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Abstract

The spike protein of SARS-CoV-2 (SARS-CoV-2-S) helps the virus attach to and infect
human cells. With various computational methods applied in this work, the accessibility
of its RBD to ACEZ2, its key residues for stronger binding to ACE2 than the SARS-CoV
spike (SARS-CoV-S), the origin of the stronger binding, and its potential sites for drug
and antibody design were explored. It was found that the SARS-CoV-2-S could bind
ACE2 with an RBD-angle ranging from 52.2° to 84.8° which demonstrated that the
RBD does not need to fully open to bind ACE2. Free energy calculation by an
MM/GBSA approach not only revealed much stronger binding of SARS-CoV-2-S to
ACE2 (AG=-21.7~-29.9 kcal/mol) than SARS-CoV-S (AG=-10.2~-16.4 kcal/mol) at
different RBD-angles but also demonstrated that the binding becomes increasingly
stronger as the RBD-angle increases. In comparison with the experimental results, the
free energy decomposition disclosed more key residues interacting strongly with ACE2
than with the SARS-CoV-S, among which the Q493 might be the decisive residue
variation (-5.84 kcal/mol) to the strong binding. With the mutation of all 18 different
residues of SARS-CoV-S on the spike-ACE2 interface to the corresponding residues of
SARS-CoV-2-S, it was found that the mutated SARS-CoV-S has almost the same
binding affinity as SARS-CoV-2-S to ACE2, demonstrating that the remaining
mutations outside the spike-ACE2 interface have little effect on its binding affinity to
ACE2. Simulation of the conformational change pathway from “down” to “up” states
disclosed 5 potential ligand-binding pockets correlated to the conformational change.
Taking together the key residues, accessible RBD-angle and pocket correlation,
potential sites for drug and antibody design were proposed, which should be helpful for
interpreting the high infectiousness of SARS-CoV-2 and for developing a cure.



1. Introduction

\ery recently, a new coronavirus closely related to SARS-CoV (severe acute respiratory
syndrome coronavirus),’® temporally named SARS-CoV-2 by the International
Committee on the Taxonomy of Viruses (ICTV), has emerged and spread worldwide
rapidly.*® Although the number of infections is still growing, no drug has thus far been
approved to be effective. Therefore, it is very urgent to discover and develop safe and
effective therapeutics.

Compared to SARS-CoV, SARS-CoV-2 is likely easier to transmit human to
human.® ” The spike (S) glycoprotein of SARS-CoV-2 (SARS-CoV-2-S hereinafter) is
a class I viral fusion protein, which plays an essential role in viral infection engagement
of human angiotensin-converting enzyme 2 (ACE2) as a receptor and mediating the
fusion of SARS-CoV-2 and cellular membranes. ® The significant functions of the
protein make it an ideal drug target against SARS-CoV-2. The protein consists of an
amino (N)-terminal S1 subunit and a carboxyl (C)-terminal S2 subunit. To recognize
ACEZ2, the receptor-binding domain (RBD) of the S1 subunit undergoes hinge-like
conformational changes to expose enough space for receptor binding.'%*? Therefore,
there are two states of the protein that are referred to as “down” and “up” conformations,
where the “down” conformation (small RBD-angle, defined as the angle composed of
the three Ca atoms of D405-V622-V991, Figure 1A) is a receptor-inaccessible state,
and the “up” conformation (large RBD-angle, Figure 1B) is a receptor-accessible
state.’*1® Once binding to ACE2, the SARS-CoV-2-S employs host proteases for S
protein priming.t”: 18

To increase our understanding of the binding mechanisms between the SARS-
CoV-2-S and ACE2 at the atomic level, various computational techniques, including
homology modeling, MD (molecular dynamics) simulation, binding free energy
calculation with the MM/GBSA (Molecular Mechanics/Generalized Born Surface Area)
method®® 2, binding free energy decomposition analysis, conformational transition
pathway prediction with NUMD (a combination of normal-mode analysis and umbrella
sampling MD) approach,? 22 and potential ligand-binding sites prediction were
performed in this study. The results not only revealed that the SARS-CoV-2-S binds to
ACE2 with higher affinity compared with the SARS-CoV spike glycoprotein (SARS-
CoV-S hereinafter) but also identified key residues of the interactions between the
SARS-CoV-2-S and ACE2. In addition, we found that 52.2° is the smallest accessible
RBD-angle for binding ACE2. We also found that as the RBD-angle increases starting
from 52.2°, the binding strength of the SARS-CoV-2-S and ACE2 becomes
increasingly stronger. Based on the “down” to “up” conformational change pathway,
we identified 5 potential ligand-binding pockets that are dynamically correlated with



