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Introduction

Since the end of 2019, the epidemic disease caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has spread in more than
100 countries, causing over 47 million infections with more than 1. 2 million
deaths, which severely threatens the global public health, the economic

development, and the social stability ( Jiang et al., 2020 ). SARS-CoV-2 is a

kind of novel enveloped positive-stranded RNA viruses. The SARS-CoV-2
genome can encode four major structural proteins ( Figure 1 ): the spike (S)
protein, the membrane (M) protein, the envelope (E) protein and the

nucleocapsid (N) protein ( Dutta et al. 2020 ). Among them, the S protein has

attracted much attention, because it is a critical determinant of viral host
range and tissue tropism, as well as a major inducer of host immune

response ( Walls et al. 2020 ).

FIGURE 1

The overall structure of SARS-CoV-2 S protein and RBM domain.(A)Important
monomers in SARS-CoV-2 S protein.(B)Schematic of SARS-CoV-2 and S
protein in color.(C)The overall structure of SARS-CoV-2 S protein(D)The

structure of S1-NTD (RBD) in SARS-CoV-2 S protein.

The SARS-CoV-2 S protein consists of three segments: a large ectodomain
(ED), a single-pass transmembrane anchor (TM) and a short intracellular (I1C)
tail ( Figure 1C ). The ED is a clove-shaped trimer, comprising three receptor-
binding subunits (S1) heads and a trimeric membrane-fusion subunits (S2)

stalk. The C-terminal domain of S1 (S1-CTD), also named as receptor binding
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domain (RBD), is responsible to recognize some protein receptors like ACE2,
APN, and DPP4. Furthermore, the SARS-CoV-2 RBD contains a core structure
and a receptor-binding motif (RBM) as two subdomains. The core structure is
formed by a group of five-stranded antiparallel B-sheets and RBM contains
another two short B-sheets and long loop areas ( Figure 1D ). The RBM
presents a bowl-like concave surface to accommodate the conformation of

N-terminal a-helix in ACE2 for better binding ( Li, 2016 ).

During the invasion process of SARS-CoV-2, S1 binds to the receptor on the
host cell surface firstly and S2 fuses with the host cell membrane, allowing

viral genomes to enter into the host cell ( Walls et al., 2017 ). After that, viral

genomes can encode N protein to promote RNA replication intracellularly. S
protein is involved in receptor binding and membranes fusion that are
indispensable steps in the coronavirus infectious cycle, so S protein has been
considered to be the primary drug target for recent pandemic caused by

SARS-CoV-2.

Although antibiotics become the effective therapy method of microbial
infections after the introduction of sulfonamides and the discovery of
penicillin in 1928, the overuse of them has resulted in the subsequent
emergence of antibiotic-resistant bacteria, which dramatically reduces the

therapeutic effect ( Hutchings et al., 2019 ). Under this serious circumstance,

antimicrobial peptides (AMP) has been quickly used as an alternative to
antibiotics to treat bacterial and viral infections because of its natural source
and high efficacy. The mechanism of AMPs against pathogens includes

membrane permeabilization, membrane destabilization, inhibition of
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macromolecular synthesis, intracellular translocation of the peptide and

inhibition of DNA/RNA/protein synthesis ( Yeaman and Yount, 2003 ). A

previous study has also shown that the peptide compounds Mo-CBP3-Peplli
and PepKAA can interact with the S1 and S2 domains of the S protein

through molecular docking respectively ( Souza et al., 2020 ). Peptides have

been reported as the potential chemical compound to prevent SARS-CoV-2
from infecting the cell for the first time, which inspires us to study the role of

glycopeptides in inhibiting the invasion of SARS-CoV-2 further.

Vancomycin (V) is a tricyclic glycopeptide antibiotic originally derived from
the organism Streptococcus Orientalis . As the first member of Vancomycin
family, Vancomycin was soon approved by the Food and Drug Administration
in 1978 as a therapy of penicillin-resistant Staphylococcus aureus infection (

Levine, 2006 ). After introduced into the clinical use, it was soon replaced by

the B-lactam antibiotics including methicillin, ethoxylpenicillin and cloxacillin
due to their higher efficiency and lower cytotoxicity. Since 2000, Vancomycin
has returned as the clinical therapy of MRSA after the cytotoxic problem was
solved. Nowadays, Vancomycin is still used to treat severe infections that

cannot respond to other antibiotics ( Pais et al., 2020 ).

