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Abstract
D614G is one of the most reported mutations in the spike protein of SARS-COV-2 that has altered some crucial character-
istics of coronaviruses, such as rate of infection and binding affinities. The binding affinity of different antiviral drugs was
evaluated using rigid molecular docking. The reliability of the docking results was evaluated with the induced-fit docking
method, and a better understanding of the drug-protein interactions was performed using molecular dynamics simulation.
The results show that the D614G variant could change the binding affinity of antiviral drugs and spike protein remarkably.
Although Cytarabine showed an appropriate interaction with the wild spike protein, Ribavirin and PMEG diphosphate
exhibited a significant binding affinity to the mutated spike protein. The parameters of the ADME/T analysis showed that
these drugs are suitable for further in-vitro and in-vivo investigation. D614G alteration affected the binding affinity of the
RBD and its receptor on the cell surface.

DX

P<

Hassan Hashemipour
hashemipur@yahoo.com

Mohammad Hadi Nematollahi
mh.nematollahi @yahoo.com

Chemical Engineering Department, Faculty of Engineering,
Shahid Bahonar University of Kerman, Kerman, Iran

Chemical Engineering Department, Faculty of Engineering,
Vali-e-Asr, University of Rafsanjan, Rafsanjan, Iran

Department of Chemistry, Faculty of Science, Sivas
Cumbhuriyet University, Sivas, Turkey

Department of Biochemistry, Afzalipour School of Medicine,
Kerman University of Medical Sciences, Kerman, Iran

Pharmaceutics Research Center, Institute
of Neuropharmacology, Kerman University of Medical
Sciences, Kerman, Iran

Physiology Research Center, Institute of Neuropharmacology,
Kerman University of Medical Sciences, Kerman, Iran

Herbal and Traditional Medicines Research Center, Kerman
University of Medical Sciences, Kerman, Iran

Introduction

COVID-19 is a spreading disease caused by Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [1] and
had a worldwide fatality in the last months. SARS-CoV-2 is
a member of coronaviruses with a close relation to the bat
coronaviruses [2]. Although some approved vaccines have
been developed to inhibit the virus infection [3-5], there is
not any appropriate antiviral drug for this deadly virus to
date. This can be assigned to the temporary characteristics of
coronaviruses. However, the natural products have beneficial
impacts in various aspects [6] such as anti- SARS-CoV-2
impacts, and can be utilized to treat COVID-19 [7]. It is
also reported that clinical findings conflict with different
groups and ages [8]. According to the nucleotide sequences
of SARS-CoV-2, it is a member of Betacoronaviruses, such
as the SARS and MERS HCoVs [9]. Seven different strains
of human coronaviruses (HCoVs) have been described so
far, including the 229E and NL63 strains of HCoVs, and
the OC43, HKU1, SARS, MERS, and SARS-CoV-2 HCoVs
[10]. Two protein groups characterize HCoVs: structural
proteins like Spike marking all coronaviruses; and non-
structural proteins, like RARP [11]. COVID-19 has the capa-
bility of rapid genome mutation as it spreads [12]. These
mutations are in different parts of virus structure, such as
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N-protein and S-protein with different stabilities [13]. Such
variants have a reputation for changing the characteristics
of the virus in various stages. For instance, in 2003/2004, a
single amino acid change D480A/G in the receptor-binding
domain (RBD) of SARS-COV-1 became a dominant variant.
This variant provided the capability for the virus to escape
from neutralizing antibody 8OR [14]. Although the pace of
sequence variant for SARS-COV-2 is not considerably high
[15], it could attain more mutation during the world spread
[16].