the conformational change of SARS-CoV-2-S. We think that the knowledge of the
interactional details at the atomic and energetic levels between the SARS-CoV-2-S and
ACE2 should be useful for understanding the functional mechanism of SARS-CoV-2-
S and for developing inhibitors and antibodies for coronavirus disease 2019 (COVID-
19).

2. Materials and methods

2.1 Homology modeling. The structures of 4 ACE2-bound SARS-CoV-S (PDB IDs:
6ACG, 6ACK, 6ACJ, and 6CS2) and 2 ACE2-free SARS-CoV-S (5X58, and 5X5B)
proteins were downloaded from Protein Data Bank (PDB).?® They served as templates
to build the three-dimensional (3D) models of the “up” and “down” conformations of
the SARS-CoV-2-S with the SWISS-MODEL server using the “user template” mode.?*
2.2 MD simulation. For optimizing the constructed 3D model and calculating the
binding free energy between the spikes and ACE2, each system was solvated in a cubic
box of TIP3P water extended by 9 A from the solute, with a rational number of counter
ions of Na* or CI" to neutralize the system. Amber ff03 force field®® was used to
parameterize the protein. To remove bad contacts formed during the system preparation,
10,000 steps of minimization with constraints (10 kcal/mol/A%) on heavy atoms,
including 5,000 steps of steepest descent minimization and 5,000 steps of conjugate
gradient minimization, were performed. Then, each system was heated to 300 K within
0.2 ns followed by 0.1 ns of equilibration in NPT ensemble. The heating and
equilibrium simulations were performed with constraints (5 kcal/mol/A2) on heavy
atoms. Finally, a 5-ns MD simulation on each system at 300 K was performed. Langevin
dynamics was used to control temperature, and the SHAKE algorithm?® was applied to
fix bonds involving hydrogen atoms. A cutoff distance of 12 A was applied for van der
Waals interactions. The particle mesh Ewald method was applied to address long-range
electrostatic interactions?’. Minimization, heating and equilibrium were performed with
sander program in Amber16. The 5 ns production run was performed with pmemd.cuda.
2.3 Binding free energy calculation. To evaluate the binding affinity between the
SARS-CoV-2-S or SARS-CoV-S and ACE2, the MM/GBSA method was used to
calculate the binding free energy (AG) based on 5-ns MD trajectories with equation (1):
AG = AH — TAS = AEy, + AEypy + AGyp + AGyy, — TAS (1)
where AEee and AEvpw are the electrostatic and van der Waals energy terms, and AGgp
and AGnp are the polar and nonpolar solvation free energies, respectively. The Nmode
module in Amber16 was used to calculate the conformational entropy (TAS). In this
study, the dielectric constants for solvent and solute were set to 80.0 and 1.0,
respectively, and OBC solvation model (igb = 5, mbondi2)?® was applied. The AGnp
was calculated by equation (2):



AGny=ySASA+B )
where the solvent-accessible surface area (SASA) was calculated with y=0.0072
kcal/mol/A2 and B= 0.0 kcal/mol, respectively.?® To find out crucial residues in the
binding of S protein with ACE2, the binding affinity was further decomposed into
energy contribution of each residue using the MMPBSA.py script in Amber16 (idecomp
=1).

