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Abstract

The novel coronavirus disease that arises in the end of 2019 (COVID-19) in Wuhan, China,
has rapidly spread over the globe and was considered as a world pandemic. Currently, vari-
ous antiviral therapies or vaccines are available, and many researches are ongoing for fur-
ther treatments. Targeting the coronavirus’ main protease (key enzyme: 3CLpro) is grow-
ing in importance in anti-SARS-CoV-2 drug discovery process. The present study aims at
predicting the antiviral activity of two novel compounds using in silico approaches that
might become potential leads against SARS-CoV-2. The 3D structures of the new com-
pounds are elucidated by single-crystal X-ray techniques. The interactions between differ-
ent units of 4 and 5 were emphasized by analyzing their corresponding Hirshfeld surfaces
and ESP plots. NBO and FMO analyses were investigated as well. Molecular docking com-
bined with molecular dynamics simulations (MDs) was performed to investigate the bind-
ing modes and molecular interactions of 4 and 5 with the amino acids of coronavirus main
protease (6LU7) protein. The best docking scores were obtained for both ligands through
the major binding interactions via hydrogen/hydrophobic bonds with the key amino acids
in the active site: HIS41, CYS145, MET49, MET165, HIS172, and GLU166 amino acids.
A MD simulation study was also performed for 100 ns to validate the stability behavior of
the main protease 3CLpro-ligand complexes. The MD simulation study successfully con-
firmed the stability of the ligands in the binding site as potent anti-SARS-CoV-2 (COVID-
19) inhibitors. Additionally, MMPBSA energy of both docked complexes was determined
as a validation assay of docking and MD simulations to validate compound conformation
and interaction stability with 3CLpro. The synthesized compounds might be helpful in the
fight against COVID-19 prior to biological activity confirmation in vitro and in vivo.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a virus responsible
for the present coronavirus disease 2019 (COVID-19) pandemic, has spread all across
the globe since first reported in Wuhan, Hubei province of China. The virus was closely
related to SARS-CoV in terms of genome homology and stands at seventh number in
the family of Coronaviridae known to cause infection in humans [1]. By now, the virus
has been reported from 219 countries and tested positive in over 103,045,690 people
with 2,225,836 deaths [2, 3]. The primary route of transmission of the virus is small
droplets expelled by affected person upon coughing, breathing, sneezing, and talking [2,
4]. Infected person either remains asymptomatic or develops typical COVID-19 symp-
toms of fatigue, fever, cough leading to difficulty in breathing, and loss of smell [5]. In
severe cases, the mentioned symptoms progress to pneumonia, acute respiratory distress
syndrome, and failure of multiple organs that results into death [6]. The death rate of the
COVID-19 has been estimated in between 3 and 6%.

Coronaviruses are a member of Coronaviridae family, subfamily of Orthocorona-
virinae in the order of Nidovirales. These viruses possess the largest RNA genome of
22-32 kb in length that is positive sense and single stranded [7, 8]. The RNA genome
forms complexes with the nucleocapsid (N) protein to make a helical capsid. The SARS-
CoV-2 has total of 11 genes which encode ORF2 (Spike protein), ORF4 (Envelope
protein), ORF5 (Membrane protein), ORF9 (Nucleocapsid protein), ORFlab, ORF3a,
ORF6, ORF7a, ORF7b, ORF8, and ORF10 [9, 10]. Coronaviruses are known to cause
mild to moderate upper respiratory tract and gastrointestinal illnesses in mammals and
birds. Prior to SARS-CoV-2, six species (HCoV-NL63, HCoV-HKU1, HCoV-OC43,
HCoV-229E, SARS-CoV, and Middle East respiratory virus coronavirus (MERS-
CoV)) of this family had been previously known to cause human infections. Exception
to SARS-CoV and MERS-CoV which have the potential to cause serious respiratory
epidemics, the rest of species are endemic strains and associated with common cold
[11-13]. SARS-CoV was the first reported coronavirus specie during first large-scale
outbreak in 2003 and liable for 8098 confirmed cases and 774 deaths across 17 coun-
tries with fatality rate of 9.6% [14—16]. MERS-CoV is a zoonotic respiratory infection,
first diagnosed in the Middle East in 2012 with reported 2494 infection cases and 858
deaths. As coronaviruses are highly prevalent, owing to their genetic multiformity, and
high rate of recombination, these viruses poses a constant threat to humans [7, 17, 18].
While the epidemic linked to the SARS-CoV2 coronavirus has spread around the world,
research is mobilized to accelerate the production of knowledge on this virus, on the
disease it causes (Covid-19) as well as the means of cure it and prevent it.