The main target for most vaccines and antibody-based
therapeutics is the spike protein, which is also the promi-
nent target for neutralizing antibodies, and the virus uses it
for binding to the host cell and entry [17]. The RBD of the
virus placed in the spike protein interacts with angiotensin-
converting enzyme 2 (ACE2) to trigger the cleavage event.
After that, the cleavage N-terminal domain of the spike pro-
tein causes the formation of post-fusion conformation, which
triggers the virus/host-cell membrane fusion [18]. Accord-
ingly, the monitoring of sequence variants in this protein
is crucial, and this is worth noting that the single amino
acid changes could be phenotypically pertinent [16]. One
of the most reported mutations that have become dominant
during the pandemic in numerous regions of the world is
the D614G variant [19], and this variant could be solely or
with other mutations such as L54F/D614G, D614G/D936Y,
and D614G/S939F [13]. Even though the location of D614G
is outside of the RDB, this variant is capable of altering
RBD-ACE?2 interaction [15]. D614G confers some more
flexibility to the spike stalk and increases its ability to scan
the host-cell surface, which can provide a better interac-
tion with ACE2. The favored interactions are not necessarily
more stable in terms of the interaction energy or binding
affinity. They could be in terms of the number and type of
interactions [20, 21]. Some studies show this variant has
increased the viral load in the human body [16]. Korber et al.
discussed the hypothesis that G614 causes more infection
than D614 [16], and this hypothesis was supported by some
other researchers. They investigated the clinical samples and
observed a higher level of viral RNA in the infections from
G614 [22]. Despite different reports on this mutation, the
infection (interactions of SARS-CoV-2 spike protein with
ACE?2 receptor activating pre-/post-fusion conformational
modifications inducing the virus entry into the human cells
[23]) or transmissibility (how easy viruses spread and how
harmful is a virus to its host [23]) of G614 has not been
proved to be more than the viruses containing D614 [19].
Although it has been observed that antibodies generated
from viruses containing D614 or G614 could adequately
neutralize the virus [16], it does not mean that different
drugs would have the same interaction with the wild form
and D614G variant of the viruses. Although the impact of
this mutation on the anti-viral drugs that inhibit the entrance
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of the virus to the host cell is unknown [19], our results
show that D614G could considerably alter the drug-virus
interactions.

In the fight against coronavirus, experts have employed
three different developing drug strategies. The first strategy
is to utilize the current broad scope of antivirals [24]. Nev-
ertheless, the metabolic characteristics, dosages employed,
implied effectiveness, and unfavorable impacts of these med-
icines are obvious, but they could not defeat coronaviruses
in a targeted way. That is because of their extensive spec-
trum, and their destructive impacts could not be disregarded
[25]. The next method is to discover molecules that can have
remedial impacts on coronaviruses by selecting molecules
given in the current molecular databases [26], such as Drug-
Bank, Center Watch, and DailyMed. As this method uses
the High-throughput screening of the compounds, various
targets with different functions can be screened. Reclaim-
ing approved drugs attempting to treat unknown illnesses,
saving shelved drugs, and expanding patients’ lives make
drug repurposing (also comprehended as drug reposition-
ing) an interesting form of drug discovery [27]. In the third
method, the classification of the coronaviruses is based on
the genomic features and pathological characteristics. This
classification will be used for generating different targeted
medicines [25]. However, the medicines that would be
obtained by this approach are more targeted for coronavi-
ruses, but this method may need a large amount of time [28].

The quickest technique to obtain curative agents ver-
sus coronaviruses is to identify the possible therapeutics
between established or emerging drugs. For this goal, vari-
ous computational methods can be applied as profitable
approaches [29, 30].

In this study, we have investigated the impact of the
D614G variant on the virus-drug interactions of 28 approved
or under investigation antiviral drugs. These results could be
further used for new vaccines and drug discovery.

Materials and Methods
Sequence Alignment and Modeling

The mutated model of the SASRS-COV-2 spike was built
using the Swiss Model web server [31]. As there is not a
crystal structure of the D614G mutation with a resolution
under 2.8 A, we used the SASRS-COV-2 spike (PDB: 6ZB5)
as the template, and the D614 residue was mutated to G614
in the FSATA sequences. The template with the electron
microscopy method (6ZB5) was downloaded from the pro-
tein data bank (http://www.rcsb.org/pdb). The model was
then aligned to the template for analyzing their identity, and
the quality of 3D structures was next evaluated with the
Ramachandran plot [32] using the Schrodinger suite.


http://www.rcsb.org/pdb

The Impact of D614G Mutation of SARS-COV-2 on the Efficacy of Anti-viral Drugs: A Comparative...

Page3of12 241

Protein Preparation

For the preparation of the spike protein and the built model,
the protein preparation module from the Schrodinger suite
was used to add the hydrogen atoms, remove the waters
beyond 5 A of the binding sites, and optimization of the
structure for creating an H-bonds network. Finally, the
energy was minimized using the OPLS3e force field with
a default setting of 0.30 A RMSD. The mentioned process
was performed at pH 7.0+ 0.4 to produce correct protona-
tion states.

Receptor Grid Generation

The receptor grid was generated using the Glide (Glide,
Schrodinger, generated LLC, New York, NY, 2020). The
cubic boxes with the size of 202020 A3 were centroid of
site 1 and site 2. Site 1 is the location of D614G, and site
2 is the binding site of the RBD that is determined by the

SiteMap module of Schrodinger. The default parameters of
van der Waals scaling factor of 1 A, partial charge cut off at
0.25, and 20 A docked li gand length was used for the recep-
tor grid generation.

Ligand Preparation

We created a library of twenty-eight approved or under
investigation antiviral drugs as test ligand molecules against
the built models. The ligands were prepared using the Lig-
Prep module of Schrodinger, and the OPLS3e force field was
used for the generation of ionization and tautomeric states at
pH 7.0 £ 0.4 using the Epik module of LigPrep. The name
and structures of chosen drugs are presented in Tablel. The
name and structure of chosen drugs are given in Table S1.