2.4 Conformational change pathway prediction. The “down” to “up” conformational
change pathway of the SARS-CoV-2-S was generated by the NUMD method, of which
the details have been described in our previous study.?! 22 Briefly, many iterations of
normal modes analysis (NMA) were run to predict the conformational changes from
the initial structure to the final target structure gradually. For example, the intermediate
structure R® in iteration k was generated by the following equation based on the
intermediate structure R&Y in iteration (k-1):

R® = Rk=D 4 () = Rk=1) 4 g(k) ym® (g(k=1) .3 (K)) 3, () (3)

where v is the displacement combined with m® low-frequency eigenmodes that are
calculated by NMA. For the ix eigenmode, its displacement is proportional to the
projection d®V y®, where d® is the instantaneous distance vector on eigenvector u;®,
and scaled by the step size S®. In this study, the step size was set to be 10.0, consistent
with our previous study?:. The starting and final structures were obtained from
homology modeling based on the 3D structures of 5X58 (“down” conformation with
RBD-angle of 31.6°) and 5X5B (“up” conformation with RBD-angle of 84.89),
respectively, chosen from Table 1 with the highest resolution. To evaluate potential
ligand-binding sites for molecular docking in SARS-CoV-2-S, we applied the
D3Pockets® to analyzed the dynamic properties of potential binding sites
(https://www.d3pharma.com/D3Pocket/index.php), where the predicted

conformational change pathway was prepared in format of ‘mdcrd’ as input.

3. Results and Discussion

3.1 Overview of the trimer structures of the SARS-CoV-S in PDB. Amino acid
sequence alignment revealed that the SARS-CoV-2-S shares 76% identity with that of
the SARS-CoV-S (Supporting Information Figure S1). The SARS-CoV-S adopts a
homotrimer architecture, of which the RBD undergoes a hinge-like conformational
switch from a prefusion state to a postfusion state. As shown in Table 1, 5 trimer
structures of ACE2-free SARS-CoV-S (PDB ID: 5WRG, 5X58, 5XLR, 6ACC and
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6ACD) were found in PDB, with three “down” RBDs (small RBD-angles ranging from
30.1° to 33.4°). Four ACE2-bound SARS-CoV-S trimers (6ACG, 6ACJ, 6ACK, and
6CS2) were found in PDB, each of which has a single RBD in the “up” conformation
with different RBD-angles ranging from 54.8° to 84.6°, revealing the flexibility of the
“up” RBD-angle. In addition, an “up” conformation was observed in an ACE2-free
structure (5X5B), demonstrating that the trimer of the spike protein itself may adopt
different conformations, with the RBD-angle ranging from 30.1 to 84.8°.

“up” conformation
RBD-angle— 84.8°

‘ D40;§“

\r,/”

(A) “down” conformation (B)
J RBD-angle=31.6°

D405’

Figure 1. The three-dimensional models of SARS-CoV-2 spike glycoprotein (SARS-
CoV-2-S) and the schematic diagram of RBD-angle. (A), The “down” conformation of
the RBD modeled using the chain A of 5X58 as a template. (B), The “up” conformation
of the RBD modeled using the chain A of 5X5B as a template. The RBD-angle is
defined as the angle composed of the three Ca atoms of the residues D405-V622-V991,
corresponding to the angle of D392-T608-V973 in SARS-CoV-S.

Table 1. Summary of the SARS-CoV-S trimers in PDB.

PDBID Resolution (A) Chain ACE2 RBDstate® RBD-angle (°)°

5WRG 4.3 A - down 30.1
B - down 30.1

C - down 30.1

5X5816 3.2 A - down 31.6
B - down 31.6

C - down 30.7

5X5B16 3.7 A - up 84.8
B - down 30.9

C - down 30.9

5XLR 3.8 A - down 32.1
B - down 32.1

C - down 32.1

6ACC8 3.6 A - down 334
B - down 33.4

C - down 334



6ACD? 3.9 A - down 32.8
B - down 32.8
C - down 32.9
6ACG? 5.4 A - down 32.6
B - down 32.7
C ACE2 up 54.8
6ACJ 4.2 A - down 33.0
B - down 33.3
C ACE2 up 68.3
6ACK?® 45 A - down 33.1
B - down 33.8
C ACE2 up 84.6
6CRV3! 3.2 A - - -
B - - -
C - - -
6CRWSL 3.9 A - down 34.3
B - up 68.8
C - down 34.2
B6CRX3! 3.9 A - up 71.6
B - up 70.6
C - down 38.1
6CRZ3! 3.3 A - down 34.1
B - up 68.8
C - down 34.1
6CS0% 3.8 A - down 34.2
B - up 68.8
C - down 34.1
6CS13t 4.6 A - up 71.6
B - up 70.7
C - down 38.1
6CS23t 4.4 A - - -
B ACE2 up 74.0
C - - -
6NB6*° 4.2 A - down 30.7
B - up 77.9
C - up 55.2
6NB71° 4.5 A - up 75.3
B - up 70.6
C - up 78.5

2. The RBD state is assigned according to the corresponding references.
b: The RBD-angle is determined by the residues D392-T608-V973 in the SARS-COV-S.

