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Abstract: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a type of Ribonucleic
Acid (RNA) coronavirus and it has infected and killed many people around the world. It is reported
that the receptor binding domain of the spike protein (S_RBD) of the SARS-CoV-2 virus is responsible
for attachment to human angiotensin converting enzyme II (ACE2). Many researchers are attempting
to search potential inhibitors for fighting SARS-CoV-2 infection using theoretical or experimental
methods. In terms of experimental and theoretical research, Cefuroxime, Erythromycin, Lincomycin
and Ofloxacin are the potential inhibitors of SARS-CoV-2. However, the interactive mechanism of
the protein SARS-CoV-2 and the inhibitors are still elusive. Here, we investigated the interactions
between S_RBD and the inhibitors using molecular dynamics (MD) simulations. Interestingly, we
found that there are two binding sites of S_RBD for the four small molecules. In addition, our analysis
also illustrated that hydrophobic and 7-7 stacking interactions play crucial roles in the interactions
between S_RBD and the small molecules. In our work, we also found that small molecules with
glycosyl group have more effect on the conformation of S_RBD than other inhibitors, and they are
also potential inhibitors for the genetic variants of SARS-CoV-2. This study provides in silico-derived
mechanistic insights into the interactions of S_RBD and inhibitors, which may provide new clues for
fighting SARS-CoV-2 infection.

Keywords: S_RBD; molecular dynamics simulation; Cefuroxime; Erythromycin; Lincomycin; Ofloxacin;
hydrophobic interactions; 7-7t stacking interactions; glycosyl

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a novel coron-
avirus, causing humanity fever, cough, severe respiratory disease and pneumonia. Many
have been infected and even killed, and even if they are cured, the disease can also
leave behind kinds of sequelae [1-3]. According to the data of the World Health Orga-
nization (WHO), there have been 205,338,159 people infected by SARS-CoV-2, including
4,333,094 deaths, globally as of 13 August 2021 (https://covid19.who.int/ (accessed on
14 August 2021)). Many researchers are attempting to search potential inhibitors [4-7],
antibiotics [8,9] and vaccines [10-12] for fighting SARS-CoV-2 infection using theoretical or
experimental methods.

One experiment [13] determined the crystal structure of SARS-CoV-2 and described
that the receptor binding domain of the spike protein (S_RBD) of the SARS-CoV-2 virus
is responsible for attachment to human angiotensin converting enzyme II (ACE2). ACE2,
as a cell receptor for SARS-CoV-2, will assist SARS-CoV-2 entry into cells and cause the
virus to infect humans [13]. According to the experimental report, S_RBD has a greater
binding affinity for ACE2 [14]. A number of recent articles have studied monoclonal
inhibitors [15,16] of the SARS-CoV-2 virus. On the basis of the trial seventh edition of
diagnosis and treatment guideline of COVID-19 issued by National Health Commission of
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the People’s Republic of China (http:/ /www.nhc.gov.cn/ (accessed on 31 January 2020)),
the recommendation of related clinical drugs is a-interferon, Lopinavir, Ritonavir, Ribavirin,
Chloroquine phosphate, Abidol and so on. Some researchers have explored latent drugs
to bind to the RNA-dependent RNA polymerase or main proteinase (Mpro) of SARS-
CoV-2 through molecular dynamics (MD) simulations. For example, Cefuroxime [17-19],
Erythromycin [20], Lincomycin [20,21] and Ofloxacin [22]. On the other hand, Cefuroxime
is clinically used and shows high affinity with S_RBD in simulation experiments [23,24].
Erythromycin is used for the treatment of complications in COVID-19 patients [25]. These
two antibiotics are recommended [8]. Lincomycin has a better effect in clinical experiments
relatively [26]. The dimeric Mpro can be coupled by Ofloxacin [22]. These inhibitors
display favorable binding affinity with SARS-CoV-2 or have relatively good therapeutic
effect. In particular, Lincomycin appears more appropriate in the treatment of COVID-19-
associated pneumonia.

Despite conducting extensive experimental and related clinical studies, the molecular
mechanism underlying SARS-CoV-2 binding with small molecules is still elusive. In
order to fully understand the interactive mechanism of potential inhibitors and S_RBD
at the atomic level, here we selected the S_RBD protein, ACE2, and small molecules,
including Cefuroxime, Erythromycin, Lincomycin, and Ofloxacin, as the research systems.
By comparing the differences among different systems and analyzing the interactions
between S_RBD and small molecules, we explored the binding mechanism of potential
inhibitors through molecular dynamics simulation. We also proposed that the inhibitors
with glycosyl group may play a crucial role in the interactions between S_RBD and the
potential inhibitors.