Table 1 The docking scores of No

. . Drug name Molecular docking Molecular docking score Amount of alteration
the wild and I,nmated model in score of wild model of mutated model
the mutated site (kcal/mol) (kcal/mol)
1 Ribavirin"? —5.14+0.19 —7.92+0.27 —2.78+0.08
2 Tenofovir —4.62+0.21 —4.74+0.36 —-0.12+0.15
3 Valganciclovir —5.34+£043 -5.65+£0.27 -0.31+0.16
4 Inosine - 6.42+0.37 —6.82+0.41 —0.40+0.04
5 Arbidol —3.73+0.38 —-3.32+0.28 0.41+0.10
6 Brivudine —6.81+0.18 —-6.13+0.24 0.68 +0.06
7 BVDUTP" -3.26+022 —6.85+045 -3.59+0.23
8 ACV triphosphate -5.17+0.15 —-4.76+0.14 0.41+0.01
9 HPmpa™ —-3.28+0.35 —0.01+0.46 3.27+0.11
10 Stavudine - 6.43+0.27 —-5.22+0.16 1.21+0.11
11 cPr-PMEDAP —5.78+0.12 —5.80+0.19 —-0.02+0.07
12 PMEG diphosphate - 6.77+0.27 —17.59+0.34 —-0.82+0.07
13 CF-1743 —-4.95+0.16 —3.80+0.49 1.15+£0.33
14 PMEO-DAPy -3.17+0.38 —3.34+0.31 -0.17+0.07
15 Favipiravir —-3.73+041 —3.11+0.16 0.62+0.25
16 Abacavir -5.18+0.35 —5.59+0.18 -041+0.17
17 Dolutegravir” —2.53+0.17 —5.68+0.35 —3.15+0.18
18 Tromantadine -5.03+041 —4.56+0.46 0.47+0.05
19 Adefovir - 4.65+0.31 —2.68+0.14 1.97+0.17
20 Didanosine” —-3.21+£0.25 -5.50+0.28 —2.29+0.03
21 Tivirapine —-3.94+034 -5.13+0.19 - 1.1+£0.16
22 Cidofovir -4.02+0.28 -3.92+0.13 0.10+0.15
23 Raltegravir —4.55+0.18 -6.35+0.34 - 1.80+0.16
24 Bictegravir -3.21+£049 —4.49+0.22 - 1.27+£0.27
25 Lamivudine -5.85+0.17 -5.11+0.14 0.74+0.03
26 Emtricitabine -5.36+0.31 —5.33+0.17 0.02+0.14
27 Rilpivirine -6.57+0.33 -522+0.13 1.35+0.20
28 Cytarabine® -6.93+041 —-4.99+045 1.94+0.04
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Molecular Docking

The molecular docking of selected drugs against the target
was performed utilizing the GLIDE from the Schrodinger
Suite with default parameters [33]. Standard precision (SP)
and extra precision (XP) docking calculations were accom-
plished. The values of the scaling factor and partial charge
cutoff were set at 0.80 and 0.15, respectively. As there could
be several protonation states during the ligand preparation,
the ligands that have a sufficient association with the recep-
tor would be authorized. In the last step, the pose viewer was
used for investigating the interactions of chosen drugs and
protein docked systems (Table 2).

Molecular Docking Reproducibility

The reliability of the docking results was further evaluated
using induced fit docking. The benefit of this method is the
flexibility of the receptor, which produces more reliable
poses. For the box option, the centroid of the residues was
chosen, and the residues of previous boxes were selected.
The energy window of the sample ring conformation was set
to 2.5 kcal/mol, and the residues were refined within 5 A of
the ligand poses [34].

Molecular Dynamics Simulation for Dynamic
Investigation

For a better understanding of the interactions between the
drugs and protein, a MD simulation was carried out. For
this purpose, the compound with the highest binding affin-
ity for the mutated protein was chosen to be investigated
with MD simulation. The complexes of the ligand and pro-
tein obtained from the docking study were used for the MD
simulation. The MD simulation was carried out employing
Desmond Software, Schrodinger. Before the simulation, the
ligand was aligned with the protein, and the energy of the
whole system was minimized with the minimization step of
desmond. An orthorhombic box was used for the system, and
the size of the box was then minimized by utilizing a solvent
system of transferable intermolecular potential with 3 points
(TIP3P) [35]. The system neutralization was performed with
a suitable amount of Na+/Cl—ions and a salt concentra-
tion of 0.15 M using the system setup of Schrodinger [36].
Finally, the system was taken into the MD simulation for
60 ns with default relaxation protocol and the number of
atoms, pressure, and temperature (NPT) ensemble. The
Nose—Hoover protocol and isotropic scaling were used to
set the pressure and temperature at 310.15 K (37 °C) and
1 atm, respectively [37].
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Binding Free Energy Calculations

