally occurring polyphenols that
are promising therapeutic compounds against SARS-CoV-2; cori-
lagin (Cp7H,0,3) and TGG (Cp7H4013). Both molecules share
a very similar structures; corilagin phenolic rings (R3-R6) are
joined compared to TGG, making the former rigid and the lat-
ter flexible®%3l, Both molecules have very low toxicity even at
high dosages®2 as well as promising therapeutic properties=2. For
example, corilagin was described as having anti-hypertensive4,
anti-inflammatory and antioxidant®> properties. On the other
hand, the less studied TGG is closely related to the tetra-TGG
molecule, a promising therapeutic compound against SARS-CoV-
124

In this work, we probe in more details the crucial interactions
between corilagin/TGG and the Spike protein/ACE2 interface.
First, we use MD simulations on the ligand-protein complexes to
take into account the conformational flexibility that plays a sig-

2| Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D1CP01790J

nificant role in ligand binding and that cannot be captured using
only docking20837, Second, we analyze more precisely the affin-
ity of these ligands using MMPBSA binding free energy®. These
numerical predictions and methodology are validated using ex-
perimental tools; Surface Plasmon Resonance (SPR) as well as
Binding Inhibitor Assay (ELISA). Finally, we assess numerically
the impact of emerging SARS-CoV-2 mutations (E484K, N501Y
and E484K/N501Y) of the variants of concerns on the binding
affinity of corilagin and TGG to RBD.

2 Materials and Methods

We investigate the mechanisms and binding affinity of corilagin
and TGG with ACE2 and RBD using a combination of simulations
(molecular docking, molecular dynamics and MMPBSA free en-
ergy calculations) and experiments (surface plasmon resonance
and binding inhibitor assay).

2.1 MD simulations

As a first step, we perform 500-ns MD simulation on the
ACE2/RBD complex as well as on ACE2 and RBD alone to evalu-
ate their stability and fluctuations. Each system was prepared as
follow: (1) the system undergoes an energy minimization step in
vacuum using sequentially the steepest descent (SD) and conju-
gate gradient (CG) algorithms; (2) it is then solvated with explicit
water molecules (TIP3P) inserted to fill the dodecahedron box;
(3) and ions are added until neutrality; (4) the solvent configura-
tional energy is minimized using sequentially the SD and CG al-
gorithms with all non-hydrogen atoms of the protein kept in place
using harmonic restraints; (5) the whole system is equilibrated in
the NVT ensemble at 300 K over 10 ns, while maintaining har-
monic restraints on non-hydrogen atoms; (6) this is followed by
a 10-ns NPT equilibration also with harmonic constraints on non-
hydrogen atoms; and (7) a full molecular dynamics (MD) simu-
lation in the NPT ensemble, without any restraint.

All simulations are run with GROMACS v2019.322, The all-
atom AMBER14sb forcefield? is used for the parameters of the
protein. The temperature is kept at 300 K using the Nosé-Hoover
thermostat*¥42 with a coupling constant of 0.1 ps. This tempera-
ture is the same as the one used for AMBER14sb’s parametrization
and testing, and it is in line with the temperature in the experi-
ments of our study. Counter ions (Na™ and Cl~) were added
to obtain neutrality. The pressure is fixed at 1 atm using the
Parrinello-Rahman barostat®2 with a coupling constant of 2 ps.
We apply a cutoff of 1 nm for both the van der Waals and elec-
trostatic interactions. Long-range electrostatic interactions are
computed using Particle Mesh-Ewald“4#42 Bond lengths are con-
strained using LINCS4% and water geometry are constrained us-
ing SETTLE4Z,

The ACE2/RBD complex, ACE2 and RBD simulations are an-
alyzed on the 250 to 500 ns interval (see next section). The
ACE2/RBD complex simulation is used to quantify the contacts,
H-bonds and salt-bridges between ACE2 and RBD in order to
characterize the ability of the ligands to block those interactions.
The ACE2 and RBD simulations are used to determine an ensem-
ble of configurations representative of their flexibility in order to
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take it into account while performing the docking of the ligands.
Their main configurations are identified using Daura’s clustering
algorithm® with a cutoff of 0.15 nm on the backbone atoms.
Clusters containing at least 5% of the total population, four clus-
ters for the RBD and three clusters for ACE2, are considered for
docking (more details in section .

We also perform 100-ns MD simulations for three RBD mutants
(E484K, N501Y and E484K with N501Y) using the protocol de-
scribed above. These simulations were started from the center of
the biggest cluster of the RBD simulation. The three RBD mutants
(E484K, N501Y and E484K with N501Y) are generated using Py-
MOL#,

Identification of the interactions between ACE2 and RBD in
the complex

The interactions between ACE2 and RBD in terms of contacts, H-
bonds and salt-bridges are determined from a 500-ns MD simula-
tion on the ACE2/RBD complex, starting from the experimental
structure determined using X-rays crystallography (PDB:6M0J)©
(SFig. ). The interface of the ACE2/RBD complex remains
globally similar to the crystal structure, particularly on the 250-
500 ns convergence interval, as shown by the backbone-RMSD
of the interface (0.22+0.02 nm) and the probability of the sec-
ondary structure motifs for both ACE2 and RBD (SFig. —C).
In terms of secondary structure, the propensity of a-helices, 8-
sheets, turns and coils for ACE2 and RBD are essentially the same
as in the crystal structure, except for a drop from 11% in the crys-
tal to 3+ 2% in the RBD «-helix propensity over the simulation.

During the simulation, most ACE2-RBD contacts are between
the A1A2 segment (residues 19-83, helix-helix) or the HS seg-
ment (residues 322-362, helix-sheet-sheet) of ACE2 and the RBM
segment (residues 438-506, mainly disordered with a small helix
and small sheets) of RBD, as shown in SFig.[S2]A. Overall, most of
these ACE2-RBD contacts are present in the crystal structure: ex-
perimental contacts are observed 72 + 6% of the time during the
simulation, with this percentage significantly rising up to 89 +4%
when using a slightly less stringent distance threshold of 0.6 nm
for the contact definition during the simulation (instead of 0.4 nm
as in the experiment). More precisely for RBD, there are only four
residues that interact with ACE2 in the crystal structure, but that
interact with ACE2 less than 60% of the time during the simula-
tion: Lys-417, Gly-446, Gly-447 and Glu-484. On the other hand,
three more residues of RBD interact with ACE2 during the simu-
lation: Phe-490, Pro-491 and Leu-492. In terms of H-bonds be-
tween ACE2 and RBD, all those observed in the crystal structure
(Asp-30, GIn-42, Tyr-83 and Lys-353 on ACE2’s side and Gly-446,
Asn-487 and Gly-502 on RBD’s side) are also present to varying
degrees during the simulation (SFig.[S2B). Moreover, other rele-
vant H-bonds are observed during the simulation because it takes
into account the flexibility of the complex coming from it being
in a solvated environment at 300 K and 1 atm. In terms of salt-
bridges, the crystal D30-K417 salt-bridge is the most populated
in our simulation and two new salt-bridges (E223-K458 and E37-
R403) are also observed (SFig.[S2(C).

A more detailed comparison of the H-bonds present in the
crystal structure is also presented in Table After addition
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of the hydrogen atoms in the crystal structure and minimiza-
tion, we found that five out of the thirteen H-bonds identified
in Table 1 of Lan et al® satisfy our distance and angle crite-
ria for H-bonds identification: Lys-417(RBD)/Asp30(ACE2), Asn-
487(RBD)/GIn-24(ACE2), Asn-487(RBD)/Tyr-83(ACE2), Tyr-
489(RBD)/Tyr-83(ACE2) and Tyr-505(RBD)/Glu-37(ACE2). In
our MD simulation, most of these H-bonds are unstable and only
Lys-417(RBD)/Asp-30(ACE2) and TYR505(RBD)-GLU37(ACE2)
are formed with over 25% occurrence rate. In addition to
these H-bonds, the minimization of the crystal structure leads
to the formation of 10 new H-bonds. In our MD simu-
lation, only Tyr-449(RBD)/Asp-38(ACE2), GIn-493(RBD)/GLU-
35(ACE2) and GIn-493(RBD)/Lys-31(ACE2) are stable with an
occurrence rate of 40.64%, 36.95% and 34.82% respectively (Ta-

ble[ST).