2. Materials and Methods
2.1. Research Systems

We studied six systems at the atomic level: S_RBD, S_RBD in the presence of ACE2,
Cefuroxime, Erythromycin, Lincomycin, and Ofloxacin. The S_RBD protein (residues
333-527) and the ACE2 protein (residues 19-614) were gained from X-ray diffraction struc-
ture [27] (Protein Data Bank (PDB) code: 6LZG). The mutant S_RBD (m_S_RBD) proteins
were generated from the above mutant S_RBD by PyMOL software. The chemistry mod-
ule of small molecules was obtained from https:/ /pubchem.ncbi.nlm.nih.gov/ (accessed
on 22 September 2021) (PubChem), and the Compound Identifiers (CIDs) were 5479529
(Cefuroxime), 12560 (Erythromycin), 3000540 (Lincomycin), 4583 (Ofloxacin), respectively.
These PubChem CID of prediction small molecules were 159278 (Salidroside), 5281773
(Forsythoside A), 101712 (Phillyrin), 64982 (Baicalin), 3084961 (Oroxindin), 656516 (Amyg-
dalin), 503737 (Liquiritin), 37542 (Ribavirin). They were optimized using Spartan10 [28],
followed by an energy minimization using GAMESS (30 September 2019 (R2)) software [29].
The chemical structures of small molecules are given in Table 1. Small molecules force filed
are generated by Antechamber tool (Amber Built-in tools) [30] and all the small molecules
are deprotonated. Each system was placed in a box of TIP3P water molecules with a
minimum distance to the water box wall of 1.0 nm. The total /micromolecular number of
atoms were 3008, 12,527, 3053 /46, 3126/118, 3069/61, and 3054 /46 for the S_RBD system,
the S_RBD with ACE2 system, the S_RBD with Cefuroxime system, the S_RBD with Ery-
thromycin system, the S_RBD with Lincomycin system, and the S_RBD with Ofloxacin
system, respectively.

2.2. Molecular Docking Strategy

To screen the potential inhibitors of SARS-CoV-2, we employed semi-flexible docking
in AutoDock software [31-33]. The grid spacing was kept at 0.375 A and the size of grid
was 92 A x 120 A x 42 A. The center coordinates of the box were (—36.767,28.066, 1.216),
(—36.763, 28.067, 1.218), (—36.727, 28.065, 1.26), and (—36.784, 28.064, 1.259) in x, y and z
dimensions, for the S_RBD with Cefuroxime system, S_RBD with Erythromycin system,
S_RBD with Lincomycin system, and S_RBD with Ofloxacin system, respectively.
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Table 1. The chemical structure, molecular formula and binding energy of the potential inhibitors of SARS-CoV-2 with

AutoDock method.
English Name Cefuroxime Erythromycin Lincomycin Ofloxacin
Molecular formula C16H16N408S C37H67N013 C18H34N2065 ClgHzoFN3O4
Binding energy _ B _ B
(K] /mol) 15.104 9.330 13.656 18.995

Chemical structure
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For predicted effective small molecules, the grid spacing was kept at 0.308 A and
the size of grid was 56 A x 46 A x 56 A in domain 1. The coordinates of the center
grid box were (—32.221, 15.724, and 28.386) in X, y, and z dimensions. However, for
m_S_RBD protein and small molecules, all parameters are the same as the S_RBD with
Lincomycin system.

Here we took the structure of complex with the lowest binding energy as the initial
structure, as shown in Table 1, Tables S2 and S3.

2.3. MD Simulation

The simulation time was 400 ns and the temperature was 310 K in each MD trajectory
for all simulation systems with AMBER99SB-ILDN force field [34]. To imitate neutral pH
conditions, the residues of Asp, Glu, Arg, and Lys were charged (Asp_l, Glu™?, Arg”, and
Lys*!). The N- and C-termini were also charged (NH** and COO") and counterions (Cl1 -,
Na*t) were added to neutralize these systems. Eight Nat ions were added in the S_ RBD
with ACE2 system and the other systems were neutralized with two Cl1~ ions. All MD
simulations were performed in the GROMACS-2018.1 software package [35]. The details of
all the simulations are summarized in Table S1. The visual inspection of four systems was
carefully performed using visual molecular dynamics (VMD) [36] and PyMol software [37].

2.4. Analysis Methods

First, we discarded the first 300 ns MD trajectory with the purpose of removing the
bias of the initial states. We performed the analysis using our in-house developed codes
and the GROMACS facilities [35]. The structural analysis of the conformational ensemble
was performed by evaluating root mean square deviation (RMSD), radius of gyration
(Rg), root mean square fluctuation (RMSF), the solvent accessible surface area (SASA)
and the contact surface area (CSA). Here, we identified that the residues were in contact
state when the minimum distance between residue-residue of S_RBD was within 0.54 nm.
We identified that two rings formed a 7t-7 interaction if the centroid distance between
two aromatic residues was detected to be within 0.65 nm [38]. We also calculated the 2D
free energy landscape, applying the formula, RTInH (x, y), where H (x, y) is the histogram
of two selected reaction coordinates, which is the angle and distance.