The MM/GBS method was utilized for the calculation of
the binding free energy. The prime module of Schrodinger
was used for this purpose, and the parameters were set as
default. The VSGB and OPLS-2005 were used for the sol-
vation model and force field, respectively. The formula of
the binding free energy between the ligand and protein is
as follows:

AG bind = G complex (G protein +G ligand)7

where AG y;,4 indicates the binding free energy, G ¢omplex
is the binding free energy of the complex. The G i, and
G Jigana Indicate the binding free energy of the protein and
ligand, respectively.

ADME/T Analysis for Examination of Compounds’
Druggability

After the virtual screening, the ADME/T (absorption, dis-
tribution, metabolism, excretion, and toxicity) analysis was
accomplished for antiviral drugs. This analysis will evalu-
ate the potential of these antiviral drugs for being used in
further in-vitro and in-vivo studies [38]. The ADME/T was
conducted using QikProp of Schrodinger.

Results
SARS-COV-2 Spike D614G Modeling

The model of the mutated SARS-COV-2 spike exhibited a
high sequence identity to the template with an identification
of 99.9%. A graphical description of the wild and mutated
form of SARS-COV-2 spike protein is presented in Fig. SOa.
The RMSD obtained by the superimposition of the generated
3D model of D614G and the protein used as the template
was calculated. This value was 0.508 A. The alignment of
surface glycoprotein SARS-COV-2 (YP_009724390.1), and
spike protein is presented in Fig. SOb. The sequence align-
ment and the position of mutated residue for the built model
and template (6ZB5) are shown in Fig. SOc. For a better
comparison, the location of site 1 and site 2 is presented
in Fig. SOd. The quality of the 3D structure for the homol-
ogy model was evaluated via the Ramachandran plot using
Schrodinger suites. The Ramachandran plot is presented in
Fig. SOe. More than 99.6% of residues are in the allowed
regions for the mutated model (98.9% in the favored regions
and 0.7% in the allowed regions), which implies the model’s
reliability.
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Table 2 The docking scores of the wild and mutated model in the RBD

No Drug name

Molecular docking  Molecular docking

score of wild model

score of mutated

Amount of alteration

Original targets or mechanisms

(kcal/mol) model
(kcal/mol)
Ribavirin® —-3.14+ - - Inosine-5'-monophosphate dehydrogenase

2 Tenofovir -3.61+0.29 —-3.43+0.21 0.18+0.08 Human immunodeficiency virus reverse tran-
scriptase

3 Valganciclovir® - —-287+ - Herpes simplex virus DNA polymerase UL30

Inosine - - - -

5  Arbidol —0.88+0.42 —2.17+0.08 -1.29+0.34 An broad-spectrum antiviral chemical agent
which can inhibit cell entry of enveloped
viruses by blocking viral fusion with host cell
membrane

6  Brivudine —2.84+041 —3.86+0.43 —1.02+0.02 Brivudine is a thymidine analoge with antiviral
activity, indicated for the early treatment of
acute herpes zoster

BVDUTP* —-4.61+£0.29 —5.38+0.15 -0.77+£0.14 -
ACV triphosphate  — 4.82+0.41 —5.37+0.19 -0.55+£0.22 -
HPmpa —-345+0.23 —4.22+0.12 —0.78+0.11 -

10 Stavudine —-342+0.21 -1.79+0.39 1.63+0.18 Stavudine is a nucleoside analog that inhibits
reverse transcriptase and has in vitro activity
against HIV

11  cPr-PMEDAP —3.16+0.08 —3.43+0.23 —0.27+0.15 -

12 PMEG diphosphate — 2.99+0.48 —-3.21+0.11 —-0.22+0.37 -

13 CF-1743 —2.55+0.22 —2.13+0.06 0.42+0.14 -

14 PMEO-DAPy —3.37+0.19 —3.44+0.23 —0.07+0.04 -

15 Favipiravir 0.29+ - - Favipiravir is a novel viral RNA polymerase
inhibitor

16 Abacavir - - - Human immunodeficiency virus reverse tran-
scriptase

17 Dolutegravir - - - Human immunodeficiency virus integrase

18 Tromantadine —1.28+0.14 —1.61+0.31 —-0.32+0.17 Herpes simplex virus (HSV) inhibitor

19 Adefovir —4.15+0.07 —4.21+0.09 —0.06+0.02 Adefovir is an adenosine monophosphate analog
antiviral agent that inhibits HBV DNA poly-
merase