Teicoplanin (T), another member of the Vancomycin family glycopeptide

antibiotics, was first discovered in 1975 ( Boger, 2001 ). The antibacterial

spectrum and antibacterial activity of Teicoplanin were similar to those of
Vancomycin ( Figure 2 ), which is attributed to the same backbone structure.

Compared with the structure of Vancomycin, the additional fat acid side
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chain in Teicoplanin is beneficial for penetrating cells more easily ( Costa et

al., 2011 ).

FIGURE 2

The chemical structure of Vancomycin (V) and Teicoplanin (T).

Considering the glycopeptide structure and the pre-existing therapeutic

effect for pneumonia ( Pais et al., 2020 ), Vancomycin and Teicoplanin were

chosen as the potential compounds against SARS-CoV2. Their feasibility was
investigated by exploring the interaction with SARS-CoV2-RBD and antiviral
experiments in this study. We constructed the systems of SARS-CoV2-RBD
with Vancomycin (RBD-V) and Teicoplanin (RBD-T) by molecular docking
experiments. For each system, the most stable conformations were selected
from 200 structures to perform 3 x 50 ns molecular dynamics (MD)
simulations. Then the binding energy were calculated via MMPBSA method.
The conformational characteristics were analyzed during MD simulations and
key residues that play a critical role in different binding modes were
highlighted. The strong and stable interaction between SARS-CoV2-RBD and
Vancomycin/Teicoplanin may be beneficial to prevent receptor binding and

membranes fusion process of SARS-CoV-2 infectious cycle.

Methods

System Preparation
The crystal structure of SARS-CoV2-RBD was derived from the Protein Data

Bank database (PDB ID: 6MO0J) ( Lan et al., 2020 ). We used H++ website

( http://biophysics. cs. vt. edu/ ) to compute the pKa values of ionizable
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residues in RBD and determine their protonation states at pH = 7. 0 (

Anandakrishnan et al., 2012 ). The chemical structures of two glycopeptides,

Vancomycin and Teicoplanin, were obtained from PubChem. Their three-

dimensional structures were optimized by Gaussianl6 ( Steen et al., 2015)

at m062x ( Zhao and Truhlar, 2008 )-D3 ( Grimme et al., 2011 )/6-31G(d)(

Krishnan et al., 1980 ) level. Then the electrostatic surface potential (ESP)

charges were calculated for force field preparation. Afterward, a two-step

restrained electrostatic potential (RESP) ( Wang et al., 2000 ) model was

applied to determine the charges distribution on the substrates.

Docking
In this work, the AutoDock4. 2 software ( Goodsell et al., 1996 ) was utilized

to build SARS-CoV-2 RBD-Vcomplex and RBD-Tcomplex. According to the
binding position of RBD and ACEZ2, the map of 126, 126, 126 grid points in
the point interval of 0. 375 A was set and calculated. The Lamarckian

Genetic Algorithm (LGA) ( Fuhrmann et al., 2010 ) was adopted to search for

stable complexes. The number of runs and maximum energy evaluations
were fixed at 200 and 2, 500, 000. Other parameters were set as default
values. Finally, the results were ranked by docking energy. The top five for
each system with the low binding energy were extracted to carry out

classical MD simulations later.

Classical Molecular Dynamics Simulation

MD simulations were performed on RBD-Vand RBD-Tcomplexes using

AMBER16 accelerated by GPU( Gotz et al., 2012 ; Le Grand et al., 2013 ;

Salomon-Ferrer et al., 2013 ) under ff14SB force field ( Maier et al., 2015 ).