3.2 Higher affinity of the SARS-CoV-2-S binding to ACE2 than the SARS-CoV-S.



To compare the difference in the binding affinities of the two S proteins and ACEZ2, the
MM/GBSA method was used to predict the AG, which has been recommended and
applied in quite a number of protein-protein systems.®? Two initial structures of ACE2-
bound SARS-CoV-2-S with the smallest (54.8°) and largest (84.6°) RBD-angles,
respectively, were obtained from homology modeling using 6ACG and 6ACK as
templates (Table 1).

As shown in Table 2, the calculated AG of the SARS-CoV-2-S binding to ACE2
with the RBD-angle of 54.8° is -21.74+0.65 kcal/mol, which is obviously stronger than
that of the SARS-CoV-S binding to ACE2 (-10.17+0.63 kcal/mol), consistent with
recent experimental results®®. The calculated AG (-29.90+0.80 kcal/mol) of the SARS-
CoV-2-S binding to ACE2 with the RBD-angle of 84.6° is also much stronger than that
of the SARS-CoV-S (-15.46+0.68 kcal/mol), and similar results could be found for
6ACJ with the RBD-angle of 68.3° and 6CS2 with the RBD-angle of 74.0° (Table S1),
revealing that the SARS-CoV-2-S could maintain higher affinity binding to ACE2 than
the SARS-COV-S, regardless of the small or large RBD-angles. These findings provide
a theoretical validation that the SARS-CoV-2-S binds to ACE2 with higher affinity than
to the SARS-CoV-S, in good agreement with the observation that SARS-CoV-2 might
be more readily transmitted human to human than SARS-CoV. The results also
indicated that the SARS-CoV-2-S might have higher affinity, with more “up” RBD
domain, according to the results of the two systems, with RBD-angles of 54.8° and
84.6°, respectively, which deserves further study.

Table 2. Components of the binding free energy (kcal/mol) calculated by the
MM/GBSA method*

6ACG (RBD-angle = 54.8°) 6ACK (RBD-angle = 84.6°)

Energy term

SARS-CoV  SARS-CoV-2 SARS-CoV SARS-CoV-2
Evow -80.57£0.46  -87.07+0.49 -96.89+0.59 -105.05+0.36
Eele 65.07+0.58 -673.99+3.96 -7.57£0.32 -641.25+4.07
Eg 0.90+0.02 737.98+3.86 83.60+0.26 714.56+3.65
Enp -10.31+0.06  -12.21+0.06 -12.93+0.08 -15.03+0.07
AH -24.91+0.50  -35.30+0.60 -33.80+0.74 -46.77+0.61
-T4S -14.74+0.76  -13.56+0.70 -18.34+0.62 -16.87+0.98
AG -10.17£0.63  -21.74+0.65 -15.46+0.68 -29.90+0.80

*: The statistical error was estimated based on 0.5-5 ns MD simulation trajectory. A
total of 500 snapshots evenly extracted from the 0.5-5 ns MD trajectory of each
complex were used for MM/GBSA calculations, with 10 snapshots for the entropy
term calculations.