20 Didanosine - - - A reverse transcriptase inhibitor

21 Tivirapine —2.06+0.03 —3.08+0.04 —1.02+0.01 Human immunodeficiency virus Reverse tran-
scriptase

22 Cidofovir —2.53+0.24 —2.63+0.31 —0.10+0.07 Herpes simplex virus DNA polymerase UL30

23 Raltegravir —1.93+0.48 —1.90+0.46 0.03+0.02 Human immunodeficiency virus integrase

24 Bictegravir —1.51+0.24 —1.34+0.17 0.18+0.07 Bictegravir is a novel, potent inhibitor of HIV-1
integrase

25 Lamivudine —-2.80+041 —2.03+0.02 0.77+0.39 Human immunodeficiency virus reverse tran-
scriptase HIV

26 Emtricitabine —2.70+0.35 —3.16+0.08 —-0.46+0.23 Human immunodeficiency virus reverse tran-
scriptase

27 Rilpivirine —248+0.24 —2.09+0.05 0.39+0.19 1. Human immunodeficiency virus reverse

28 Cytarabine

transcriptase
2. Voltage-gated sodium channel alpha

Herpes simplex virus DNA polymerase UL30

#The drug with no confident interaction with the mutated RBD
The drug with no confident interaction with the wild RBD

“The drug with the lowest docking score
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Drug Binding to Wild and Mutated SARS-COV-2
Spike Glycoprotein

Site 1

The results of molecular docking against the mutated site
(residue 614), as a critical target, are presented in Table 1.
As could be seen, some antiviral drugs have experienced a
significant alteration in the docking score from the origi-
nal form of residues to the mutated one. It means that the
D614G could cause a remarkable change in the stereochemi-
cal aspects of the residues.

The stars indicate the drugs with significant alteration in
the docking score. a) The drug with the lowest docking score
in the mutated form. b) The drug that experienced the most
increase in the docking score. c) The drug with the lowest
docking score in the wild form.

The results show that some drugs have experienced a
remarkable alteration in docking scores. For instance, the
docking score of Ribavirin in the wild protein is not signifi-
cantly high, but it has the highest score against the mutated
model between different antiviral drugs. Figure 1A and 1B

Fig. 1 Docking pose of Ribavi-
rin among the residues of wild
(A) and mutated (B) protein.
Most of the labled residues have
created non-cocalant bonds. The
residues with hydrogen bond in
the wild form are Thr675 (two
hydrogen bonds) and Lys730.
The residues with hydrogen
bonds in the mutated form are
T1e847, Leu855, and Val857. A
detailed 2D view of hydrogen
bond and hydrophobic contacts
are presented in Fig Sla and
S1b
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represent Ribavirin among the residues, and its interactions
with the mutated and not-mutated spike protein, respectively.
A more detailed 2D illustration of the interactions with Lig-
plot is presented in Fig. S1-a and S1-b. As could be seen,
G614 has created a hydrophobic interaction with Ribavirin
(Fig. S1-b), while D614 has not participated in the interac-
tion (Fig. S1-a).

The score of Ribavirin on the mutated spike is closely
followed by PMEG diphosphate and BVDUTP with the
scores of -7.597 and -6.858, respectively. BVDUTP is
another drug that is alternated significantly from -3.263 to
-6.858. Its docking score has decreased more than twofold
from -3.263 to -6.858. Figure 2A and 2B represent BVDUTP
among the residues, and its interactions with the mutated
and not-mutated spike protein, respectively.

On the other hand, there are some drugs with an increase
in their docking score. For example, HPmpa has experienced
remarkable growth from -3.286 to -0.015, which shows the
different impacts of this mutation on separate components
and their interactions. HPmpa and its interactions with
the spike are presented in Fig. S2-a and S2-b. Despite the
alteration in the docking score, most of the residues that
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Fig.2 Docking pose of
BVDUTP among the residues
of wild wild (A) and mutated
(B) RBD. The residues with
hydrogen bond in the wild RBD
are Asnl6 Phe592, and Lys851.
The residues with hydrogen
bond in the mutated RBD are
Phe592, Asn616, Phe830, Lys
832, and Lys851 (two hydrogen
bonds). A detailed 2D view of
hydrogen bond and hydrophobic
contacts are presented in Fig
S4a and S4b

participated in the interactions are common in wild and
mutated models. This alteration could be attributed to the
length of the bonds. The number of hydrogen bonds made
by Lys730 is changed from two in the wild form to one in the
mutated form. That could be considered as another reason
for the alteration in the binding affinity of this antiviral drug.