Since the beginning of COVID-19 crises, several different classes of drugs are
reported against SARS-COV-2. For example, using drug repurposing approach, Skari-
yachan et al., (2020) reported FDA-approved drugs, chloroquine, hydroxychloroquine,
favipiravir, lopinavir, remdesivir, and ritonavir, against 15 druggable proteins of SARS-
CoV-2. They reported that ritonavir and lopinavir are better binders of the SARS-CoV-2
targets based on in silico molecular docking, molecular dynamics (MD) simulation, and
binding free energy methods [19]. In another study, solanine, acetoside, and rutin nat-
ural compounds were reported as dual inhibitors of SARS-CoV-2 main protease and
Spike proteins [20]. Remdesivir is revealed to show strong binding with the main pro-
tease enzyme and suggested to act as a template for novel furin protease inhibitors [21].
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Using comprehensive in silico approaches, a virtually identified compound, ABBV-744,
was reported as a potential inhibitor of SARS-CoV-2 main protease [22].

In the present study, heterocyclic derivatives are synthesized (4 and 5) and are evalu-
ated as potential functional blockers of SARS-CoV-2 3C-like protease (3CL-pro) enzyme
using an integrated approaches of X-ray crystallography, DFT calculation, molecular dock-
ing study, and MD simulation approaches. The molecular structures of 4 and 5 were eluci-
dated through X-ray crystallography. Also, the Hirschfeld surface and electrostatic poten-
tial surfaces (EPS) of molecules 4 and 5 were reported in order to identify the key regions
of molecules contributing to the interactions with 3CLpro protein. On the other hand, the
molecular docking analysis was used to obtain the details of binding mode, essential amino
acid residues of the binding site, and the intermolecular interactions of molecules (4 and
5) with the binding site of 3CL-pro protein. The molecules 4 and 5 show potent inhibition
capacity against 3CLpro main protease through molecular docking analyses. In addition,
MD simulation was performed to investigate the stability of binding interactions obtained
through molecular docking analyses. The results obtained from this combined experimen-
tal and theoretical studies will provide key ideas to the future drug design approaches to
develop potent molecules that inhibit the 3CL-pro site of SARS-CoV-2 domain. In a con-
tinuation of our previous work on the synthesis of new heterocyclic derivatives [23-28],
we are interested in the synthesis of heterocyclic systems containing both quinoxaline and
benzodiazepine moieties and the evaluation of their biological activities.

Materials and Methods
Synthesis

To a suspension of imine (4 mmol) in 40 mL of absolute ethanol, pyridinecarbaldehyde
(6 mmol) and 3 drops of trifluoroacetic acid are added. The mixture is heated at reflux dur-
ing 3 h. After cooling, the precipitate formed was filtered off under vacuum and the residue
chromatographed on silica gel (hexane/ethyl acetate =50:50 (v/v)) to afford two new com-
pounds 4 and 5, respectively (Scheme 1).

3-[(22)-3-(2-pyridylmethyl)-1,2,3,4-tetrahydroquinoxalin-2-ylidenel-6-methyl-3,4-di-
hydro-2H-pyran-2,4-dione (4)

Yellow crystal, yield: 62%. '"H NMR (400 MHz, CDCly) &: 3.04 (dd, 1H, J=14 Hz,
J=10.1 Hz), 3.31 (dd, 1H, J=14 Hz, J=2.3 Hz), 5.92 (dd, 1H, J=10.1 Hz, J=2.3 Hz),
5.15 (s, 1H, NH), 2.20 (s, 3H, CH3), 5.82(s, 1H, CH), 6.69-8.57 (m, 8H,,), 15.70 (s, 1H,
NH). 3C NMR (100 MHz, CDCl,) &: 19.94 (CH3), 37.49 (CH,), 50.90 (CH), 93.70 (C,),
10742 (CH), 115.70-118.87-119.37-121.72-128.09-124.16-136.69-149.14 (CH,,),
123.36-136.21-158.26-163.65, 164.78 (Cq), 162.90-185.69(C=0).