Assessing the structural flexibility of the starting ACE2 and
RBD structures

The representative configurations of ACE2 in solution are identi-
fied from the 500-ns MD simulation on ACE2 alone, starting from
its structure in the crystal complex (PDB:6M0J) (SFig. ). We
establish that the simulation is converged after the first 250 ns by
looking at the backbone RMSD and the secondary structure as a
function of time (SFig. —C). ACE2 keeps a structure similar to
when it is in the complex as shown by the backbone RMSD on
the whole (0.29 +0.02 nm) and on the segments A1A2 and HS at
the interface with RBD (0.26 +0.02 nm). In terms of per residue
secondary structure, slightly longer a-helices are observed in the
A1A2 segment during the simulation, while slightly longer S-
sheets are observed in the HS segment compared to the crystal
structure in complex form (SFig. ).

Similarly, the representative configurations of RBD in solution
are identified from the 500-ns MD simulation on RBD alone,
starting from its structure in the crystal complex (PDB:6M0J)®
(SFig. ), with convergence also achieved after 250 ns
(SFig. —C). While RBD deviates more from the complex struc-
ture than ACE2, it stays relatively near from it as shown by
the backbone RMSD: 0.37 +£0.03 nm on the whole RBD and
0.40 +0.05 nm on the RBM segment at the interface with ACE2.
In terms of per residue secondary structure, the helix and sheets
fluctuate with other motifs, while some sheets are slightly longer
during the simulation (SFig. [S4D). In particular, residues 443-
447, 474-489 and 500-505 of the RBM, which are interacting with
ACE2 in the complex, show the highest degree of fluctuations.

2.2 Molecular docking

The docking of corilagin and TGG are performed using AutoDock
VINA v1.1.25%  The protein flexibility is taken into account by
performing the docking on the center of all clusters representing
at least 5% of the sampled population. The ligand flexibility is
considered by VINA's methodology. VINA's estimation of the "cor-
rectness" of the poses is done based on a simplified physics-based
potential with empirically determined weights®Y. Every atomic
pair is affected by a steric term, and, depending on the pair type,
a hydrophobic term and a hydrogen bond term®%., However, it
is important to note that docking and scoring techniques are of-
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ten simplified for efficiency and the predicted binding affinities
only weakly correlates with experimental predictions®l. The re-
gion of interest during the docking involves residues found at
the ACE2/RBD interface in the complex. On ACE2, the region
of interest involves two long a-helices between residues 19 and
83 (referred to as A1A2) and small a-helix followed by a small
B-sheet between residues 322 and 362 (referred to as HS). The
docking is targeted on these regions using a box with x, y, z di-
mensions of 22.640, 52.072 and 14.633 A respectively. On the
RBD, the region of interest is composed of residues 438 to 506
(referred to as the RBM) and docking is focused on this region us-
ing a 27.625 x 43.358 x 26.026 A box. Both molecular systems
can be visualized in Figure VINAs exhaustiveness parameter
is set to 100. The conversion between PDB and PDBQT format is
done using Open Babel v3.1.022,

2.3 Protein-ligand simulations

We use the best prediction (highest binding affinity) generated
by AutoDock VINA as the starting point for additional MD sim-
ulations for each combination of the five proteins — ACE2, RBD,
RBD(E484K), RBD(N501Y) and RBD(E484K-N501Y) — and two
ligands — corilagin and TGG. The same simulation protocol de-
scribed in section [2.1] is used to launch a 100-ns simulation for
each of the 10 systems.

The ligand parameters were determined using the general-
ized AMBER forcefield (GAFF)=23 with their partial charges deter-
mined using the RESP protocol®#>% with ANTECHAMBER?>3120,
The electrostatic potential of each ligand has been computed us-
ing HF6-31G*//HF6-31G* with Gaussian16=Z. The initial con-
formations of corilagin and TGG used for those computations
were taken from previously published work®? where they were
determined using PM3 semi-empirical Molecular Orbital Theory.
The initial structures of the ligands are shown in Figure All
files are converted GROMACS compatible format with the help of
ACPYPE®S,

2.4 Analysis

The analysis of the MD simulations is done using a combination
of GROMAGCS tools=2 and in-house scripts. Secondary structures
(SS) are determined using DSSP22. Hydrogen bonds (H-bonds)
are defined using a 0.35 nm donor-acceptor cutoff and a 30°
hydrogen-donor-acceptor angle cutoff. Contacts are defined with
a 0.40 nm cutoff, the same cutoff used in the analysis of the ex-
perimental structure®. Salt-bridges are defined using a 0.40 nm
distance cutoff between the oppositely charged groups . Molec-
ular visualization is done using PyMOL“? and ligand/protein in-
teraction visualization using LigPlot+©102. Daura’s algorithm is
used for clusterization®,

2.5 Binding free-energy

The MMPBSA method®® is used to estimate the protein/ligand
binding free-energy (AGy,;,q), defined by

AGping = (Gr —Gr—GL)ps.
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where Ggr, Gg and Gy, are the free-energy of the receptor/ligand
complex, of the receptor alone and of the ligand alone, respec-
tively. We use a single trajectory MMPBSA computation: the con-
formation of the complex (RL), receptor (R) and ligand (L) are
all taken from a unique MD trajectory. The bracket pair () repre-
sent an ensemble average over all receptor/ligand conformations.
More specifically, the free-energy G is estimated according to

AG =U + Gyolvation — T'S,

where U is the internal energy, computed using the AMBER14sb
forcefield field, Gyjyarion is the solvation free-energy and is usually
decomposed into a polar part, computed by solving the Poisson-
Boltzmann equation and a non-polar part that depends on the sol-
vent accessible surface area (SASA), T is the temperature and S is
the entropy®3. The MMPBSA method offers a relatively quick and
easy way to estimate the binding free-energy. It does, however,
makes a few crude approximation: the solvation is considered im-
plicitly and thus possibly neglects crucial water molecules at the
binding site. Moreover, the entropic part of the equation is often
neglected (as in this study)©34, In spite of these limitations, the
MMPBSA method has proven to be useful for refining the results
of docking predictions®2.

MMPBSA computations are done with g mmpbsa utility®>,
which uses APBS® for computing the polar part of the solvation
free-energy. The dielectric constants of the solute and solvent
are set to 2 and 80 respectively. The surface tension (7) is set to
0.0226778 kJ/(mol A2?) and the temperature at 300 K. The results
are computed from the convergence interval of the ligand-protein
MD simulations using 40 ps snapshots. A 500-steps bootstrap
analysis is used to compute the average and standard deviation
of the free energy.

2.6 Products

Corilagin (B-1-0O-Galloyl-3,6-(R)-hexahydroxydiphenoyl-D-
Glucose), with molecular formula C,7H»;O3 and molecular
weight of 634.45 g mol~!, was obtained from Cayman Chemical
(USA). The powder material, C.A.S. 23094-69-1, is natural in
origin, with purity >98%. TGG (1,3,6-tri-O-galloy-3-D-glucose)
with molecular formula C,;H40;3 and molecular weight of
636.46 g mol~!, was obtained from MuseChem (USA). The
powder material, C.A.S. 18483-17-5, is natural in origin, with
purity 98.23%. Host Cell Receptor Binding Domain (RBD)
(RayBiotech, cat number: 230-30162) was expressed at Arg319-
Phe541 region in human embryonic kidney (HEK293) cells
with a His-tag at C-terminal. The protein was supplied as a
0.2 um filtered solution in PBS (pH 7.4) with purity > 95%.
Recombinant Human ACE2 Protein was purchased from Bioss
Inc. (Cat number: BS-46110P). Recombinant Human ACE2
Biotinylated Protein was purchased from (R&D Systems).

2.7 Surface Plasmon Resonance (SPR)

SPR analyses are performed using a Biacore T200 instrument (GE
Healthcare). S1-RBD and ACE2 recombinant proteins are respec-
tively immobilized on a carboxymethylated dextran CM5 sensor
chip (GE Healthcare) using an amine-coupling strategy. Briefly,
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the sensor chip surface is activated with a 1:1 mixture of N-
hydroxysuccinimide (NHS) and 3-(N,N-dimethylamino)-propyl-
N-ethylcarbondiimide (EDC). Recombinant protein solutions (20
ng/ml) are injected at a flow rate of 10 pul/min using HBS-N run-
ning buffer (10 mM HEPES, 150 mM NaCl, pH 7.4) to reach a
level of immobilization of 200 RU. Surfaces (protein and refer-
ence) are blocked by the injection of an ethanolamine-HCI solu-
tion. Binding kinetics of TGG and corilagin over the immobilized
recombinant proteins sensor chip are evaluated in HBS-N buffer
with increasing polyphenol concentrations (1 to 100 nM) at a
flow rate of 20 pl/min. Association time is set at 180 sec and
dissociation time is extended up to 1,200 seconds. The sensor
chip surface is regenerated by injecting 15 ul of a 10 mM glycine
solution, pH 3. For ACE2/RBD interactions, the binding partner
is injected over the counterpart-functionalized surface with con-
centrations from 1 to 100 nM and surface is regenerated with 15
ul of a 50 mM NaOH solution. For inhibition assay, 50 nM RBD
recombinant protein is pre-incubated for 30 min at room tem-
perature (RT) with increasing polyphenol concentrations and the
mixtures are subsequently injected over an ACE2 functionalized
CMS5 surface. Binding sensograms are obtained by subtracting the
reference flow cell (without protein). Experiments are performed
at least in duplicate and data analysis is performed using the BIA
evaluation software package (GE Healthcare) and fit to a one-site
(1:1 molecular ratio) Langmuir binding model.