Molecular Mechanics Poisson—Boltzmann Surface Area (MM /PBSA) method is em-
ployed to calculate the binding energies between receptor and ligand, implemented in the
GROMACS package [39—-41]. In this method, the binding free energy (AGpinding) satisfies
the formula AGpinging = AEMm + AGsoly — TAS, where AEpmw is the gas phase energy.
AEMM satisfies the formula AEynv = AEponded + AEnon-bonded, Where AEpqnded is bonded
interactions taken as 0 and AE,,onponded CONSists of electrostatic (AE¢je.) and van der Waals
(AEyqw) terms [31,42], hence AEyp ought to fulfil the formula AEypy = AEgiec + AEvaw-
AGsoly represents the solvation energy, consisting of the polar solvation energy, AGyolar,
and the nonpolar solvation component AGg,¢. On the basis of numerous previous compu-
tational studies [43—46], the contribution of conformational entropy of the peptides was
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ignored. Therefore, in this study, we use the formula AGypinging = AEmm + AGsoly [47] to
calculate the binding free energy.

3. Results and Discussion

According to the relevant literature and drug properties, we selected four inhibitors with
antibacterial or bactericidal effects: Cefuroxime, Erythromycin, Lincomycin, and Ofloxacin
from Cephalosporins, Macrolides, Lincosamides, and Quinolone, respectively [48-52]. To
understand the interactional mechanisms of the inhibitors with S_RBD, we obtained the
structures of S_RBD with small molecules/ACE2 by AutoDock method and performed
molecular dynamics simulations for the six systems, the S_RBD system, the S_RBD in the
presence of ACE2 system, the S_RBD in the presence of Cefuroxime system, the S_RBD in
the presence of Erythromycin system, the S_RBD in the presence of Lincomycin system
and the S_RBD in the presence of Ofloxacin system. Table 1 illustrates molecular formulas,
binding energies, and chemical structures of the inhibitors. All of the initial states of S_RBD
and small molecules/ ACE2 are presented using PyMol, as shown in Figures S1 and S2.

3.1. The Convergence and Stability of S_RBD in the Research Systems

In order to check the convergence and compare the structural stability of S_RBD,
we conducted the time evolution of backbone RMSD analysis in each research system.
Figure 1 showed that the RMSD values of S_RBD protein increased rapidly from the initial
value (0 nm) and then fluctuates in the six systems. It is obvious that the RMSD values of
S_RBD fluctuate around 0.2/0.3 nm during the last 100 ns trajectories. It is shown that our
simulation trajectories are converged in all of the six systems. Overall, the analysis of the
RMSD shows that our MD simulations have reasonably converged and the conformation
of S_RBD is stable in the absence or presence of the small molecules/ACE2.

S RBD S RBD+ACE2 S_RBD+Cefuroxime
0.6
(4) —woi] ® 06 — ] © 0.6 —ye~
— MD2 ——MD2 —MD2
- -
g 04 g 04 E 0.4
a =1 8
w 17} 8
E 0.2 5 0.2 5 0.2
0.0 + 0.0 0.0 *
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Time(ns) Time(ns) Time(ns)
S_RBD+Erythromycin S_RBD+Lincomycin S_RBD+Ofloxacin
0.6 E 0.6 F 0.6
(D) —wo1] ® —wo1] P — MDI1
— MD2 — MD2 — MD2
- ~
7 0.4 g o4 £ 04
& g g
g 0.2 E 0.2 2 0.2
0.0 T T T 0.0 + T T T 0.0 + T T T
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Time(ns) Time(ns) Time(ns)

Figure 1. The analysis of the Convergence and Stability of S_RBD. The analysis of backbone RMSD of S_RBD (A) for the S_RBD
system, (B—F) for the S_RBD in the presence of ACE2, Cefuroxime, Erythromycin, Lincomycin and Ofloxacin system, respectively.