For better insight, the drugs with considerable alterna-
tions were investigated cautiously. These drugs are Dolute-
gravir, BVDUTP, HPmpa, Didanosine, and Ribavirin with
alterations of — 3.155, — 3.595, +3.271, — 2.290 and
— 2.742 respectively. Ribavirin, the drug with the lowest
score, and HPmpa as the highest one have been analyzed
before. This part tends to investigate the interactions of
Dolutegravir, BVDUTP, and Didanosine. Fig. S3-a and
S3-b show the interactions of Dultegrovir. The number of
hydrophobic contacts in the not-mutated model is 6, which
has increased to 11 in the mutated form. It could be the
reason for the docking score increase.

Fig. S4-a and S4-b present various interactions of
BVDUTP, and it can be seen that the number of hydrogen

bonds in the mutated form is 5, while this number is 3 in
the not-mutated form. It is also clear that G614 could make
two hydrophobic interactions with C11 and O3 atoms of
the drug, but D614 could make only one hydrophobic con-
tact with the drug. It means that G614 is more active than
D614.

Fig. S5 shows the interactions of Didaosine with an
increase of 110% from not-mutated to mutated form. As
could be seen, G614 has made a hydrophobic contact with
the drug, but D614 is not active enough to create a link
with Didanosine. Albeit the number of interactions in the
mutated and wild model is almost similar, the only common
residue that has participated in the interactions of mutated
and non-mutated form is Thr856, and other links are differ-
ent from one model to another. As mentioned, some drugs
experienced considerable alteration in the docking score. For
a better insight, the Ligplots of two models for these drugs
were aligned. The results are presented in Fig. S6 a-e.
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Site 2

The docking results of site 2, RBD, as a crucial target for
receptor binding inhibition are presented in Table3.

The results of docking against RBD show that the muta-
tion site is more active than RBD, and even some of the
antiviral drugs had no confident interaction with the RBD.
As could be seen, BVDUTP has the lowest docking score
among drugs, and Ribavirirn and Valganciclovir have shown
no interaction with the mutated and wild protein, respec-
tively. Figure 2 presents the docking pose of BVDUTP. As
could be seen in Fig. S7, the number and the residues that
are participated in the interaction are almost the same, but
the length of bonds in the mutated RBD is less than bonds
in a wild protein. For example, Arg403 has created Hydro-
gen bonds in both wild and mutated RBD, but the lengths
of bonds in wild RBD are 3.03 and 2.81, while these bonds
are 2.91and 2.55 in the mutated form. These differences are
caused by the alteration in the stereochemical characteristics
of RBD from wild form to mutated one.

Reproducibility of Docking Results for Evaluation
of the Reliability

Another docking method was employed to evaluate the reli-
ability of the obtained results from the conventional dock-
ing study (previous step). For this purpose, the compounds

Table 3 The results of docking scores for six antiviral agents with the
lowest docking scores for site 1 in the wild spike protein

No Antiviral drug Previous docking New docking
score (kcal/mol) score (kcal/
mol)
1 Cytarabine - 6.94+0.47 —8.92+0.45
2 Brivudine —6.84+0.42 —8.86+0.43
3 PMEG diphosphate —6.78+0.39 —8.46+0.23
4 Rilpivirine —6.57+£0.29 —7.87+0.48
5 Inosine —6.47+0.23 —7.64+0.32
6 Stavudine —6.44+0.22 —7.57+0.27

Table 4 The results of docking scores for six antiviral agents with the
lowest docking scores for site 1 in the mutated spike protein

Table 5 The results of docking scores for six antiviral agents with the
lowest docking scores for site 2 in the wild spike protein

No Antiviral drug Previous docking New docking
score (kcal/mol) score (kcal/
mol)
1 ACYV triphosphate —-4.82+041 —8.04+0.02
2 BVDUTP —4.61+0.31 —7.50+0.25
3 Adefovir —4.15+0.07 —7.23+0.11
4 Tenofovir —3.61+0.31 —6.82+0.41
5 HPmpa —345+0.23 —6.72+0.36
6 Stavudine —3.42+0.21 —6.27+0.13

with the lowest docking scores for each site were selected
to be evaluated. The induced-fit docking was performed for
six antiviral agents in both wild and mutated protein for
site 1 and site 2. As regards the information presented in
Tables 3, 4, 5, 6, the docking scores have decreased, but
their orders have not changed, except for PMEG diphosphate
(in the mutated spike protein, site 1). As it is obvious in
Table 3, PMEG diphosphate has the lowest docking score
with -10.226, and Ribavirin (the previous best component)
with a docking score of -9.064 is in the next place. The
docking pose of PMEG diphosphate is presented in Fig. 3,
and its interactions with wild and mutated SARS-COV-2 are
shown in Fig. S8.