The complexes were solvated in an octahedral box of TIP3P( Mark and
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Nilsson, 2001 ) water molecules with the thickness of the external water

layer exceeding 10 A, totally 10, 190 water molecules in RBD-Vsystem and
10, 120 water molecules in RBD-Tsystem. To achieve the charge

neutralization, two chloride ions were added in both systems.

Both solvated systems were firstly subjected to 10, 000 steps of
minimization followed by heating and equilibration cycles. In the heating
cycle, the systems were gradually heated from 0 to 300 K through 25, 000
iterations. After equilibration for 50 ps in the NPT ensemble, three 50 ns
molecular dynamics simulation (300 K, 1 atm) were conducted for each pose
of each system with different random seeds. The Particle Mesh Ewald (PME)
method was employed to account for long-range electrostatic interactions,
and the SHAKE algorithm in its matrix form was used to fix bonds and angles

involving hydrogen atoms ( Ryckaert et al. 1977 ). The cutoff of Van der

Waals interactions was set to 10. 0 A. Each system included top five docking
results and three parallel trajectories for each mode, 15 x 50 ns trajectories
in total ( Table 1 ). Then trajectories analyses were carried out using Cpptraj

( Roe and Cheatham, 2013 ) in Ambertools18.

TABLE 1

List of MD runs performed.

Trajectories Analysis

Root mean square deviation (RMSD) was widely used to measure the
variation between two structures. To judge the change of protein structures,

the coordinate difference of alpha carbon, carbon atom of carbonyl groups
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and nitrogen atom in the system relative to the initial structure was
calculated and averaged during the MD simulation. In the Eq. 1, d jwas the
distance between the original and the present coordinates of atom /7, and N

was the atom number of the system to calculate the distance.

RMSD=Ydi2Natoms (1)

Root mean square fluctuation (RMSF) represented the average variation of
single alpha atom over time. In the Eq. 2 , x jmeans the coordinate of atom /

and N means the number of frames to be calculated.

RMSFi=1NFramesYj=1NFrames[xi(tj)—-xi"]12(2)

Binding Free Energy Calculation
Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) and

Molecular Mechanics Generalized Born Surface Area (MMGBSA) were two
efficient methods to calculate the binding ability between ligands and

receptors ( Genheden and Ryde, 2015 ). The total binding energy was

calculated on the basis of the difference of complex free energy and sum of
the free energy of receptor plus ligand. The module anti-MMPBSA. py in

AMBER18 was used to create three topology files (complex, receptor and

ligand) for binding energy calculation ( Miller et al., 2012 ). Each term on the

right-hand side of Eq. 3 was estimated according to Eq. 4 .

AGbind,solvated=AGcomplex,solvated—-[AGrecept
or,solvated+AGligand,solvated](3)AGsolvated=1l
N>iINEi,gas+1N>YiIiNAGi,solvation—TNYiNSi,solvate
(4)
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In this study, one 50 ns MD simulation trajectory of each mode of each
system was used to calculate the binding free energy. Each trajectory

consists of 25, 000 frames.

Results

Docking Results of SARS-Cov-2 RBD and Vancomycin/Teicoplanin
According to the binding mode of SARS-CoV-2 RBD and human ACE2, a

docking box was set at the top of RBD. After 200 times molecular docking in
each system, docking modes were ranked by binding energy in

Supplementary Figure S1 . The sampling of the docking structures was

sufficient according to the distribution of binding energy and normal
distribution of each three-dimensional coordinate vector ( Figure 3 ). The
flexible binding positions ofTandVto ACE2 implied that they could efficiently
block the interactions of RBD with human ACE2 receptor by occupying their

interface.