2.8 SARS CoV-2 RBD Spike Protein and Human ACE2 Bind-
ing Inhibitor Assay

The capacity of TGG and corilagin to inhibit the binding between
the RBD Spike protein and the human ACE2 was assessed at dif-
ferent concentrations from 0.1 to 10 uM, by ELISA. For this, ELISA
plates were coated with 0.5 pg/ml of RBD Spike protein and kept
overnight at 4°C. Plates were then rinsed three times with the
washing buffer (0.05% Tween 20 in phosphate buffered saline
(PBS)) and then blocked with the blocking buffer (1% bovine
serum albumin (BSA) in PBS) by incubating for 1 hour at 37°C.
After three washing, one hundred microliters of biotinylated hu-
man ACE2 protein, diluted at 0.5 ug/ml in the blocking buffer,
were added to each well and incubated at 37°C for 1 h. Af-
ter washing with the same washing buffer, diluted peroxidase-
conjugated streptavidin was added to each well and incubated
at 37°C for 30 min. Following three washes, chromogenic sub-
strate solution was added to each well and incubated at 37°C for
30 min followed by 50 uL of the stop solution (2N H,SO,4). The
absorbance was then read at 450 nm. To note, a concentration
response curve for the human ACE2 protein (0.015 to 2 pug/ml)
was established to confirm a concentration-dependent increase of
the absorbance at 450 nm (Figure ). For the competition as-
say, different concentrations of TGG and corilagin were incubated
with immobilized RBD Spike protein for 1 hour at 37°C before the
addition of the human ACE2 protein.

2.9 TGG, corilagin and human ACE2 binding assay

To study the possible binding of TGG or corilagin and their mix-
ture to the human ACE2, the ELISA ACE2 detection kit (R&D Sys-
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tems) was used with some modifications. Plates were coated with
0.5 pug/ml of human ACE2 antibody which can bind to the extra-
cellular region of the ACE2 protein (AA 18-740) at room temper-
ature during overnight. After washing, wells were blocked with
the blocking buffer. For the competition assay, biotinylated hu-
man ACE2 was mixed with various amounts of TGG or corilagin
or their mixture for 1 hour at 37°C. After incubation, the mix-
ture of human ACE2 and polyphenols was added to the coated
wells and incubated for 1 hour at 37°C. After washing, diluted
peroxidase-conjugated streptavidin was added to each well and
incubated at 37°C for 30 min. Chromogenic substrate was added
to each well after washing and incubated at 37°C for 30 min. The
absorbance was then read at 450 nm in a fluorescent microplate
reader. To note, a concentration response curve for the human
ACE2 protein (0.015 to 2 ug/ml) was established to confirm a
concentration-dependent increase in absorbance at 450 nm (Fig-

ure [S7B).

2.10 Statistical analysis for binding assays

Data were analyzed using the GraphPad Prism program. For the
inhibitory effects of TGG, corilagin and their mixture on the SARS
CoV-2 Spike protein RBD and human ACE2 interactions, statisti-
cal analyses were performed using One-way ANOVA analysis fol-
lowed by the Dunnett’s t-test. A p value less than 0.05 was con-
sidered statistically significant.

3 Results

3.1 The impact of Corilagin and TGG on the ACE/RBD Wild-
Type interactions

3.1.1 Molecular Docking

In order to probe the possible interaction sites between the lig-
ands (corilagin/TGG) and ACE2/wild-type RBD (WT-RBD), we
first carry out molecular docking using AutoDock VINAROCL To
consider the protein flexibility, we use representative structures
extracted from the MD simulations run independently on ACE2
and RBD as described in Sect. The docking simulations re-
sult in a wide variety of predicted conformations characterized by
varying binding affinities and positions at the interface. Confor-
mations sampled on RBD (WT and mutants) are shown as two-
dimensional occurrence map as a function of VINAs binding en-
ergy and fraction of contacts with interface residues on Figure
for corilagin and Figure |S9|for TGG.

Docking on the RBD-WT for corilagin leads to docked positions
with VINA docking energy ranging from —5.8 to —8.1 kcal/mol
and a fraction of contacts with interface residues going from 0.20
to 0.45. For the RBD-WT and TGG, the VINA docking energy
spectrum is narrow and lower, from —7.0 to —8.8 kcal/mol, with
a broader fraction of contacts from 0.20 to 0.55 among the identi-
fied docked conformations. Interestingly, many docked TGG con-
formations are characterized by a low binding energy and a high
fraction of contacts with interface residues.

3.1.2 Molecular Dynamics

Molecular docking by itself takes into account only limited pro-
tein and ligand conformational dynamics. Yet, molecular flexibil-
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ity is critical for a reliable and predictable characterization037,

Thus, we perform a 100-ns MD simulation on the best predicted
ACE2/RBD-WT with corilagin/TGG complexes given by Autodock
VINA in order to allow for local rearrangements both on the pro-
tein and ligand sides.

ACE2. ACE2’s structure at the interface remains very stable
when in contact with either corilagin or TGG (Figure [SI0). After
docking, the A1A2 and HS backbone RMSD against the experi-
mental structure is 0.25+0.01 and 0.25+0.01 nm for corilagin
and TGG respectively as compared to 0.26 +0.02 nm without lig-
and. Moreover, both the A1A2 and HS secondary structures re-
main unaffected by the presence of ligand: the a-helix content
is 53 +3% (corilagin) and 53 + 1% (TGG) in the presence of the
ligands as compared to 55 4 1% without the ligands, and the f3-
sheet content remains at 15+ 2% (corilagin) and 15+2% (TGG),
while it is 16 & 1% without ligand. The initial docked positions of
the corilagin, located in between the HS segment and the middle
of the Al helix, and TGG, located on the flexible loops of the HS
segments, are also very stable and show little deformation during
the MD.

RBD. The structure of the WT RBM segment is also only weakly
affected by the ligands (Figures [I] and [2). Indeed, the aver-
age backbone RMSD measured with respect to the experimental
structure computed is 0.37 +0.02 nm, 0.44 £+ 0.05 nm for corila-
gin and TGG respectively as compared to 0.40 +0.05 nm for the
system without the ligands. The secondary structure is largely
unaffected by the presence of the ligand. With a bound ligand,
its a-helix content is 5 +2% (corilagin) and 4 +3% (TGG), com-
pared to 6 + 3% without it; the $-sheet content is 22 4+ 6% with
corilagin, and 16 +4% with TGG, as compared to 16+4% without
any ligand. The solvent accessible surface area of the WT RBM
is of 49 + 2 nm?. This relative stability on the protein side is re-
flected on the binding conformations of corilagin and TGG found
with VINA, that both remain very stable over the MD simulation

(Figures[I]and [2).
3.1.3 Interactions and Binding Energies

Molecular docking predictions use a simplified binding affinity
score. In order to refine the estimation of the binding energies, we
turn to the MMPBSA technique. We also characterize the inter-
actions network between the proteins (ACE2/RBD-WT) and the
ligands (Corilagin/TGG) and their evolution over the MD simula-
tions.