6-Methyl-3-[(4-pyridin-2-yl)-2,3,4,5-tetrahydro-1H-1,5-benzodiazepin-2-yl]-3,4-dihy-
dro-2H-pyran-2,4-dione (5)

Orange crystal, yield: 27%. 'H NMR (400 MHz, CDCl;) 6: 2.76 (dd, 1H, J=12.7 Hz,

J=10.1 Hz), 4.85 (dd, 1H, J=12.7 Hz, J=2.5 Hz), 5.21 (dd, 1H, J=10.1 Hz, J=2.5 Hz),
5.79 (s, 1H, NH), 2.20 (s, 3H, CH,), 5.83(s, 1H, CH), 7.07-8.61 (m, 8H,,,,), 15.70 (s, 1H,
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Scheme 1 Synthetic route to compounds 4 and 5 reported in this manuscript

NH). *C NMR (100 MHz, CDCl,): 19.92 (CH;), 36.34 (CH,), 65.38 (CH), 96.10 (Cq),
107.10 (CH), 120.27-121.52-121.53-121.56—124.84-128.43-137.19-148.43 (CHar),
124.73-140.71-159.72-163.08, 164.10 (Cq), 172.26-184.75(C=0).

Single-Crystal X-ray Diffraction

Suitable crystals of 4 and 5 were used for the X-ray crystallographic analysis. The X-ray
intensity data were measured on a Bruker Smart APEX CDD system equipped with a
graphite monochromator and a Mo-Ka fine-focus sealed tube (1=0.71073 A). Full spheres
of data were collected under control of the APEX3 program [29] and reduced to F* values
with SAINT [29] which also performed least squares refinement of the unit cell parameters
using ca. 9900 reflections drawn from the full dataset. An empirical absorption correction
and merging of equivalent reflections was performed with SADABS [30], and the struc-
tures were solved by dual space methods [30]. The structure models were refined with full-
matrix, least squares methods [31].

Hirshfeld Surface and ESP Analyses

The Hirshfeld surface and fingerprint plots of 4 and S5 were obtained using the Crystal
Explorer 3.0 package [31].The d ., plots were mapped with color scale range —0.53 au
(blue) and 1.25 au (red). The red spots on the Hirshfeld surface specify the interactions that
involved hydrogen bonding. The 2D fingerprint plots were displayed using the expanded
range 0.6-2.8 A. The electrostatic potential surfaces (EPS) of 4 and 5 were determined
using the DFT method at the B3LYP/6-314 G(d,p) level of theory using the Gaussian 16
package [32]. In the EPS, the red region corresponds to hydrogen acceptors, while the blue
one corresponds to hydrogen donors.
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Theoretical Details

The geometry optimization of the ground states (GS) of 4 and 5 has been achieved with
DFT method at the B3LYP/6-31 + G(d,p) level of theory as implemented in the Gauss-
ian 16 package [32]. The X-ray crystallographic coordinates of 4 and 5 were used as
starting input coordinates in the DFT calculations without any constraints. The GSs
minima were confirmed by the frequency calculations at the same levels of theory (i.e.,
B3LYP/6-311+ 4+ G(d,p)). Imaginary frequencies show positive values, which indi-
cate that the optimized geometries are true minima. The solvent effects were considered
using the polarizable continuum model (PCM) [33]. Natural bond orbital calculations
were performed at the same level of theory from the optimized structures. The opti-
mized structures, frontier molecular orbitals, and ESP were visualized using Gaussian
View 6 [32].