3.2. The Structural Characteristics of S_RBD in the Absence or Presence of the Small
Molecules/ACE2

To describe the conformational characteristics of S_RBD in the absence or presence of
the inhibitors/ ACE2, we presented the sequence of S_RBD in Figure 2A. The core domain
of S_RBD consists of four a-helixes («1: residues F338-N343, «2: residues V366-N370, «3:
residues V407-Q409, a4: residues K417-N422) and seven (3-sheets (31: residues N354-1358,
B2: residues S375-Y380, $3: residues T393-R403, 4: residues G431-N437, 35: residues
1452-R454, 36: residues P492-5494, 37: residues P507-E516), as shown in Figure 2A,C. We
also define domain 1 (the residues P337-F374 and A435-D442) and domain 2 (the residues
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between 1472 and F490) in Figure 2. The top view and side view of binding region are
shown in Figure S3 for the S_RBD protein.

a2 B2 B3 a3 a4 P4 B5 g6 B7
- = e ym= )= (©)
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Figure 2. The flexibility of S_RBD residues in the six systems and conformational change of protein in the presence of
inhibitors. (A) The sequence of the protein S_RBD (PDB ID: 6LZG). The strands are represented by red arrows and helices
are shown as green cylinders in the sequence. The domain 1 is a yellowish background, and the domain 2 is red background.
(B)The analysis of the average RMSFs of S_RBD in the S_RBD in the presence of ACE2 system, the S_RBD protein system
and the four complex systems. (C) The 3D structure of S_RBD in the new cartoon representation. N terminal (blue) and C
terminal (red). The snapshots at 0 ns, 100 ns, 300 ns and 400 ns, respectively for the (D) S_RBD with Cefuroxime (blue)
system, (E) S_RBD with Erythromycin (purple) system, (F) S_RBD with Lincomycin (cyan) system, and (G) S_RBD with

Ofloxacin (orange) system.

To observe the binding sites of the S_RBD protein and inhibitors, we plotted the snap-
shots of the four complex systems (S_RBD with Cefuroxime, Erythromycin, Lincomycin
system, and Ofloxacin systems) in 0 ns, 100 ns, 300 ns, and 400 ns by PyMol, as shown
in Figure 2D-G. We found that the position of small molecules in the complex systems
tend to be stable after 300 ns. It is obvious that the small molecules of Cefuroxime and
Erythromycin share the same binding region of S_RBD, near the random turn in domain
2, as shown in Figure 2D,E. However, Lincomycin and Ofloxacin share the same binding
region of S_RBD, among two o-helices in domain 1, as shown in Figure 2F,G. Our data
show that there are two binding regions of S_RBD in our research systems.

In order to detect the flexibility of each residue of S_RBD, we calculated the value of
RMSF using the last 100 ns trajectories of all the simulations for each system in Figure 2B.
Dramatically, we found that the residues in the S_RBD system without inhibitors/ACE2
have greater flexibility than the S_RBD protein systems in the presence of small molecules
and ACE2. Interestingly, we also found that the residues in domain 1 are more flexible in
the S_RBD in the presence of Cefuroxime and Erythromycin ACE2 systems than in the
S_RBD in the presence of Lincomycin and Ofloxacin systems, such as the residues F342,
K356, S371, and N440 (Table S4).

For the purpose of further researching the conformational difference of S_RBD in six
systems, we presented the alignment of the initial conformation (grey) and the representa-
tive snapshot at 400 ns in each simulation with the new cartoon method. The details are
shown in Figure S4A-F. Interestingly, the residues of S_RBD in domain 1 and domain 2 are
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larger structural differences in the S_RBD system and the S_RBD with ACE2 system than
other research systems.

From the above data, we can summarize that the residues of S_RBD in the absence
of small molecules/ACE2 are greater flexible than those in the presence of the small
molecules/ACE2. The residues of S_RBD are the most stable in the presence of Lincomycin
among all the research systems.

3.3. Analysis of the Interactions among the Residue-Residue of S_RBD

To further understand the residue-residue interactions of S_RBD among different
systems, we plotted the contact probability between each pair of residues in the absence
and the presence of the inhibitors/ACE2. Figure 3 reflects the interaction of the protein
itself in the absence and the presence of the inhibitors/ACE2, because different small
molecules can have different effects on the interactions between residues of the S_RBD
protein. Therefore, the difference of interaction can be compared and the differences
between these systems are important. The residue-residue interaction patterns of the
six systems are roughly the same, but slightly different, in Figure 3A-F, and the difference
of the interactions has been marked. In the S_RBD system, a peptide—peptide interaction
occurs between residues T333-W353 and residues W353-C379 around domain 1. However,
the contacts between these residues become strong in the presence of the inhibitors and
ACE2 in Figure 3B-F. In addition, we found most of these residue pairs display increased
contact probability in the four systems by comparing the S_RBD protein system and S_RBD
in the presence of ACE system. Interestingly, for the complex system and the S_RBD
in the presence of ACE2 system, contact probabilities between residue E516-C525 and
residue T478-F486 (around domain 2) notably increase in the presence of small molecules
of Cefuroxime/Erythromycin/Lincomycin/Ofloxacin. This phenomenon shows that the
potential inhibitors enhance the interaction of S_RBD. In short, our data shows that the
residues in domain 1 and domain 2 have stronger interactions than other regions of the
S_RBD, and this phenomenon is also consistent with the previous analysis of RMSF. We
can propose that the two binding sites, domain 1 and domain 2, play critical roles in
molecular progress.
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Figure 3. The interactions between the residues of S_RBD. The residue-residue contact probability
maps for the S_RBD. (A) for the S_RBD system, (B-F) for the S_RBD in the presence of ACE2,
Cefuroxime, Erythromycin, Lincomycin and Ofloxacin system, respectively.