ACE2. The binding affinities of both ligands with ACE2 during
the MD simulations are compared using the VINA score as well as
the MMPBSA free energy as explained in Section[2] (Table[2). The
average binding affinity of corilagin/ACE2 is —6.1 £+ 0.5 kcal/mol
(VINA score) and —0.1 £0.2 kcal/mol (MMPBSA). In spite of
this negligible binding affinity, corilagin remains associated with
ACE2 during the entire MD simulation, demonstrating at least the
presence of a metastable state, once binding occurs. The binding
affinity of TGG/ACE2 is more favorable with —6.0 + 0.4 kcal/mol
(VINA) and —14.4£0.2 kcal/mol (MMPBSA). The LigPlot interac-
tion maps between corilagin/TGG and ACE2 for the center of the
biggest cluster (total population of 84% for corilagin and 98%
for TGG) are shown on Figure Corilagin is stabilized by

6
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Corilagin

Fig. 1 The docked position of corilagin on RBD and the three mu-
tants. The RBM segment and the rest of the RBD are shown respectively
in red and teal. Residues 484 and 501, both the location of tested muta-
tion, are shown in pink and purple respectively. The ligand in black and
gold is respectively the conformation after docking and the center of the
biggest cluster sampled during the converged part of the MD simulation
respectively.

nine H-bonds with multiple residues of the A1A2 segment (Asp30
twice, His34 and Glu37 twice) as well as with residues Arg393
(twice), GIn388 and Phe390. Four nonpolar contacts are formed
with residues of the A1A2 segment (Asn33), the HS segment
(Lys353 and Gly354) and the rest of the ACE2 (Pro389). For its
part, TGG is forming four H-bonds with residues of the HS seg-
ment (Met323, GIn325 and Asp350 twice) and it is stabilized by
a large number of nonpolar contacts, mainly with the HS segment
(Asn322, Thr324, Gly326, Gly352, Gly354, Asp355 and Phe356)
and the rest of ACE2 (Pro321, Met383, Ala386 and Arg393).

RBD. The binding affinities of both ligands with RBD dur-
ing the MD simulations are compared using the VINA score as
well as the MMPBSA free energy as explained in Section [2| and
shown in Table 2| The corilagin/RBD binding affinity is —5.0 +
0.5 kcal/mol (VINA) and —7.240.1 kcal/mol (MMPBSA) and that
for TGG/RBD is similar in terms of VINA (—6.0 £ 0.4 kcal/mol),
but more favorable in terms of MMPBSA (—12.8 0.4 kcal/mol).
The LigPlot interaction maps between the corilagin/TGG and RBD
for the center of the biggest cluster (total population of 96% for
corilagin and 52% for TGG) are shown in Figures[3|and 4] respec-
tively. Corilagin is stabilized by the formation of four H-bonds
with Tyr449, Gln493, Ser494 and Gly496 as well as four nonpo-
lar contacts with Tyr495, GIn498, Gly504 and Tyr505. On the
other hand, TGG is stabilized by the formation of three H-bonds
with Arg454, Glu471 and Pro491 and six nonpolar contacts with
Leu455, Phe456, Arg457, Lys458, Thr470 and Leu492.
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Fig. 2 The docked position of TGG on RBD and the three mutants.
The RBM segment and the rest of the RBD are shown respectively in
red and teal. Residues 484 and 501, both the location of tested muta-
tion, are shown in pink and purple respectively. The ligand in black and
gold is respectively the conformation after docking and the center of the
biggest cluster sampled during the converged part of the MD simulation
respectively.

3.1.4 Corilagin/TGG ability to disrupt the ACE2/wild-type
RBD interactions

Using a combination of molecular docking and molecular dynam-
ics simulations, we find that both ligands, corilagin and TGG, are
able to interact with ACE2 and the RBD-WT. We analyze below
whether those interactions are compatible with a disruption of
the ACE2/RBD-WT association.

ACE2. For ACE2/corilagin, although the binding energy is low
(—=0.1+0.2 kcal/mol according to MMPBSA), the corilagin’s lo-
calization on ACE2 is compatible with the disruption of many in-
terface residues of the A1A2 segment (Asp30, His34, Glu37) and
of the HS segment (Lys353, Gly354, Arg393).

For ACE2/TGG, TGG interacts only with the HS segment
(Lys353, Gly354, Asp355, Arg393) and not with the A1A2 seg-
ment (SFig. suggesting that it is predominantly interacting
with a small portion of the ACE2’s residues involved at the in-
terface with RBD-WT. In this position, TGG might not be able to
disrupt significantly the association of ACE2 with the RBD-WT.

RBD-WT. Our MMPBSA calculation shows that corilagin binds
much more strongly to WT RBD than to ACE2. In its pre-
ferred binding site, corilagin interacts with five residues at the
RBD/ACE2 interface — Tyr449, GIn493, Gly496, GIn498 and
Tyr505 — and forms a H-bond with two of these — Tyr449 and
Gly496 (Figure[I). Since these five residues form H-bonds with
ACE2 in the complex, the presence of corilagin could interfere
with the formation of these H-bonds and impair the complexa-

Fig. 3 Corilagin interaction maps. The interaction maps of corilagin
with wildtype RBD (top left), RBD/E484K (top right), RBD/N501Y
(bottom left) and RBD/E484K-N501Y (bottom right) are shown for the
center of the biggest cluster computed on the convergence interval us-
ing the protein backbone atoms and ligand non-hydrogen atoms. The
nonpolar contacts, defined by a distance smaller than 0.40 nm, between
the ligand and the protein are shown as red arcs. H-bonds and their
donor/acceptor distance are shown in green. All figures were generated
using LigPlot6162

tion.

Our MMPBSA calculation also shows that the association be-
tween WT RBD and TGG is strong. TGG interacts with many
residues involved at the ACE2-RBD interface in the complex such
as nonpolar residues Leu455, Phe456, Phe490, Pro491 (with
which it forms a H-bond) and Leu492 as well as polar residues:
Lys458 and GIn493 (Table [I). Notably, these two polar residues
are involved in a salt-bridge (Lys458) and a H-bond (Gln493)
with ACE2.

In summary, both corilagin and TGG could have the potential
to disrupt the interaction between ACE2 and the WT RBD. How-
ever, our numerical results shows that the disruption would be
more important (better binding energy and better network of in-
teractions) on the side of the WT RBD than on the side of ACE2,
leaving the crucial physiological functions of ACE2 untouched.

3.1.5 Surface Plasmon Resonance

In order to validate our numerical observations, we turn to exper-
iments for confirmation. First, we perform SPR measurements to
determine the binding kinetics of TGG and corilagin to ACE2 and
RBD.

The recombinant proteins ACE2 and RBD are respectively im-
mobilized on carboxymethylated dextran sensor chips. The re-
sults (sensograms) show that both polyphenols bind avidly to
the immobilized RBD (Figure [5A). Fitting the sensograms to a
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Fig. 4 TGG interaction maps. The interaction maps of TGG with
wildtype RBD (top left), RBD/E484K (top right), RBD/N501Y (bottom
left) and RBD/E484K-N501Y (bottom right) for the center of the biggest
cluster computed on the convergence interval using the protein backbone
atoms and ligand non-hydrogen atoms. The nonpolar contacts, defined
by a distance smaller than 0.40 nm, between the ligand and the protein
are shown as red arcs. H-bonds and their donor/acceptor distance are
shown in green. All figures were generated using LigPlot/0162

one-site (1:1 molecular ratio) binding model leads to dissociation
constant (Kp) in the low nanomolar range, i.e., 1.8 nM for corila-
gin/RBD and 1.3 nM for TGG/RBD. In sharp contrast, no signif-
icant binding of neither corilagin, nor TGG, to ACE2 is observed
by SPR over the range of 1 to 80 nM concentrations (Figure ).
This observation indicates that the binding of polyphenols to RBD
has clear specificity.

Next, we validate the interactions between ACE2 and RBD by
means of two different experimental configurations; (i) binding of
ACE2 to immobilized RBD and (ii) binding of RBD to immobilized
ACE2. As expected, we observe strong interactions between these
two proteins (Figure ) with Kp of 41 nM (ACE2 to immobilized
RBD) and 63 nM (RBD to immobilized ACE2), in agreement with
recent studies©/0768,

Finally, the capacity of TGG and corilagin to inhibit the
RBD/ACE2 interaction is evaluated by pre-incubating 50 nM RBD
for 30 mins in presence, or absence, of increasing concentra-
tions of polyphenols before injecting the mixtures onto an ACE2-
functionalized sensor chip. Strikingly, 12.5 to 50 nM of TGG, or
corilagin, fully inhibit the binding of RBD to surface-immobilized
ACE2 (Figure[5D).

3.1.6 Binding assays

To complement the results obtained by MD and SPR, we also in-
vestigate the ability of TGG and corilagin to inhibit the interaction
between the SARS-CoV-2 RBD protein and the human ACE2 us-
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Table 1 ACE2-RBD contacts blocked by the ligands. RBD(RBM)
residues blocked by corilagin (Cor.) and TGG. The RBM residues showed
are those that are specifically involved in a contact pair with ACE2 that is
formed with a probability of at least a 60% during the ACE2-RBD com-
plex MD simulation. Nonpolar, polar, positively charged and negatively
charged residues are shown respectively in gray, green, red and blue. The
formation of a contact with the ligand is shown in gray. The presence of a
H-bond or a salt-bridge is indicated by HB and SB, respectively. The star
(*) indicates that a H-bond is present in the experimental structure. The
dagger () beside SB for Lys458 indicates that this residue was added
to the table even if its contact probability with ACE2 is less than 60%
(45%) because it forms a salt-bridge with E23 of ACE2.