3.3 Key residues of the SARS-CoV-2-S and SARS-CoV-S interacting with ACE2.
To identify key residues contributing to the strong binding between the S protein and
ACEZ2, the binding free energies were decomposed into residues. Although both spikes
share similar interaction profiles with ACE23* %, the SARS-CoV-2-S has always more
residues interacting with ACE2 than that of the SARS-CoV-S (Figure 2). For the two
complexes with the RBD-angle of 54.8° (Figure 2A), 9 residues of the SARS-CoV-S,
e.g., Y442, L443, P462, L472, N473, Y475, Y484, T487, and Y491 (blue colored), are
favorable for its binding to ACE2 with AG < -1.0 kcal/mol per residue, while the
corresponding 9 residues of the SARS-CoV-2-S are L455, F456, A475, F486, N487,
Y489, Q498, N501, and Y505 (black colored), assigned by sequence alignment, which
were all included in recent experiments.®* ®° In particular, the residue Y491 contributes
-4.03+0.60 kcal/mol to the binding between the SARS-CoV-S and ACE2, while the
corresponding residue Y505 contributes -4.23+0.56 kcal/mol to that of the SARS-CoV-
2-S. The residues Y442, L472, and T487 of the SARS-CoV-S have been previously
reported to be important for ACE2 binding.%®

We identified 5 more residues of the SARS-CoV-2-S interacting with ACE2 than
that of the SARS-CoV-S, which are Y449, Q493, G496, T500, and G502 in the SARS-
CoV-2-S. In particular, the residue Q493 contributes -3.49+0.48 kcal/mol to the binding
of the SARS-CoV-2-S and ACE2, which has also been noted as a particularly critical
residue to provide favorable interactions with ACE23¢. Apparently, the higher number
of interactions and residue variations on the protein-protein interface should be the main
reason for the higher binding affinity of the SARS-CoV-2-S than that of the SARS-
CoV-S to ACE2, which could be used to at least partially interpret the stronger binding
observed from experimental results.3* 36

For the two complexes with RBD-angles of 84.6° (Figure 2B), the simulation
results revealed 3 more residues of the SARS-CoV-2-S interacting with ACE2 than that
of the SARS-CoV-S, with AG <-1.0 kcal/mol per residue (Figure 2C & D). In particular,
the residue Q493 contributes -5.84 kcal/mol (Figure 2B), which is approximately one-
fifth of the overall binding free energy (-29.9 kcal/mol). Therefore, the residue variation
of N479 of SARS-CoV-S to Q493 of SARS-CoV-2-S might play a decisive role in its
strong binding to ACEZ2. It was also found that the length of the hydrogen bond formed
by T486 in SARS-CoV-S and K353 in ACE2 (2.65+0.04 A) of 6ACK was obviously
shorter than that of 6ACG (3.37+0.04 A) during the MD simulations, and a similar shift
was observed for the length of hydrogen bond formed by G488 in SARS-CoV-S and
Y41 in ACE2 (3.4440.05 A in 6ACK and 4.56+0.04 A in 6ACG, respectively),



resulting in the stronger binding of T486 and G488 in 6ACK (Figure S2). A site
composed of residues with more binding affinity contributions should be a potential
site for drug discovery and antibody design (Figure S3). More impressively, most of the
key residues of SARS-CoV-2-S showed stronger binding affinity per residue to ACE2
in the large “up” conformation (RBD-angle=84.6°, Figure 2B) than in the small “up”
conformation (RBD-angle=54.8°, Figure 2A), leading to the much stronger binding
affinity of SARS-CoV-2-S to ACE2 (-29.9 kcal/mol) than that of SARS-CoV-S (-15.5
kcal/mol) at the RBD-angle of 84.6°. This result demonstrated again that a potential
correlation between RBD-angle and binding affinity deserves further study.
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Figure 2. The spike-ACE?2 interaction spectrum of SARS-CoV-2 and SARS-CoV. The
initial structures of MD simulations were modeled based on the 3D structures of 6ACG
(A) and 6ACK (B). The difference that is statistically significant at the 1% level (p <



0.01) was labeled with “*”, Key residues of the SARS-CoV-2-S (C) and SARS-CoV-S
(D) interacting with ACE2 with the RBD-angle of 84.6°, shown in sticks colored green.
Each residue contributed <-1.00 kcal/mol to the overall binding free energy.