3.4. The Conformational Difference of S_RBD in Different Research Systems

To further understand the conformational difference of S_RBD with different small
molecules and ACE2, we plotted the probability distribution function (PDF) of the Rg,
SASA and CSA, as shown in Figure 4A—C. Figure 4A shows the probability of the Rg.
According to Figure 4A, in the S_RBD with Lincomycin system, the radius of gyration is
1.820 nm, which has an extremely large peak. The peaks are extremely reduced in S_RBD



Processes 2021, 9, 1749

7 of 15

(a)

PDF (%)

with Cefuroxime system (1.824 nm), S_RBD with Erythromycin system (1.846 nm), S_RBD
with Ofloxacin system (1.840 nm), S_RBD with ACE2 system (1.839 nm), and S_RBD system
(1.833 nm). In addition, the SASA distribution curves of the S_RBD show that there exists a
sharp peak at a SASA value of 100 nm? in the S_RBD system, S_RBD in the presence of
Cefuroxime system and S_RBD in the presence of Lincomycin system, while in the S_RBD
with Erythromycin, Ofloxacin system and ACE2 system, this peak of SASA value is shifted
to approximately 106 nm? (Figure 4B). In a word, the values of Rg and SASA indicate
that conformation of S_RBD in the S_RBD in the presence of Lincomycin system is more
compact than that with /without the small molecules Cefuroxime/Erythromycin/Ofloxacin
and protein ACE2.

— §_RBD+Cefuroxime — §_RBD+Lincomycin S RBDHACE2
— S_RBD+Erthromycin — S_RBD+Ofloxacin S _RBD
20 (B) 30 (cy 15
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178 1.80 1.82 1.84 1.86 1.88 1.9 95 100 105 110 115 0 200 400 600 800
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Figure 4. The physical and conformational properties of the six systems. The probability distribution function (PDF) of
(A) the radius of gyration (Rg), (B) the solvent accessible surface area (SASA) and (C) the contact surface area (CSA) in each
MD system. The S_RBD with Cefuroxime system (black), S_RBD with Erythromycin system (red), S_RBD with Lincomycin
system (blue), S_RBD with Ofloxacin system (green), S_RBD with ACE2 system (purple) and S_RBD system (orange).

In order to further explore the influence of the inhibitors on the conformation of
S_RBD, we calculated the distribution of the CSA between S_RBD and the small molecules.
Our analysis shows that the average CSA values are 489.48 A2 in the S_RBD in the presence
of Cefuroxime system, 617.884 A2 in the S_RBD in the presence of Erythromycin system,
560.749 A? in the S_RBD in the presence of Lincomycin system, and 546.891 A2 in the
S_RBD with Ofloxacin system, respectively, as described in Figure 4C. These demonstrate a
comparatively stronger binding affinity between S_RBD and Erythromycin/Lincomycin
than the other systems [53]. The CSA value of Erythromycin and S_RBD is even larger, be-
cause the molecular weight and the surface of Erythromycin is larger than other molecules.
Except Erythromycin, Lincomycin has larger CSA value than other two molecules. Our
data in Figure 4 agree well with the above analysis in Figure 2.