RBM contacts blocked by the ligands
In contact with A1A2/HS WT E484K N501Y E484-N501Y
in the complex Cor. | TGG | Cor. | TGG | Cor. | TGG | Cor. | TGG
Tyr-449 HB x HB X
Tyr-453 HB
Leu-455 X X
Phe-456 X X X
Lys-458 SBY/HB X X X
Tyr-473 HB X X
Ala-475
Gly-476 HB
Phe-486
Asn-487 HB*
Tyr-489 HB X X
Phe-490 HB X X x HB
Pro-491 x HB X
Leu-492 X x HB X
Gln-493 HB X X X x HB
Gly-496 HB x HB X X
GIn-498 HB X X
Pro-499 X
Thr-500 HB x HB
Asn-501 HB x HB
Gly-502 HB*
Tyr-505 HB X X

ing binding assays. We find that the incubation of SARS-CoV-2
RBD Spike protein with TGG or corilagin results in a significant
reduction of the interaction between RBD and ACE2, e.g., from
45% up to 75% for concentrations from 0.1 to 10 uM (Figure [6j-
B). Moreover, the mixture of TGG with corilagin, from 0.1 to 5
uM, inhibits 50% of the interaction and does not potentiate the
inhibitory effect of each compound (Figure [6[C).

Next, we evaluate whether the inhibition of the RBD-ACE2 in-
teraction by TGG and corilagin is associated with a preferential
binding of these polyphenols to RBD in comparison to ACE2. For
this, the ACE2 antibody is immobilized and the binding of ACE2
protein in absence or in presence of polyphenols is evaluated by
ELISA. Strikingly, TGG and corilagin, used alone or in combina-
tion, do not reduce avidly the recognition of the ACE2 protein by
the anti-ACE2 (Figure [7]A-C). These results suggest that the inhi-
bition of the binding of the WT RBD to ACE2 is mainly mediated
by the binding of these polyphenols to the RBD protein, and less
to the ACE2 protein.

3.2 The impact of Corilagin and TGG on mutant RBDs

Our results from both numerical techniques (molecular docking
and molecular dynamics) and experimental techniques (SPR and
ELISA assay), show that both corilagin and TGG could interfere
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Fig. 5 Characterization of molecular interactions by surface plasmon
resonance. A, B) Binding kinetics of corilagin and TGG on immobilized
(A) RBD and (B) ACE2. The recombinant proteins RBD and ACE2 are
respectively immobilized on a CM5 sensor chip and increasing concentra-
tions of polyphenols are injected to evaluate binding kinetics. C) Kinetics
of ACE2 binding to immobilized RBD (left panel) and kinetics of RBD
binding to immobilized ACE2 (right panel). D) Pre-incubation of RBD
(50 nM) for 30 minutes with increasing concentrations of corilagin or
TGG inhibit the binding of RBD to immobilized ACE2.

with the binding of the WT RBD to ACE2, by primarily interact-
ing on the side of the RBD. However, due to evolutionary pres-
sure, the SARS-CoV-2 virus is in constant mutations and led to the
rise of three main variants of concerns with many critical muta-
tions on the RBD; E484K (B.1.351, B.1.1.28) and N501Y (B.1.1.7,
B.1.351, B.1.1.28). In order to probe the therapeutic potential of
our two molecules, we also test their binding with three mutant
RBDs, with mutation E484K, N501Y and E484K/N501Y, using the
described numerical protocol we used on the WT RBD and that
was validated using SPR and ELISA assay.

The impact of the mutations on RBD’s stability

First, the impact of the mutants E484K, N501Y and E484K/N501Y
on RBD are analyzed using 100-ns MD simulations starting from
the center of the biggest cluster sampled during the MD on the
WT. These systems converge quickly after about 40 ns as shown
by the backbone RMSD and the secondary structure as a func-
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Fig. 6 Inhibitory effects of TGG, corilagin and their mixture on the
interaction between SARS CoV-2 Spike protein and human ACE2.
TGG (A) and corilagin (B) are tested at different concentrations (0.1,
1, 5 and 10 uM) and their mixture (C) (0,1, 1, 5 uM) to evaluate their
ability to inhibit the binding of immobilized Spike protein (0.5 pg/ml)
to human biotin labeled ACE2 (0.5 ug/ml), by using the ELISA assay.
The absorbance values at 450 nm of human ACE2 (0.5 ug/ml) are set
to 100%. Results are expressed as mean =+ standard error of the mean
(SEM) of two (combined effect) or three independent assays. Statistical
analysis is performed using the One-way ANOVA followed by the Dun-
nett’s post hoc test with *p < 0.05, **p < 0.01, ***p < 0.001 compared
to human ACE2 (0.5 ug/ml).
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Fig. 7 Inhibitory effects of TGG, corilagin and their mixture on
the interaction between human ACE2 and ACE2 antibody (18-740
AA). TGG (A) and corilagin (B) are tested at different concentrations
(0.1, 1, 5 and 10 M) and their mixture (C) (0,1, 1, 5 uM) to study
their ability to inhibit the binding of immobilized ACE2 antibody (0.5
ng/ml) to human biotin labeled ACE2 (0.5 ug/ml), by using the ELISA
assay. The absorbance values at 450 nm of human ACE2 (0.5 ug/ml)
were set to 100%. Results are expressed as mean =+ standard error of
the mean (SEM) of two (combined effect) or three independent assays.
Statistical analysis was performed using the One-way ANOVA followed
by the Dunnett’s post hoc test with *p < 0.05, **p < 0.01, ***p < 0.001
compared to human ACE2 (0.5 ug/ml).

tion of time (SFig. [SI2). The similarity of the RBM segment be-
tween the three mutants RBDs and the WT is characterized using
three parameters: the backbone-RMSD compared to experimen-
tal structure, the secondary structure (SS) and the solvent acces-
sible surface area (SASA).

In terms of RMSD, the RBM segment of the three mutant se-
quences closely resembles the WT experimental structure with
0.34 £0.03 nm (E484K), 0.41 + 0.04 nm (N501Y) and 0.32 +
0.05 nm (E484K/N501Y). The secondary structure is also similar
in terms of the o-helical content with 3 + 3% (E484K), 3 4+ 3%
(N501Y) and 4 + 3% (E484K/N501Y) as well as in terms of the
B-sheet content with 20 + 3% (E484K), 24 + 6% (N501Y) and 24
+ 6% (E484K/N501Y). In terms of SASA, the RBM of the three
mutant systems is equally exposed to the solvent: 47 + 1 nm?
(E484K), 47 + 1 nm? (N501Y) and 49 + 1 nm? (E484K/N501Y).
Overall, these results indicate that the structure of the RBM seg-
ment of RBD is not much affected by the mutations and closely
resembles our results on the WT RBD (presented in section|3.1.2)
as well as with the crystal structure of RBD in complex with ACE2.

Beyond the overall structural stability, we also assess the poten-
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tial impact of the mutations on RBD interactions with ACE2, since
this association is most critical for SARS-CoV-2’s cell recognition.
To do so, we focus our attention on the residues of RBD that are
in contact with ACE2 when they form a complex. We compute
the difference between the average SASA of these residues for all
simulations (WT, E484K, N501Y and E484K/N501Y) and the ex-
perimental structure of RBD alone (Figure[8). In agreement with
what we observe in terms of RMSD and SS, these mutations have
little impact on region at the interface, as most residues have simi-
lar accessibility. The only notable difference is observed for E484K
for which the accessibility of Thr500 increases and the accessibil-
ity of Asn501 decreases significantly. For the two RBDs with the
N501Y mutations, we do observe a slight increase in the acces-
sibility for residue 501 compared to the WT; this is likely due to
the size increase between TYR and ASN as we do not observe any
significant structural change. Overall, the RBD residues involved
at the interface with ACE2 stay accessible even in the presence of
these mutations, hence, could still potentially interact with ACE2.