3.4 Origin of the stronger binding affinity of SARS-CoV-2-S with ACE2. To further
investigate the influence of residue variation on the RBD-ACE2 interface on the
significant difference of the binding affinity between SARS-CoV-S and SARS-CoV-2-
S to ACE2, we compared all the residues on the spike-ACE2 interfaces of the two
spikes and found that there are 32 residues from the spikes in the interface, among
which 18 residues are different between SARS-CoV-S and SARS-CoV-2-S. To
investigate how the 18 residues’ variations affect the binding affinity to ACE2, we
mutated all 18 residues of SARS-CoV-S to the corresponding residues of SARS-CoV-
2-S (Table S2), viz., K390R, R426N, S432V, T433G, Y442L, L443F, FA60Y, P462A,
D463G, K465T, L472F, Y476F, N479Q, D480S, Y484Q, T485P, T487N and 1489V.
Then, we calculated the AG of the mutated SARS-CoV-S binding to ACE2 in 6ACG
with the MM/GBSA method. The predicted free energy of the mutated spike of SARS-
CoV is -21.02+0.57 kcal/mol, which is almost the same as the strength of the SARS-
CoV-2-S binding to ACE2 (-21.74+0.65 kcal/mol, Table 2), but is much stronger than
that of the wild SARS-CoV-S to ACE2 in 6ACG (-10.17%0.63 kcal/mol). This result
demonstrated that the stronger binding affinity of SARS-CoV-2-S to ACE2 could be
quantitatively attributed to these residue variations. The remaining residue mutations
of the RBD have little effect on its binding strength to ACE2. These results suggested
that the high infectiousness of SARS-CoV-2 should result from the variation of those
residues on the ACE2 interface.

3.5 ACE2-accessible RBD-angle with application for classifying “up” and “down”
conformations. The two states, RBD “down” and “up” conformations, correspond to
the receptor-inaccessible and receptor-accessible states, respectively. As shown in
Table 1, ACE2-bound SARS-CoV-S has a flexible RBD-angle ranging from 54.8° to
84.6°. However, it remains unknown that how large the RBD-angle becomes enables
the SARS-COV-2-S to start binding ACE2. To identify the smallest ACE2-accessible
RBD-angle, we predicted the conformational change pathway by NUMD (Figures 3A
& S4) and found that the structure of the RBD is insensitive to changes in the RBD-
angle (Figure S5). Then, we superimposed the RBD-ACE2 structures of 6ACG on 240
conformations of SARS-CoV-2-S with different RBD-angles (Figure 3A) and found
that there is no atomic collision between ACE2 and the S protein if the RBD-angle is



larger than 52.2°, suggesting that 52.2° is the starting accessible RBD-angle for the
SARS-CoV-2-S to bind ACE2 (Figure 3B). Accordingly, we defined 52.2° as the
smallest ACE2-accessible RBD-angle of the SARS-CoV-2-S, which could be used as
the criterion for classifying “up” or “down” states. For example, as shown in Table 1,
all the “down” conformations of SARS-CoV-S have RBD-angles less than 52.2°, and
the smallest RBD “up” angle 54.8° in 6ACG is larger than 52.2°. Accordingly, the
SARS-CoV-2-S trimer in the most recent cryo-EM structure (PDB ID: 6VSB*) could
be classified as an “up” conformation, as it has a RBD-angle of 57.5°, which is able to
bind the ACE2 molecules of human cells.

Z \,

Figure 3. (A), Twenty aligned conformations extracted from the predicted
conformational change pathway of SARS-CoV-2-S. (B), The ACE2-inaccessible RBD-
angle (blue), ACE2-accessible RBD-angle (green), and unsampled RBD-angle (gray)
of SARS-CoV-2-S protein.

3.6 Correlation between the RBD-angle and binding affinity.

To further investigate the correlation between the RBD-angle and binding affinity, we
calculated the AG against different RBD-angles along the conformational change
pathway. As shown in Figure 4 and Table S3, one can conclude that the SARS-CoV-2-
S has higher affinity with a larger RBD-angle. This result demonstrated that the virus
could start to interact with host cells at an RBD-angle as small as 52.2° and steadily
strengthens its binding interaction with the host cell as the RBD-angle increases in size.
When the RBD becomes almost fully opened (RBD-angle=84.6°), the binding strength
in terms of MM/GBSA could be as strong as -29.9 kcal/mol, which is much stronger
than that of SARS-CoV-S at the same angle (-15.5 kcal/mol). A similar correlation
between the RBD-angle and binding affinity could also be found for SARS-CoV-S and
ACE2 with correlation coefficient of R?=0.64 (Figure S6).
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3.7 Potential ligand-binding sites for molecular docking.