3.5. Identify the Major Interaction Residues of S_RBD by Calculating the Binding Energy

After determining the effect of the inhibitors on the conformation of the S_RBD pro-
tein, we examined the binding free energy of the complex with the MM /PBSA method
using the last 100 ns of each MD trajectory. In Table S3, we listed the binding energy
(less than 1.0 KJ /mol) between each residue of S_RBD and the small molecules Cefurox-
ime/Erythromycin/Lincomycin/Ofloxacin. Interestingly, we found the binding energies
between S_RBD and small molecules were —36.304 KJ /mol (Cefuroxime), —63.106 KJ /mol
(Erythromycin), —62.862 KJ/mol (Lincomycin) and —69.961 K] /mol (Ofloxacin), respec-
tively, as shown in Table S5. To further explore the underlying interactive mechanism
between the protein and the inhibitors, we first calculated the binding free energy of the
inhibitors with each amino acid residue of S_RBD by discarding the first 300 ns of each
MD trajectory. Figure 5A and Table S6 shows that the small molecule Cefuroxime has
a relatively low binding energy with the hydrophobic residue (P479) and the aromatic
residues (Y473 and Y489) in domain 2 for the S_RBD in the presence of Cefuroxime system.
We also found that the small molecule Erythromycin has a relatively low binding energy
with the hydrophobic residues (L455, F456, and A475) and the aromatic residues (Y473 and
Y489) in domain 2 for the S_RBD with Erythromycin system. Some researchers reported
the residues (L455, F456, and Y489) that S_RBD interact with human ACE2 protein in
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domain 2 [14,54]. In our research, the binding sites in domain 2 consists with the reports
well. From Figure 5E,G and Table S3, it can be seen that major interacting residues of Lin-
comycin to the S_RBD protein (residues: F342, Y367, L368, F374, and W436) are exceedingly
similar to those of Ofloxacin to the protein of S_RBD (residues: F342, F374, and W436) in
domain 1. The binding residues between S_RBD protein and small molecules, in domain 1,
have also been reported in some simulation calculations [55,56].
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Figure 5. Residue-based interaction sites analysis. The binding free energy (in kJ/mol) between
each residue of S_RBD and the inhibitors (A,C,E,G). The binding models between the inhibitors and
S_RBD are described in details (B,D,F,H). The binding model is the most representative frame of each
MD simulation. The inhibitors are shown as sticks using Discovery Studio. The types of interactions
are the hydrophobic interactions (conventional hydrogen bond, alkyl interaction, pi-alkyl interaction
and carbon hydrogen bond) and 7-7t interaction.
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To further have a detailed view of the characteristic interaction of the small molecules
and S_RBD, we plotted the most representative binding model of the small molecules
to S_RBD in Figure 5B,D,FH using Discovery Studio. The types of interactions between
the small molecule Cefuroxime and the residues belong to conventional hydrogen bond
(GIn474 and Gly476), and carbon hydrogen bond (Tyr473 and Pro479) in the S_RBD in the
presence of Cefuroxime system. The interactions between the small molecule Erythromycin
and the residues belong to conventional hydrogen bond (Leu455), alkyl interaction (Ala475)
and pi-alkyl interactions (Phe456, Tyr489, and Tyr473) in the S_RBD in the presence of
Erythromycin system. The interactions between the small molecule Lincomycin and
the residues belong to alkyl interaction (Val367 and Leu368) and pi-alkyl interactions
(Phe342, Phe374, and Trp436) in the S_RBD with Lincomycin system. In addition, the
interactions between the small molecule Ofloxacin and the residues also belong to pi-alkyl
interactions (Phe342 and Trp436) and 7-r stacked interaction (Phe374) in the S_RBD in
the presence of Ofloxacin system. From Figure 5, we can also conclude that the four
inhibitors have the two different binding regions with S_RBD. There are strong interactions
between small molecules Cefuroxime/Erythromycin and S_RBD in domain 2 for S_RBD
with Cefuroxime system and S_RBD with Erythromycin system. There are also strong
interactions between small molecules Lincomycin/Ofloxacin and S_RBD in domain1 for
the S_RBD with Lincomycin system and S_RBD with Ofloxacin system. Hydrophobic
interactions and 7t-7t interactions play major roles between the inhibitors and the residues
of S_RBD. In previous computer simulation studies, hydrophobic interactions and -7t
interactions between small molecules and protein have also been reported [57-61].