Per residue SASA difference with experimental structure

Il No Mutation
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Fig. 8 Mutations effect on the solvent accessibility of RBD alone.
RBD's per residue solvent accessible surface area (SASA) difference be-
tween the MD and the experimental structure. Only the residues of RBD
interacting with ACE2 (contact probability greater than 60% during the
MD simulation) in the complex structure are shown. The red residue
number indicates the position of a mutation. The SASA of wildtype
(blue), E484K (teal), N501Y (yellow) and E484K/N501Y (red) are com-
pared. The error bars correspond to the standard deviation over the
250-500 ns interval.

3.3 Corilagin and TGG interactions with ACE2 and RBD
3.3.1 Molecular Docking

Using the same molecular docking protocol used for the WT, the
predicted interaction sites for corilagin and TGG with the three
mutants were generated. Although, there are very few structural
differences between the WT and the mutants, as shown in sec-
tion we clearly see changes in the generated ensembles of
docked conformations.

For the RBD/E484K and RBD/E484K-N501Y mutant, the two-
dimensional occurrence map is very similar to the one of the
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WT for corilagin (Figure and TGG (Figure a very sim-
ilar range of binding energies and fraction of contacts with in-
terface residues are sampled, although, for both mutation, the
distribution is slightly shifted toward higher binding energies.
In contrast, with the N501Y mutation alone, the generated co-
rilagin conformations have similar binding energy (from —5.4 to
—6.5 kcal/mol), but are characterized by a wide variety of inter-
face contact fraction (from 0.05 to 0.60). The same is observed
for the docking results obtained using TGG (Figure [S9).

3.3.2 Molecular Dynamics

As with the WT, we follow the molecular docking with 100 ns of
molecular dynamics simulation on the best predicted RBD/ligand
complex for the three mutant RBD and the two ligands. Conver-
gence of all systems is reached at 75 ns (except for RBD/E484K-
N501 with corilagin, for which, the convergence is reached at
90 ns) as monitored by the RMSD on the proteins’ backbone
atoms and the ligands’ heavy atoms (SFig. [S13).

RBD/E484K. The RMSD with respect to the experimental
structure computed on the backbone atoms remains small: 0.33 +
0.02 nm and 0.31+0.07 nm for corilagin and TGG, respectively,
compared with 0.34 +£0.03 nm without the ligands. The secondary
structure remains also stable in terms of «-helix content (1 & 2%,
0+0% and 3 +3% for corilagin, TGG and without the ligands,
respectively) and -sheet content (19 +2%, 17 +£4 and 20 4 3%,
respectively).

On the ligand side, the position of corilagin remains very stable,
while that of TGG moves slightly away from the 3-sheet of RBM
in order to interact with the flexible loop between GLN498 and
GLY504 (Figures[I]and [2).

RBD/N501Y. The backbone RMSD measured against the ex-
perimental structure also remains small with 0.36 +0.02 nm and
0.39£0.03 nm for corilagin and TGG, respectively, compared with
0.41£0.04 nm in the absence of a ligand. The secondary structure
also stays very stable upon ligand addition: the a-helix content is
4+2%, 04+0% and 3 +3% and the 3-sheet content being 25 + 5%,
23 +4% and 24 + 6% for respectively corilagin, TGG and without
the ligands.

Corilagin stays near its initial docking position during the
MD, while a small movement is observed for TGG (Figures
and ). From its initial position, between the loop associated
with residues 405-424 and the 455-461 loop, TGG moves slightly
to interact with the 455-458 loop and the 489-493 loop. The lat-
ter portion of the loop contains residues that interact directly with
ACE2 in the complex.

RBD/E484K-N501Y. The backbone RMSD measured against
the experimental structure remains also small for this system:
0.324+0.05 nm, 0.33+0.05 nm and 0.32 4+ 0.05 nm for corilagin,
TGG and without the ligand, respectively. The secondary struc-
ture stays similar to WT: the a-helix content is 4 +3%, 54+2% and
4 +3% and the -sheet content is 24 +6%, 23 +5% and 24 + 6%
for corilagin, TGG and without the ligands, respectively.

After around 80 ns of MD, starting from the VINA docked po-
sition, corilagin disassociates from the RBD and reassociates with
it at around 90 ns, but at a completely new localization, in the re-
gion between the RBM and the rest of the RBD, near the mutation
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N501Y (Figure[I). In this new position, the corilagin doesn’t in-
teract with RBM’s residues involved in the association with ACE2.
On the other hand, TGG is really stable at its initial docked posi-
tion and stays near it for the entire MD calculation (Figure[2)).

3.3.3 Interactions and Binding Energies

As for the WT RBD, the structure of the mutated RBD — E484K,
N501Y and E484K/N501Y - are not affected significantly by cori-
lagin or TGG over the 100-ns MD simulations and the VINA dock-
ing positions are generally fairly stable. Yet, small local rearrange-
ments, which are made possible by the dynamical trajectories,
contribute to a better exploration of their interactions, modify-
ing the binding affinity and the ligand/RBD contact network as
described in the following paragraphs.

RBD/E484K. The ligands’ binding affinities with RBD/E484K
during the MD simulations starting from an initial VINA dock-
ing are shown in Table [2| The computed corilagin/RBD binding
affinity is —6.3 +0.4 kcal/mol (VINA) and —7.0 +0.2 kcal/mol
(MMPBSA), while it is weaker for TGG/RBD when measured
with VINA (—4.5+ 0.4 kcal/mol), but stronger with MMPBSA
(—10.9 £ 0.4 kcal/mol). The LigPlot interaction maps between
corilagin/TGG and RBD/E484K for the center of the biggest clus-
ter (total population of 92% for corilagin and 34% for TGG) are
shown in Figures [3|and [4 respectively. Corilagin is stabilized by
nine H-bonds involving seven RBM’s residues (Lys458, Glu471
twice, 1le472, GIn474 twice, Cys480, Asn481, Gly482) and only
two nonpolar contacts (Phe456 and Tyr473). For its part, TGG
is only making one H-bond with Thr500, but has eight nonpolar
contacts with Gly446, Ser494, Gly496, Gln498, Pro499, Asn501,
Val503 and Tyr505.

RBD/N501Y. The binding affinities with RBD/N501Y are
shown in Table|2| For corilagin/RBD, it is found to be —6.440.5
kcal/mol with VINA and —11.3 +£0.1 kcal/mol with MMPBSA,
while the binding affinity for TGG/RBD is weaker with VINA
(—3.8+0.5 kcal/mol), but stronger with MMPBSA (—12.1+0.3
kcal/mol). The LigPlot interaction maps between corilagin/TGG
and RBD/N501Y for the center of the biggest cluster (total popu-
lation of 99% for corilagin and 73% for TGG) are shown in Fig-
ures 3| and [4} respectively. Corilagin is forming five H-bonds with
RBD (Asp467, Ser469, Thr470, GIn474 and Gly482) and is in-
volved in five nonpolar contacts (Arg457, Gly471, lle472, Cys480
and Asn481). TGG is again mainly stabilized by nonpolar contacts
(Leu455, Phe456, Tyr473, Tyr489, Phe490, Pro491 and GIn493)
and two H-bonds with Leu494 (mainchain).

RBD/E484K-N501Y. The  binding  affinities  with
RBD/E484K+N501Y are presented in Table For corila-
gin/RBD, two binding sites are presented: the first site (from
20-70 ns), located at the interface, before the dissociation
and the second site (90-100 ns), outside the interface, after
the reassociation. For the first site, the binding affinities are
—4.340.7 kcal/mol (VINA) or —15.04+0.1 kcal/mol (MMPBSA).
In spite this high binding affinity computed with MMPBSA,
corilagin still dissociates of the interface after around 80 ns. On
the new binding sites, after reassociation, the binding energy is
—4.1+1.0 kcal/mol (VINA) or —1.440.3 kcal/mol (MMPBSA).
For TGG/RBD, we computed a binding affinity of: —4.9+0.4
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kcal/mol with VINA and —15.1 +0.1 kcal/mol with MMPBSA.
Although the computed MMPBSA binding energy is similar to the
one computed for corilagin on the first site, TGG stays strongly
associated to the RBD for the entire simulated 100 ns. The LigPlot
interaction map between corilagin/TGG and RBD/E484K-N501Y
for the center of the biggest cluster (total population of 40% and
93% for corilagin and TGG, respectively) is shown in Figures
and respectively. For corilagin, the interactions with the
RBD are minimal, with the formation of only two H-bonds with
Asn343 and Leu441 and two nonpolar contacts with Ala344 and
Thr345. On the other hand, TGG is stabilized by the formation
of four H-bonds with Asn487, Phe490, GIn493 and Ser494 and
five nonpolar contacts with Tyr449, Leu452, Tyr489, Leu492 and
Gly496.