FIGURE 3

Spatial position analysis of RBD-Vand RBD-Tcomplexes.(A)Centroids
distribution ofVandTin all docking modes were marked with green dots and
pink dots respectively. N-terminal a-helix of ACE2 was displayed in grey, the
core area of RBD (S1-CTD) was displayed in orange and RBM was displayed
in blue.(B)The mean and variance of each three-dimensional coordinate
vector (Ax, Ay, and Az) and docking energy score (AE) were calculated and

represented by histograms.
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Next, top five structures with the low energy were collected for each system
and shown in Figure 4A . It can be seen that the receptor-binding motif
(RBM) can easily accommodatedVandTbecause of its bowl-like concave
surface, except for T3, which seems escaped from the bowl. After counting
up all polar interaction between ligands and RBD in those docking modes,
five important residues were found and shown in Figure 4B . The hydrogen
bonds formed by K417, Y449, E484, Q493 and S494 and existed in more
than three docking modes. These residues primarily concentrated on RBM
region and had been reported widely to play a key role in RBM binding. Also,
other residues listed in Figure 4B might be involved in the recognition
process between two ligands and RBD. These results suggested that our

docking results are reliable.

FIGURE 4

(A)The top 5 modes obtained from docking experiments of RBD-Vand RBD-
Tsystem.(B)Residues that could form interactions more than twice in top five
modes withVandTwere listed in the table. The residues, appeared once, were
merged together on the bottom. Key residues K417, Y449, E484, Q493, and

S494 were shown in sticks in left. The color of RBD is as the same as Figure 3

Structural Analysis of Receptor-Binding Motif
To study the structural characteristic of RBD-Vand RBD-Tcomplexes, the top

five structures mentioned above were utilized to perform MD simulations in

each system ( Supplementary Figure S2 ). The RMSD of the RBD-Vsystem
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was shown in Supplementary Figure S3 . In both systems, the RMSD values

with slight fluctuations (mean is 1. 63 = 0. 31 A in RBD-Vsystem and 1. 55 *
0. 25 A in RBD-Tsystem) suggested that the initial structures of RBD-Vsystem
and RBD-Tsystem obtained by docking experiments were suitable and the
binding states reached their respective equilibriums during 50 ns MD

simulations.

The structural fluctuations of RBD in two systems were depicted in

Supplementary Figure S3 . Based on the RMSF analysis, residues located on

the top and the bottom regions of RBD including loop1, loop2, and al were
highlighted ( Figure 5A ). According to the structure of the whole S protein (
Figure 1C ), loopl and a2 played important roles in the interaction of RBD
with S1-NTD. The loss of S1-NTD during MD simulations might lead to the
instability of these areas. Compared with the structure of RBD protein
without ligands, the same RMSF variations in two systems meant the
structure flexibilities of loopl and al-3 were not caused by the existence of
ligands. And loop2 exhibited more remarkable structural flexibilities in RBD-
Vand RBD-Tsystems ( Figure 5B ), which suggested the existence of ligands
could influence the conformational change of RBD protein. Besides loop2,
V445, G446 and T500 resides at RBM also showed flexible structure
movements in both RBD-Vand RBD-Tsystems. Furthermore, two systems
exhibited the similar structural movement tendency, suggesting RBD
consisted of a stable core structure and the flexible RBM region responsible

for binding withVandT.

FIGURE 5
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MD simulation analyses of RBD-Vand RBD-T (A)The representative
conformations of the system without ligand, RBD-Vsystem and RBD-Tsystem
according to the cluster analysis. The structures were colored by RMSF
value.(B)The histogram of RMSF distribution. The RMSF value of each residue
in the system without ligand (N), RBD-V(V) system and RBD-T(T) system was

colored by grey, green and red respectively.

In a word, VandTcould bind with RBD steadily and influence the key residues
in RBM involved in the recognition of ACE2. Therefore, more attention would

be paid to RBM in the subsequent studies.

Linear Regression Analysis between MMPBSA Binding Free Energy and
Interactions

Considering that RBM was a wide binding surface, which was much different
from the traditional binding site. Also, VandTwere large amphiphilic ligands.
The binding modes of RBD-Vand RBD-Tsystems were not only a single stable
configuration, so conformers obtained by MD simulations every 1 ns were
collected to study their structural characteristics. Hydrogen bond (HB) and
hydrophobic (HP) interactions were studied. The number of the residues that

interacted withVandTwas counted for each system ( Supplementary Table S3

) and the mean was shown in Figure 6A . Compared with the chemical
structure ofV, Thad more glycosylated modifications and a saturated nine-
membered carbon chain which could increase the possibility of forming HB
and HP interactions with RBD. During 50 ns MD simulations, Tcould form HP
interaction with 3. 25 residues in average, while 2. 95 residues in RBD-
Vsystem. Similarly, more glycosylated modifications and polar functional

group were beneficial forTto form nearly 0. 5 HB interactions more thanV. In

https://assignbuster.com/exploring-the-interaction-between-
vancomycinteicoplanin-and-receptor-binding-domain-rbd-of-sars-cov-2/