3.6. Analysis of Physical Interactions between the Residues and the Small Molecules

To better understand the interaction of stacking patterns between benzene-like rings
of small molecules and the aromatic rings of S_RBD residues, we analyzed the potential
mean force (PMF) (in kcal/mol) as a function of the distance between the mass center of
the two rings and the angle among the two rings (Figure 6A-D). The stacking patterns
were mainly classified into three categories: parallel (0°-30°), herringbone (30°-60°), and
perpendicular or T-shaped (60°-90°) [31]. As shown in Figure 6A, it is obvious that
the function image of free energy surface has two minimum-energy basins centered at
(0.51 nm < distance < 0.815 nm and 15.2° < angle < 80.2°). The representative snapshot is
shown in Figure 6E and the specific values of angle as well as distance are 70.202° and
0.515 nm, respectively, which correspond to perpendicular-aligned stacking interaction
between aromatic residue TYR 473 and the benzene-like ring of Cefuroxime. There are
three minimum-energy basins that the distances range from 0.42 nm to 1.12 nm and
the angles range from 5.143° to 80.143° in the S_RBD with Erythromycin system. The
typical detail image is shown in Figure 6F, which corresponds to herringbone 7-7t stacking
patterns between aromatic residue TYR 473 and the aromatic heterocycle of Erythromycin.
From Figure 6C,D, we can clearly see that two minimum-energy basins are plotted on
the illustration of the free energy surface, which illustrates that the herringbone and T-
shaped m—m stacking patterns are dominant in the S_RBD with Lincomycin system, and
the parallel and herringbone m—mt stacking patterns are populated in the S_RBD with
Ofloxacin system. As shown in the Figure 6G,H, there are the representative snapshots,
which corresponds to T-shaped/parallel 7i-7t stacking patterns between the aromatic ring
of residue PHE 374 and the benzene-like ring of Lincomycin/Ofloxacin. As a result, we can
summarize that the stacking interaction between benzene-like rings of small molecules and
the aromatic rings plays a vital significant role in maintaining the stability of the complex.
Our previous works also reported the three m—m stacking patterns between protein and
small molecules [43,58,59,62].
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Figure 6. Analysis of aromatic stacking interactions between the aromatic heterocycle of the inhibitors
and aromatic residues. The free energy landscape as a function of the centroid distance and the
angle between the rings of aromatic residues of S_RBD and the benzene-like rings of inhibitors for
(A) TYR473 and Cefuroxime in the S_RBD with Cefuroxime system, (B) TYR473 and Erythromycin in
the S_RBD with Erythromycin system, (C) PHE374 and Lincomycin in the S_RBD with Lincomycin
system and (D) PHE374 and Ofloxacin in the S_RBD with Ofloxacin system. Representative snapshots
using PyMOL showing a perpendicular-aligned stacking orientation between the aromatic ring of
TYR473 and the benzene-like ring of Cefuroxime (E) in the S_RBD with Cefuroxime system, a
herringbone-aligned stacking orientation between the aromatic ring of TYR473 and the benzene-like
ring of Erythromyecin (F) in the S_RBD with Erythromycin system, a perpendicular-aligned stacking
orientation between the aromatic ring of PHE374 and the benzene-like ring of Lincomycin (G) in the
S_RBD with Lincomycin system and a parallel-aligned stacking orientation between the aromatic
ring of PHE374 and the benzene-like ring of Ofloxacin (H) in the S_RBD with Ofloxacin system.

3.7. Prediction Potential Inhibitors with Glycosyl for SARS-CoV-2 and the Genetic Variants of
SARS-CoV-2 from Existing Drugs

From the above analysis, we found that Lincomycin has more effect on the confor-
mation of S_RBD than other inhibitors. First, based on the structural character of the
small molecules, the Lincomycin is divided into two parts: part I and part II, as shown
in Figure 7A. Part I belongs to the pyrrolidine, and part Il is the glycosyl group. In order
to further explore the crucial part of Lincomycin, we calculated the contact probability of
S_RBD protein with each part of Lincomycin, as shown in Figure S5. The contact probability
of S_RBD protein with part II is higher than part I of small molecule in domain 1 (Table S7).
This means that the glycosyl group in part II plays important roles in the interactions
between Lincomycin and S_RBD.

According to the reports, the existing drugs, such as Lianhuaqingwen capsules [63],
Double Coptis [64], and Ribavirin [65], are effective treatment methods for SARS-CoV-
2. Interestingly, we found the main components of these drugs, Salidroside [66] (CID
159278), Forsythoside [67] (CID 5281773), Phillyrin [67] (CID 101712), Baicalin [68] (CID
64982), Oroxindin [68] (CID 3084961), Amygdalin [69] (CID 656516), Liquiritin [70] (CID
503737), and Ribavirin (CID 37542) all have the glycosyl group. The chemical structures of
potential inhibitors with the glycosyl group are shown in Figure S2. We also calculated the
free binding energy of potential inhibitors in domain 1 using AutoDock in Table S2. The
binding models between the inhibitors and S_RBD in binding domain 1 are also shown in
Figure S7 with the Discovery Studio method. We found that the glycosyl moieties in small
molecules interact with hydrophobic residues of S_RBD protein. Among all the potential
inhibitors, Phillyrin and Liquiritin have relatively lower docking energy in domain 1. The
three-dimensional binding modes between the Phillyrin/Liquiritin and S_RBD are shown
in Figure 7D,E. From Figure 57, we can see that hydrophobic residues are important in the
interactions between S_RBD and the inhibitors with glycosyl. Here, we propose that the
glycosyl functional groups in inhibitors may be instrumental in inhibiting SARS-CoV-2.