Based on the “down” to “up” conformational change pathway predicted by NUMD,
twenty conformations were then extracted for exploring potential ligand-binding
pockets correlated to the conformational transition, which could be used as potential
sites for molecular docking. Using the method D3Pockets®, we identified 5 potential
druggable ligand-binding pockets, which are dynamically correlated with the state
change from “down” to “up” (Figure 5A). Meanwhile, it was also observed that there
are positive correlations among the 5 pockets except that between Pocket 1 and Pocket
5. For instance, Pocket 2 has a positive volume correlation with Pocket 4 (Figure 5B)
along the conformation transition pathway. In detail, as the conformation of the SARS-
CoV-2-S changes from “down” to “up” states, both Pocket 2 and Pocket 4 also become
larger (Figure 5C). As discussed above, the RBD is inaccessible to ACE2 when the
RBD-angle is less than 52°. Taking into account the angle and the pocket correlation,
all 5 predicted pockets on the conformations with RBD-angles less than 52° should be
promising conformations and sites that should be useful for discovering drugs to block



the conformational change of spike from “down” to “up” states, which may cause the
spike to freeze in conformations unable to bind ACE2.

(®) P

Pocket 1 Pocket §

Figure 5. The predicted potential ligand binding sites of SARS-CoV-2-S. A, Five
potential ligand-binding pockets. The redder the pocket grids are, the more stable the
subpocket regions throughout the pathway. B, Pocket correlation between the 5
predicted binding pockets. The numbers are the correlation coefficients between two
pockets during conformational changes from “down” to “up” states. C, The pocket
correlation between Pocket 2 and Pocket 4.

4. Conclusions

There is no approved effective drug for COVID-19 to date. The SARS-CoV-2 spike
glycoprotein (SARS-CoV-2-S) is an ideal drug target because of its indispensable
function for viral infection and fusion, engaging ACE2 as an entry receptor. To facilitate
drug discovery and development with the SARS-CoV-2-S as the drug target, various
computational techniques were used in this study to investigate the strong binding
mechanism between the protein and its receptor, ACE2. Compared with SARS-CoV-S,
the SARS-CoV-2-S has obviously higher binding affinity to ACE2, as predicted by
MM/GBSA, which may partially account for the stronger infectiousness of SARS-CoV-
2. The binding free energy decomposition analysis further showed that more
interactions formed in SARS-CoV-2-S binding to ACE2, resulting in the higher binding
affinity. In particular, the residue variation of N479 to Q493 might be the decisive
variation of SARS-CoV-2-S to gain its strong binding to ACE2. Based on the calculated
binding free energies of SARS-CoV-2-S at different RBD-angles, it was noted that the



binding affinity of SARS-CoV-2-S to ACE2 becomes increasingly stronger as the
RBD-angle becomes increasingly larger. In addition, we found that 52.2° is a starting
ACE2-accessible RBD-angle, consistent with experimental results. Therefore,
conformations with RBD-angles smaller than 52.2° are ideal target structures for
designing drugs and antibodies to block the binding between the spike and ACE2.
Based on the “down” to “up” conformational change pathway, we identified 5 potential
ligand-binding pockets that are dynamically correlated with the conformational change
of SARS-CoV-2-S with the method D3Pockets. We hope that this work will provide
useful information for understanding the interaction mechanism of the SARS-CoV-2-S
and ACE2 and for developing inhibitors and antibodies to address the ongoing public
health crisis.

Associated contents

Supporting Information: Binding free energy calculations of 6ACJ and 6CS2 (Table S1
& S3) and residues on the RBD-ACE2 interface (Table S2). All figures were discussed

in this manuscript.
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SARS-CoV-2

RBD-angle = 52.2 ~ 84.6°
AG=-21.7 ~ -29.9 kcal/mol

ACE2

RBD-angle = 52.2 ~ 84.6°
AG=-10.2 ~ -16.4kcal/mol