Exploring the interaction between vancom... - Paper Example Page 13

a conclusion, Tcould bind with RBD more closely thanV. What’s more, five
residues in average could interact with these glycopeptide ligands for each

system, indicating the existence of effective binding.

FIGURE 6

(A)Hydrogen bond and hydrophobic interaction in RBD-Vand RBD-Tsystems.
The number of residues interacting withV(green) andT(pink) in RBD region
were counted every 1 ns during each 50 ns MD simulation. The average of
15 trajectories for each system was shown as the transparent line and the
mean was shown as the opaque horizontal line. In the plot, hydrogen bond
interaction was shown as solid lines and hydrophobic interaction was shown
as dotted line.(B)The multiple linear regression model of MMPBSA binding
free energy and HB/HP interactions. The standard line representing the free
energy calculated by MMPBSA was equaled to the value predicted by the

model was showed as a grey dotted line.

The binding energy was calculated via MMPBSA method on the top five
complexes and the results were all shown in Table 2 . Comparing the
average binding energy of two systems, we found RBD-Tsystem was lower
than RBD-Vby 3. 0 kcal/mol, which validated the aforementioned conclusion
thatTcould bind with RBD more closely thanV. Then a line regression analysis
was performed to investigate the correlation between MMPBSA binding free

energies and HB as well as HP interactions ( Figure 6B ). The squared

correlation coefficient ( R 2 ), also known as the coefficient of determination,

was 0. 688 that means the positive relationship between the binding free
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energy and the interactions. The coefficient between the free energy and the
number of residues forming HB interaction was equaled to —6. 63 with the p
-value below 0. 05. The binding energy contributed by HB interaction lay

within the reasonable range ( Emamian et al., 2019 ). Although the P-value of

the coefficient between the free energy and the number of residues forming
HP interaction was larger than 0. 05, which was possibly attributed to the
obscure definition of HP interaction. Besides, the tendency that the binding
free energy was lower with more HP interaction was in accordance with our

knowledge.

TABLE 2

Binding free energy calculated via MMPBSA.

Diverse binding modes led to different binding energies. The regression
analysis above showed that lower energy values were caused by better
conformations with more HB and HP interactions. The average binding
energies of RBD-V5complex and RBD-T1lcomplex are the lowest in each
system because of more HB and HP interactions, so the key residues of the

two modes were explored subsequently.

Key Residues Found through Dynamic Hydrogen Bond Analysis and
MMPBSA Decomposition

Basing on the results mentioned above, HB interaction showed the positive
correlation with the binding free energy. Therefore, we counted up all HBs in
RBD-Vand RBD-Tsystems and the survival time was used to define the

strength of these HBs to search important residues.
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The HB whose survival time was longer than 1% MD simulation time was
listed as dots in Figure 7 . As we can see, most dots were concentrated at
RBM. The HB distribution in different modes was complicated and dissimilar,
but Y449, E484, S494, and Y501 interacted with glycopeptide ligands in most
modes. Combined with the results of MMPBSA decomposition (

Supplementary Table S3 ), the key residues were found out.

FIGURE 7

The key residues in RBD-Vand RBD-Tsystems. In the structures of RBD-V5and
RBD-T1, residues forming HBs for more than 20% MD simulation time (blue
and orange) were highlighted. Besides, residues listed in the top 10 of the
MMPBSA decomposition (grey) were shown. All residues forming HBs in more
than 1% modes were summarized in a dot matrix where the transparency
was proportional to the survival time. The dots in RBD-Vsystem were colored

in green and the dots of RBD-Tsystem were colored in pink.