The induced-fit docking process is closer to the natu-
ral mechanism of drug-protein interactions. Therefore,
PMEG diphosphate was considered the drug with the most
binding affinity to the mutated spike protein. For a bet-
ter understanding, the interactions of this compound were
further investigated with MD simulation.

MD Simulation for Dynamic Investigation

The MD simulation is a powerful and reliable approach
for the evaluation of interactions between the ligand and
protein in a dynamic condition. It can provide a ben-
eficial understanding of the stabilities in a physiological

Table 6 The results of docking scores for six antiviral agents with the
lowest docking scores for site 2 in the mutated spike protein

No Antiviral drug Previous docking New docking

No  Antiviral drug Previous docking ~ New docking score score (kcal/mol) score (kcal/
score (kcal/mol) (kcal/mol) mol)

1 PMEG diphosphate ~ — 7.60+0.30 —10.23+0.11 1 BVDUTP —5.38+0.19 —7.80+£0.40
2 Ribavirin —7.93+0.46 —9.06+0.03 2 ACV triphosphate -5.37+0.18 —7.78+0.39
3 BVDUTP —6.86+0.43 —8.82+0.41 3 Adefovir —-4.21+0.10 —-6.96+0.48
4 Inosine —6.82+0.41 —8.50+0.25 4 HPmpa —-4.22+0.11 —6.78+0.39
5 Raltegravir - 6.36+0.18 —8.03+0.01 5 Brivudine —3.86+043 —5.99+0.49
6 Brivudine —6.13+0.06 - 6.30+0.15 6 PMEO-DAPy —3.44+0.22 —5.82+0.41
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Fig.3 Docking pose of PMEG
diphosphate in the mutated
spike protein. The residues

with hydrogen bond are GIn314
(two hydrogen bonds), GIn613,
1le666, Lys730, Asn761, and
Arg762. A detailed 2D view of
hydrogen bond and hydrophobic
contacts are presented in Fig S8

environment situation. The simulation study was per-
formed on the compound with the most binding affinity,
PMEG diphosphate, using Desmond, Schrodinger, and
different characteristics such as RMSD and contacts his-
togram were used to investigate the structural stability and
dynamic behavior of the complexes. The overall RMSD
of mutated protein was found to be stable throughout the
60 ns simulation with no considerable fluctuations after
20 ns (Fig. S9). As could be seen in Fig. S9, the RMSD of
wild spike protein has more fluctuations than mutated pro-
tein, which indicated more stability of the mutated protein.
The hydrogen bonds and hydrophobic interactions of the
protein after MD simulation are presented in Fig. SIOA.
As it is obvious, G614 has created some interactions with
the drug, while Asp614 has no confident interaction with
the ligand (Fig. S10B). These results elucidate the more
active characteristics of the D614G variant.

Binding Free Energy

The calculations of binding free energy using the MM/GBSA
method were conducted for PMEG diphosphate. The results
are shown in Table 7. As could be seen in the table, the binding
free energy of PMEG diphosphate in the mutated protein is
higher than in wild protein. It shows the higher stability of the
PMEG diphosphate-mutated protein complex. This table also
indicates that Waals energy, H-bond, and lipophilic energy
contribute to system stability. However, Van der Waals energy
plays a key role in the system as the Van der Waals energy
values are more coincided with the previous results.

ADME/T Analysis for Examination of Compounds’
Druggability

For theoretical prediction of the impacts and responses of the
antiviral drugs, the ADME/T analysis was conducted. Several
parameters were obtained that are presented in Table S2. Since
the molecules should have a determined molecular weight, the
first parameter in this table is the molecular weight. Another
parameter is SASA, the total solvent accessible surface area
in square angstroms using a probe with a 1.4 A radius. One
other parameter is QP polarizability, which is the predicted
polarizability in cubic angstroms. An essential parameter is
QPlog HERG, the numerical amount of the estimated IC50
value for blockage of HERG K+ channels. Another param-
eter is QPPCaco, which is the predicted Caco-2 cell perme-
ability in nm/sec for passive transport. The next parameter
is QPlog BB, which is the Predicted brain/blood partition
coefficient of an orally delivered drug. Another parameter
is human oral absorption, which is the predicted qualitative
human oral absorption. It should be 1, 2, or 3 for low, medium,
or high, respectively. Another two parameters which are the
most important are the rule of five and the rule of three. The
rule of five is Lipinski's fifth rule of Pfizer. The rules are:
mol_MW <500, QPlogPo/w <5, donorHB <5, accptHB < 10.
The rule of three is the three rules of Jorgensen [39]. These
three rules are: QPlogS >-5.7, QP PCaco > 22 nm/s, # Primary
Metabolites < 7. These two parameters are among the param-
eters that must be checked for the molecules to be theoreti-
cal drugs. The results of ADME/T analysis for the rest of the
drugs are provided in the supplementary information.