Table 2 The binding affinity between corilagin/ TGG and ACE2/RBD.
The second column shows the VINA binding affinity for the best pose
found during docking. The third column shows the average VINA
binding affinity computed over the interval of convergence (90-100 ns
for RBD/E484K-N501Y with Corilagin and 75-100 ns for the rest)
of the ligand-protein MD simulations. The fourth column shows the
MMPBSA binding free energy computed over the same interval using
the g mmpbsa tools®3. The average and standard deviation are com-
puted using a 500-steps of bootstrap analysis and 40 ps snapshots on the
interval of convergence (90-100 ns for RBD/E484K-N501Y with corila-
gin and 75-100 ns for the rest). For RBD/E484K-N501Y with corilagin,
we compare the results for the two binding sites. Site 1 is the corila-
gin's localization before its disassociation (from 20-70 ns). Site 2 is the
corilagin’s localization after its reassociation (from 90-100 ns)

Binding affinity (kcal/mol)
[ Docking VINA | MD VINA | MD MMPBSA
ACE2
Corilagin —73 | —6.1+0.5 —0.1£0.2
TGG -7.7 | —-6.0+£04 —14.4+0.2
Wildtype RBD
Corilagin —8.1 | —=5.0+0.5 —7.2+0.1
TGG —88 | —6.0+0.4 —12.84+0.4
RBD/E484K
Corilagin 72 | —-6.3+£04 —7.0+£0.2
TGG —78 | —45+04 —109+0.4
RBD/N501Y
Corilagin —6.5 | —6.4+0.5 —11.3+0.1
TGG —7.1 | —=3.8+0.5 —12.1+0.3
RBD/E484K-N501Y
Corilagin, Site 1 75| —43+0.7 —15.0£0.1
Corilagin, Site 2 —75 | —41x+1.0 —1.4+£0.3
TGG —-79 | —49+04 —15.1+0.1

3.3.4 Corilagin ability to disrupt the ACE2/mutated RBD in-
teractions

For RBD/E484K, the MMPBSA binding free energy of corilagin
is almost identical to that of the WT. Yet, Table [1| shows that co-
rilagin only interacts with three different interfacial residues in
this case: Phe456; Lys458, which forms a salt-bridge with ACE2;
and Tyr473, which forms a H-bond with ACE2. Thus, this associa-
tion is most likely less efficient to prevent the ACE2/RBD complex
formation than for the WT.

For RBD/N501Y, the MMPBSA binding free energy of corilagin
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is significantly more negative than for the WT and E484K. How-
ever, in this binding site, corilagin is not involved in interactions
with crucial residues of the interface (Table[I). It is rather located
on the other side of the loop involved in the formation of the in-
terface. It interacts with residues Glu471, Ile472 and Gln474, in-
stead of the residues of the other side of the loop such as Tyr473,
Ala475 or Gly476. Therefore, despite the increased binding affin-
ity, corilagin would potentially be less effective when the N501Y
mutation is present.

For E484K/N501Y, corilagin dissociates from its initial position
at around 80 ns, then associates again at around 90 ns, but at a
completely new location outside the RBM (Figure [I). This new
docked position is characterized by a very small MMPBSA binding
free energy. Moreover, Table [1|shows that, at this site, corilagin is
not interacting with any RBD’s residues found at the interface.

Overall, we find that corilagin binds to WT RBD and E484K
with a high binding affinity in a position that could directly dis-
rupt association of RBD with ACE2. However, when adding the
N501Y mutation (alone or with E484K), corilagin binds to the
RBD in a region outside of the interface and would likely have no
direct effect on the RBD-ACE2 complex formation, reducing its
interest as an inhibitor.

3.3.5 TGG ability to disrupt the ACE2/mutated RBD interac-
tions

For RBD/E484K, the MMPBSA binding free energy is favorable,
but TGG’s location is different than in the WT as it interacts
mainly with residues at the C-terminal end of the RBM (Table .
In this position, TGG interacts with many residues forming H-
bonds with ACE2 such as Gly496, Gln498, Thr500, Asn501 and
Tyr505, and it even forms two H-bonds with Thr500 and Asn501.

For RBD/N501Y, TGG binds with an affinity similar to WT.
Table [1| shows that, contrary to what is observed for corilagin,
TGG takes position directly at the interface and makes contact
with many nonpolar (Leu455, Phe456, Phe490, Pro491, Leu492
with H-bond formation) and polar (Lys458, Tyr473, Tyr489 and
GIn493) residues.

For E484K/N501Y, TGG shows the highest binding affinity of
all systems studied here with —15.1 +0.1 kcal/mol. At this posi-
tion, TGG makes many nonpolar (Phe490 with H-bond, Leu492
and Gly496) and polar (Tyr449, Tyr489 and GIn493 with H-bond)
contacts with residues found at the interface between ACE2 and
RBD.

In summary, TGG binds to all RBD sequences studied here
(without and with mutations) with high MMPBSA binding free
energy. Moreover, for all these sequences, TGG binds to the pro-
tein at locations that could hinder the formation of ACE2/RBD
complex and, potentially, reduce the ability of SARS-Cov-2’s Spike
protein to bind to the ACE2 protein on human cells.

4 Discussion

The current article is constructed in two parts. In the first part, we
study the therapeutic potential of two small molecules, corilagin
and TGG, to disrupt the association between ACE2 and the wild-
type (WT) RBD; a crucial step of the infection by the virus. To do
so, we used a combination of numerical tools (molecular dock-
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ings, molecular dynamics and MMPBSA free energy calculations)
and experimental tools (SPR and ELISA assay). In the second
part, we study, using the same array of numerical tools, the im-
pact of the main mutations (E484K and N501Y) of the variants of
concerns (B.1.1.7, B.1.351, B.1.1.28).

4.1 Best ligand targeting ACE2 and the wild-type RBD

The first part of the article focus on the interactions between
ACE2 and the WT RBD. Numerically, the ability of corilagin and
TGG to potentially impair the association of ACE2 and WT RBD,
is summarized in Figure for the A1A2-RBM segments and
Figure for the HS-RBM segments; all segments containing
residues involved in the ACE2/RBD association. We show that
both ligands could interfere with the interaction between ACE2
and the WT RBD, more likely on the RBD’s side as both ligands
localization and binding energies are better than on the ACE2’s
side.

In order to validate our numerical conclusions and our numer-
ical methodology, we tested the impact of corilagin and TGG on
the association between ACE2 and the WT RBD using SPR and
ELISA binding assay.

Our SPR experiments identify a strong association between
ACE2 and the RBD, characterized by a dissociation constant of 41
nM (ACE2 with immobilized RBD) and 63 nM (RBD with immobi-
lized ACE2) (Figure ). These values are compatible with recent
experimental results from other research groups®e268, Both lig-
ands are binding to RBD with dissociation constants in the low
nanomolar range: 1.8 nM and 1.3 nM for corilagin and TGG, re-
spectively (Figure ). Moreover, SPR shows that the incubation
of corilagin or TGG with RBD fully inhibits its binding to immo-
bilized ACE2 (Figure [5]D). Consequently, our ligands have much
more affinity compared to quercetin/ACE2 (Kp of 4.830 uM) and
quercetin/RBD (Kp of 2.210 uM)©8,

In addition to SPR experiments, we also test the binding of
these ligands with RBD and ACE2 using biochemical inhibition
assays. The results show that the addition of TGG or corilagin re-
duces from 45% (0.1 uM) and up to 75% (10 uM) the binding be-
tween ACE2 and RBD (Figure @A—B). Moreover, a mixture of both
ligands reduces the binding by 50%, independently of the ligand
concentrations (between 0.1 uM to 5 uM) (Figure [6[C); i.e., no
synergy is observed when pre-mixing both ligands. More specif-
ically, supporting the SPR results, we find that the ACE2/RBD
binding inhibition by TGG and corilagin is mediated by their in-
teractions with the RBD as there is no significant reduction in
the ACE2/anti-ACE2 binding when adding TGG, corilagin or both
(Figure [7A-C).

Interestingly, TGG and corilagin inhibit the interaction between
the human ACE2 receptor and Spike protein RBD at 0.1 uM,
which is quite low as compared to the antiviral activities of tetra-
TGG against SARS CoV (EC50 4.5 uM) 24 and the inhibition of
the binding of SARS CoV-2 spike protein RBD to ACE2 based on
AlphalISA assay (IC50 of 5.5 uM)©®?. The concentration to in-
hibit the ACE2-RBD interaction found here is also lower than the
EC50 of the polyphenol resveratrol (4.48 uM) on SARS-CoV-2
replication in Vero cell cultureZ? or the estimated concentration
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of quercetin i.e., greater than 25 yMZL,

Natural polyphenolic compounds were reported to be sources
of antiviral candidates against SARS-CoV-2, e.g. in terms of coro-
naviral entry inhibitors, protease inhibitors and coronavirus repli-
cation inhibitorsZ2. However, it is important to note that some
polyphenolic compounds such as magnolol and rosmarinic acid
could increase the activity or expression of ACE2, and therefore
aggravate SARS-CoV-2 infection'Z2.