In RBD-V5complex, K417, Y453, S494 and Y501 stabilizedVby long-time HB
interaction. These HBs formed by K417, Y453, S494, and Y501 maintained
23. 40, 52. 13, 65. 27, and 34. 97% of MD simulation time respectively.
Meanwhile, L455, Q498, and Y505 could be helpful to lower the binding free

energy by interacting withV.

Except S494, the interaction mode in RBD-T1was significantly different from
that of RBD-V5complex. The HBs formed by Y449, E484 and S494 could
retain 41. 12, 27. 72, and 47. 45% of MD simulation time respectively.

Furthermore, L452 donated —1. 5 kcal/mol, F490 donated —2. 7 kcal/mol and
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L492 donated —0. 5 kcal/mol to stabilize the binding mode betweenTand

RBD.

The importance also showed through alanine scanning base on the wild type

trajectories ( Liu et al., 2018 ). The difference of the MMGBSA energies were

shown in Supplementary Table S4 . Except L492, the mutation of the rest

residues showed energy difference more than 0. 5 kcal/mol in at least one

system, indicating their important roles in stabilizing the ligands with RBD.

Aforementioned K417, Y449, Y453, L455, Q498, Y501, and Y505 had been

reported to play a crucial part in the binding with ACE2 ( Hussain et al., 2020

; Lan et al., 2020 ; Veeramachaneni et al., 2020 ). The remaining key

residues we found including L452, E484, F490, L492, and S494 were
adjacent to these important residues associated with ACE2. The binding site
ofVandTwas similar to that of ACE2, soVandTwere thought to be able to

prevent the infection of SARS-CoV2 by competitive binding.

The Antiviral Potential of Vancomycin and Teicoplanin

Besides all the computational analyses mentioned above, antiviral
experiments were performed to confirm our proposal. We used pseudovirus
to simulate the SARS-CoV-2 under 50 uM Vancomycin or Teicoplanin. The
antiviral potential ofVandTwere tested through an antiviral sever. The results
revealed thatVandTrespectively with 83 and 87% being antiviral against

SARS-CoV-2. ( Supplementary Table S2 ).

Conclusion
In conclusion, two glycopeptides, Vancomycin and Teicoplanin, were
investigated as potential antiviral molecules by analyzing the interactions
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with SARS-CoV-2 RBD of spike protein. Firstly, 200 times docking
experiments were used to choose the proper binding modes and K417, Y449,
E484, Q493, and S494 were found out as key residues to stabilize the ligands
with RBD. After classical MD simulations of top five structures with low
energy, the RMSD analysis showed the binding states reached their
equilibriums and the RMSF analysis showed both ligands could cause
structural change of loop2 by binding with RBD. Afterwards, the number of
hydrogen bonds and hydrophobic interactions was counted as independent
variable and the binding free energy was calculated as dependent variable.
The linear regression analysis between binding free energy and interactions
suggested that hydrogen bonds played important roles in maintaining the
stability of the conformation. Also compared two systems, More glycosylated
modifications and the fat acid side chain in T increases the possibility of
forming more hydrogen bonds and hydrophobic interactions with RBD.
Furthermore, dynamic hydrogen bond analysis and MMPBSA decomposition
helped us to find out more important residues. With the help of alanine
scanning analysis of those important residues, we more convinced that they
played an important role of enhancing the combination of two ligands and
RBD. Part of those key residues were also found to bind with ACE2 reported

in other studies ( Hussain et al., 2020 ; Lan et al., 2020 ; Veeramachaneni et

al., 2020 ), such as K417, Y449, Y453, L455, Q498, Y501 and Y505. Although

the remaining key residues such as L4522, E484, F490, L492, and 5494 did
not directly forming interactions, they were adjacent to these important
residues associated with ACE2. Based on those results mentioned above, we

implied that Vancomycin and Teicoplanin could be the potential competitive
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inhibitor to block the binding of SARS-CoV-2 RBD and ACE2, and further

prevent the SARS-CoV-2 infectious cycle.
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