Table 7 The results of binding

. PMEG diphosphate AG ;4 (kcal/mol) H-bond (kcal/mol) Lipo (kcal/mol) vdW (kcal/mol)
free energy calculations for
PMEG diphosphate using MM/ Mutated protein —33.30+0.15 —5.98+0.49 —12.30+0.15 —40.13+0.07
GBSA approach Wild protein —25.57+0.28 —-323+0.11 —1735+0.17  —32.89+0.45

@ Springer



241 Page 100f 12

A. Poustforoosh et al.

Discussion

Although several types of research have focused on the treat-
ment of COVID-19, there is not a specific address for this
pandemic. This could be attributed to the transient nature of
coronaviruses and also the rate of mutation in their structure.
A mutation that has become dominant in many parts of the
world through the spread of the virus is the D614G variant
[40—42]. Some reports indicate the viruses bearing the G614
is more infectious than those with D614 [43]. Even though the
impact of this variant on the different interactions of viruses
is not thoroughly understood [19], the G614 can affect the
interaction of the virus with the ACE2 receptor. The alteration
in the manner of the virus is due to the flexibility induced by
glycine [20, 44]. This replacement can change the orientation
of the site affecting the contact between the virus and receptor
[21]. D614G confers some more flexibility to the spike stalk
and increases its ability to scan the host-cell surface, which can
provide a better interaction with ACE2. The favored interac-
tions are not necessarily more stable in terms of the interac-
tion energy or binding affinity. They could be in terms of the
number and type of interactions [20, 21]. This alteration in
receptor-virus interactions could happen in the other interac-
tions of the virus, such as drug-virus interactions. According
to the difficulties and time-consuming process of clinical trials,
computational studies such as molecular docking and molecu-
lar dynamics could be used as versatile approaches to address
such problems [45, 46]. For this reason, we investigated the
impact of this variant on the efficacy of different antiviral
drugs with the molecular docking study and MD simulation.
The results show that the alternation of D614 to G614 could
change the binding affinity of drugs considerably. The D614G
affects the behavior of RBD considerably. Therefore, it could
be a crucial target for antiviral drugs. Ribavirin as a drug
against respiratory syncytial virus-RSV and PMEG diphos-
phate exhibited the highest binding affinity to the mutated
SARS-COV-2 spike protein among different antiviral drugs.
MD simulation outcomes confirmed the obtained results of
the docking study. The results of ADME/T analysis showed
that the selected antiviral drugs have the potential to be fur-
ther investigated for in-vitro and in-vivo evaluation. Although
some of the ADME/T parameters are out of the acceptable
range, these results are theoretical and need to be more investi-
gated. There are some antiviral drugs such as HPmpa that have
experienced a significant decrease in docking scores during
the D614G mutation. The results of HPmpa showed that the
length of H-bonds could affect the binding affinity of ligands
to the protein. This means that researchers and drug manufac-
turers need to find a more reliable insight into the alternated
characteristics of coronaviruses and their mutations. The vali-
dated drugs could be easily transported to the target sites using
virosome [47] or bioconjugated nanoparticles [48]. The spike

@ Springer

glycoprotein of coronaviruses is the virus key for cell entrance
[49], and residue 614 is placed in this protein. Albeit this resi-
due is remote from the RBD [15], considering the folding of
the protein, residue 614 is capable of providing communica-
tion with RBD. The optimal communication between D614
and RBD (T500) is only found in one chain (chain B), but
this optimal communication route between G614 and RBD
(T500) is reported to be in two chains (chains B and C) [50].
This finding could lead us to find the reason for changing the
binding affinity of the mutated model of the virus compared
to the wild one.

Conclusions

The D614G mutation in the SARS-COV-2 spike protein
has changed some crucial characteristics of coronaviruses,
such as the rate of infection and binding affinity. This alter-
ation could effectively change the behavior of coronavi-
ruses in the presence of antiviral drugs. It can also change
the interactions between the virus and the ACE2 receptor
of the host cell. D614G confers some more flexibility to
the spike stalk and increases its ability to scan the host-
cell surface, which can provide a better interaction with
ACE2. The favored interactions are not necessarily more
stable in terms of the interaction energy or binding affinity.
They could be in terms of the number and type of inter-
actions. Therefore, in addition to the RBD, the mutation
D614G could also be considered a crucial target for anti-
viral drugs. Ribavirin and PMEG diphosphate have shown
a remarkable binding affinity to the mutated form of the
spike protein. These antiviral drugs could be considered an
effective inhibitor for the mutated form of coronaviruses.
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tary material available at https://doi.org/10.1007/s00284-022-02921-6.
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