SARS CoV-2 induces death and injury of virus-infected cells and
tissues which could be caused by high levels of inflammatory cy-
tokines release as IL-18, TNF-o¢ and IL-6747> Interestingly, in
addition to the inhibition of the binding ACE2-RBD, TGG and co-
rilagin possess a wide range of biologic properties including anti-
inflammatory, antioxidant and low toxicity. Corilagin could effi-
ciently reduce inflammation with the reduction of the release of
pro-inflammatory cytokines TNF-¢, IL-1 and IL-6 through block-
ing the NF-xB pathway 2078,

Therefore, both SPR and biochemical inhibition essays show
that corilagin and TGG bind to the RBD domain in a way that
disrupt the ACE2/RBD interaction, in agreement with our mod-
eling results. These findings suggest that corilagin and TGG can
be useful as multi target treatment against the WT SARS CoV-2
infection.

4.2 The impact of the mutation of the RBD and therapeutic
potential of the ligands

With the numerical protocol validated by our experimental re-

sults from SPR and ELISA assays, we also test the therapeutic po-

tential of both molecules against three mutations (RBD/E484K,

RBD/N501Y and RBD/E484K-N501Y) found in the main variants

of concerns.

4.2.1 The impacts of RBD mutations on its structural ensem-
ble

Recent results from experiments using pseudoparticles showed
that the Spike-protein of the B.1.1.7, B.1.351 and B.1.1.248 mu-
tants present no difference in terms of stability and cell entry
kinetics compared to the SARS-CoV-2 WTZ2, Although mutant
RBDs alone in solution have not been studied in the literature,
they have been heavily studied in complex with ACE2. A recent
Cryo-EM structure of the RBD with the N501Y mutation in com-
plex with ACE2 showed that there was no significant changes in
terms of secondary, quaternary and binding site structures com-
pared to the RBD-WT/ACE2 complex®?, The ACE2/RBD mutant
complex was also studied using numerical techniques. MD simu-
lations and principal component analysis were realized by Nelson
et al.®L' on the ACE2 complex with RBD with N501Y mutation,
E484K mutation and K417N+E484K+N501Y mutations. The au-
thors showed that the complex with the E484K mutation adopts
conformations that are mostly similar to the WT, while the com-
plex with the N501Y mutation adopts conformations that are very
different than the WT. The triple mutant conformational space
more closely resembles the one from the WT or the E484K mutant
than the N501Y mutant. Finally, Dehury et al.’®? studied the im-
pact of multiple alanine point mutations on the ACE2/RBD com-
plex using MD simulations. They found that the complex was sta-
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ble during their simulation with no noteworthy changes in terms
of secondary and quaternary structure for all mutants tested. The
highest backbone RMSD they measured was 0.33+0.09 nm for the
N501A mutant system compared to 0.25+0.03 nm for the WT. All
these results taken together shows that the mutations have little
impact on the stability, the cell’s entry kinetics and the structure
in the complex of RBD.

These results are compatible with what we observed for the
RBD in solution; the mutations have very little impact on RBD’s
structure in terms of backbone RMSD, secondary structure and
on the solvent accessibility of crucial residues involved in inter-
actions with ACE2 (Figure [8). This last result suggests that the
nature of the interface with ACE2 is probably similar for the WT
and three mutant systems we tested. However, only extensive
free-energy calculations, that are beyond the object of this work,
could provide information on the impact of these mutations on
the binding affinity between the two proteins. Here, these sim-
ulations are used to identify conformational ensembles represen-
tative of the mutants in order to evaluate their impact on the
binding with corilagin and TGG.

4.2.2 Therapeutic potential of the ligands

Since the start of the pandemic, a multitude of therapeutic tech-
niques were developed to fight against the virus; from vac-
cine®3 to monoclonal antibody approved for emergency use by
the FDAB485 Although, the usage of small molecules as drugs
that could be used against SARS-CoV-2 was heavily studied'2027,
no drugs were able to be designed yet for widespread and efficient
usage. However, the recent spread of multiple SARS-CoV-2 vari-
ants from the United Kingdom, South Africa and Brazil, imposes
a reassessment of the efficacy of currently used treatment, as well
as additional effort in drugs development. Recent results for the
Novavax vaccine showed that its efficacy drop significantly for
the variant from South-Africa (between 50% and 60%) compared
to SARS-CoV-2 WT (89%)83. Additionally, a number of exper-
imental 728987 and numerical®® results shows that SARS-CoV-2
mutants with the E484K mutation, like the one from Brazil and
South-Africa, were partially, if not fully, resistant to the antibod-
ies approved for emergency use by the FDA. Computed binding
affinities between these antibodies and the RBD with the E484K
mutation were heavily reduced compared to the WT®8,

In our study, we find that the E484K mutation does not impact
the therapeutic potential, contrary to what is found for the vac-
cine and antibodies, of either corilagin or TGG; both bind the
RBD in a location that could prevent crucial interactions with
ACE2 with affinities similar to the WT. On the other hand, we find
that the N501Y mutation, present in the variants from the United-
Kingdom, South-Africa and Brazil, highly impairs the therapeutic
potential of corilagin. When only the N501Y mutation is present,
corilagin binds to the RBD with a high affinity but doesn’t interact
with residues crucial for interaction with ACE2. The therapeutic
potential of corilagin is even lower when both the N501Y and
E484K mutations are present as it is unstable on the RBM. On the
other hand, the N501Y mutation, alone or in pair with the E484K
mutation, doesn’t impact the therapeutic potential of TGG; TGG
binds to the RBD at a relevant location to disrupt its interaction
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with ACE2 and with a high binding affinity.

Conclusion

In this study, the combination of numerical and experimental data
shows that two natural polyphenols, corilagin and 1,3,6-tri-O-
galloy-f-D-glucose (TGG) could play a protective role in reduc-
ing the potency of WT SARS-CoV-2 by disrupting the S-protein-
RBD/ACE2 receptor interface stability or the ability of the RBD of
the S-protein to recognize the ACE2 receptor.

Combining molecular modelling, including molecular dynam-
ics and protein-ligand docking, with SPR and ELISA assays, we
demonstrate that the observed inhibition of the binding of Spike
RBD to human ACE2 is caused mainly by the binding of these
polyphenols to the RBD protein, with dissociation constants in
the low nanomolar range: 1.8 nM and 1.3 nM for corilagin and
TGG, respectively. Such preference would have the potential to
limit physiological side-effects induced by the inhibition of ACE2.

In addition, we use the same numerical protocol to study the
impact of RBD mutated sequences associated with three domi-
nant variants — the B.1.1.7 variant, the B.1.351 variant, and the
B.1.1.28, first identified in the United Kingdom, in South Africa
and in Brazil respectively —, focusing on mutations affecting the
interface : RBD/E484K, RBD/N501Y and RBD/E484K-N501Y.

Analysing the impact of the potential inhibitors by identifying
docking sites using AutoDock VINA and further assessing the role
of flexibility by running MD on the most stable ligand-protein con-
figurations, using MMPBSA to compute the binding free-energy,
we show that both molecules have the potential to bind more
strongly to mutants RBD than ACE2, similarly to what is observed
for WT RBD. Both also bind well to the RBD/E484K mutant com-
pared to the WT, albeit with a significantly increased binding
free energy for TGG compared to corilagin (—12.8 4 0.4 kcal/mol
vs —7.2+0.1 kcal/mol for WT and —10.9+0.4 vs —7.0+0.2
kcal/mol for RBD/E484K), values that compare well with other
potential inhibitors®?, For the structures with the N501Y mu-
tant (RBD/N501Y and RBD/E484K-N501Y), corilagin’s binding
localization is outside of the RBM’s region that is interacting with
ACE2, so that the recognition of ACE2 by SARS-CoV-2’s Spike pro-
tein could still take place. On the other hand, TGG is as effective
on these mutants than it is on the WT and RBD/E484K mutant.

This work strongly supports the need for further experimental
assessments to evaluate the ligands’ selectivity towards the virus
vs. other binding sites as well as to establish their in vivo behavior.
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