Processes 2021, 9, 1749

11 of 15

A ®B)
Part I (?H " CH,
_-Su 2 OH o
o
o) OH o
P s " CHy
\ Y
N on
Part | \
Phillyrin
© ()] ‘ ()]
y
LEU368 } TRP436 SER373 )
’ ) ‘1.(- ¥y TRP436
0 VAL367 LEU368/;‘ -
H e %
) : k
& Ul ASN343 A
. ! @&
wl ‘ < PHE342
LN ASP364 (250 ASP364
" TCyss36
Liquiritin S_RBD+Phillyrin S_RBD+Liquiritin
® o @ 0
e &y R Interactions
B:456 Bskga
\ A~ van der Waals
o ! . o . X’H“ S aw P Conventional Hydrogen Bond
™ [ . L \ P ju @ Carbon Hydrogen Bond
e S " 2 aw Alkyl
‘ P J ' L O Pi-Alkyl
£33 ~ By - mm Pi-Sigma
B:489 B:494 .
Pi-Sulfur

m_S_RBD+Lincomycin

m_S_RBD+Phillyrin

Figure 7. (A) The chemical structure of Lincomycin with the glycosyl group. Lincomycin is divided into two heterocycles
parts: part I (dark blue) and part II (pink). The chemical structure of (B) Phillyrin and (C) Liquiritin. The parts of glycosyl
group are marked as red. The binding model between the protein S_RBD and (D) Phillyrin and (E) Liquiritin in domain 1
using the Pymol method. The binding models of the inhibitors and the mutant S_RBD (m_S_RBD) in the genetic variants of
SARS-CoV-2 (F,G). The inhibitors are shown as sticks using Discovery Studio. The types of interactions are the hydrophobic
interactions (conventional hydrogen bond, alkyl interaction, pi-alkyl interaction and carbon hydrogen bond), nr-sigma

interaction and pi-sulfur interaction.

To explore the potential inhibitors for the genetic variants of SARS-CoV-2, we calcu-

lated the lowest free binding energy of Lincomycin, Phillyrin, and Liquiritin with the spike
RBD of the genetic variants of SARS-CoV-2 using AutoDock, as shown in Table S3. Inter-
estingly, we found that the value of the binding energy between Phillyrin and m_S_RBD
(mutant site: E484K) is —20.585 KJ/mol, and it is —22.635 KJ/mol between Liquiritin
and m_S_RBD (mutant sites: L452R, T478K). These are lower than the value between
Lincomycin and S_RBD. We also plotted the binding models of the inhibitors and the
m_S_RBD in the genetic variants of SARS-CoV-2, as shown in Figure 7EG. The types
of interactions between the inhibitors and m_S_RBD are the hydrophobic interactions,
m-sigma interaction and pi-sulfur interaction. The glycosyl group plays a crucial role in the
interactions of the protein and inhibitor.

In short, the small molecules with the glycosyl group show the potential inhibitions
for S_RBD and m_S_RBD.

4. Conclusions

In this work, we investigated the conformational characteristics of S_RBD in the
six simulation systems. Based on the 12 MD simulations, we concluded that two types of
binding sites are explored in the four systems with inhibitors, and small molecules can
reduce the flexibility of the S_RBD protein. Hydrophobic and -7t stacking interactions
played vital important roles in the interplay between S_RBD and the small molecules.
More interestingly, our data indicated that Lincomycin containing glycosyl group shows
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a stronger role in stabilizing S_RBD protein than the other inhibitors and the human
ACE2 protein.

In short, our results explained the interactional mechanism of S_RBD and inhibitors at
the atomic level, revealed two binding sites of S_RBD, and discovered the importance of
the glycosyl group of inhibitors in inhibiting SARS-CoV-2 and the genetic variants of SARS-
CoV-2. In silico-derived mechanistic insights into the interactions of S_RBD and inhibitors
are provided in this study, which may provide new clues for fighting SARS-CoV-2 infection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pr9101749/s1, Figure S1: The initial structures of complex. Figure S2: The initial structure
in the S_RBD with ACE2 system and the S_RBD system by cartoon representation. Figure S3: The
side and top views of two binding regions. Figure S4: The alignment of the initial conformation and
the representative snapshot at 400 ns in each simulation with the cartoon representation. Figure S5:
The residue-based contact probability between S_RBD and part I/part II of the inhibitor Lincomycin.
Figure S6: The chemical structures of potential inhibitors with the glycosyl group. Figure S7: The
binding models between the inhibitors and S_RBD in binding domain 1 with Discovery Studio
method. Table S1: The detail of each simulation system. Table S2: The lowest free binding energy
of potential effective inhibitors and the in different domains using AutoDock. Table S3: The lowest
free binding energy of Lincomycin, Phillyrin and Liquiritin with the mutated Spike RBD of the
genetic variants of SARS-CoV-2 using Autodock. Table S4: The respective RMSF value of residues
belonging to domain 1 and domain 2. Table S5: Free energy between S_RBD and the small molecules
Cefuroxime, Erythromycin, Lincomycin and Ofloxacin. Table S6: The residues of binding energy less
than —1 KJ/mol in four systems. Table S7: The specific value of residue-based contact probability
more than 0.2 between S_RBD and part I/part II of Lincomycin in domain 1.
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