Molecular Docking Study

In the present study, we have performed molecular docking studies to explore the
interaction modes of ligands with the main protease of interest found in SARS CoV-2
3CLpro (3C-like protease). The 3D structure of the enzyme in complex with a covalent
peptide N3 was retrieved from the Protein Data Bank (PDB ID: 6LU7) (https://www.
rcsb.org/) [34]. The input files for molecular docking of the target enzyme and the stud-
ied inhibitors were carried out by using AutoDock tool 1.5.6 (http://autodock.scripps.
edu/) according to the protocol as described by the Rizvi et al. [35]. In this case, the co-
crystallized ligands and water molecules were removed from the selected enzyme and
then protonated by adding polar hydrogen using the same program. Charges to the pro-
tein and compounds were assigned using the Kollman united atom and Gasteiger charge
method, respectively. A grid box with a size of x=26, y=54, and z=32 and center
of x=—-9.768, y=11.436, and z=68.904 was defined to cover the N3 binding pocket
(substrate binding site) in the 3CLpro enzyme [34]. AutoDock Vina software [36] was
used to check the binding affinity (E in Kcal/mol) leading to the best poses of the stud-
ied ligands. The N3 peptide was used a control which was extracted from the crystal
structure and redocked to the 3CLpro at the substrate binding region. The root mean
square deviation (RMSD) obtained after super imposition of the redocked structure on
the original co-crystalized structure was only 0.73 A which is less than 2 A. As a result,
the validity of docking parameters are reasonable in order to predict the binding mode
of compounds under study. The number of docked poses generated for each compound
at the active pocket of 3CLpro is 100 and subsequently ranked according to binding
energy. The lowest binding energy pose was considered the fittest and complexed with
receptor for analysis. The molecular interactions and binding modes of the top poses
were visually examined using the Discovery Studio software [37].

Molecular Dynamics Simulations

Molecular dynamics studies were conducted to determine dynamics of the complex and
get affirmation on the drug binding mode stability in the specified simulation time. The
drug parameters were defined by the general AMBER force field (GAFF) in the Ante-
chamber module of AMBER?20 [38]. The missing hydrogen atoms were added to the
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protein via TLeap. In case of protein, parameters were generated using the ff14SB force
field [39]. Sodium ions were added to ensure neutrality of the system. The MD simula-
tion was performed explicitly in TIP3P water box. Prior to running production phase,
the system protein and compounds were energy minimized using 1000 steps of steepest
descent and conjugate gradient. Gradual heating of the systems was then achieved up to
310 K in NVT ensemble [40]. The systems were equilibrated for 1 ns, and finally 100 ns
of MD simulations was performed through NPT ensemble [41]. For long-range elec-
trostatic interactions, the particle mesh Ewald technique was used [42]. The SHAKE
algorithm was applied to consider constrain bonds involving hydrogen atoms [43]. CPP-
TRAIJ module [44] of AMBER was used to calculate RMSD [45] and root mean square
fluctuations (RMSF) [46].

MMPBSA Thermodynamic Estimation

Binding free energy of the compounds to the receptor macromolecule (3CLpro) was done
to get an affirmation on the binding stability of the compounds. This was accomplished
through molecular mechanics generalized Poisson Boltzmann surface area (MMPBSA)
method [40]. This method is widely employed, robust, and reliable analytical tool. To carry
out this, AmberTools18 MMPBSA.py script was used to analyze binding free energy of
selected MD snapshots [40]. Briefly, binding free energy is calculated via the following
equation:

A(;binding =AEMolecularMechanics + AGsolvation - TAGAGbinding

= AEMolecularMechanics + AGsolvation - TAS(entropy)

Fig. 1 Perspective view of 4 with (8
labeling scheme and 50% prob-

20
ability ellipsoids. The intramo- 7 ;\
lecular hydrogen bond is shown c17
by a dashed line

02
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Table 1 Hydrogen bond

geometry (A, °) for 4 D—-H A D-H H A DA D—H A
N1 -HI 03 0.98(4)  1.95(4)  2.922(3)  172(3)
N2 - H2A 03 097(4)  1.69(4)  2.547(3)  1453)
C13 — H13 01t 0.98(4)  2.57(4) 34734  153(3)
C20-H20B O1'f  0.98 2.41 3.383(4) 175

Symmetry codes: (i) x, y—1, z; (ii)—x+3/2, y—1/2,—z+1/2;
(i) —x+3/2, y+1/2,—z+1/2.

Fig.2 Packing of 4 viewed
along the g-axis direction with
N—H---O and C—H:-+-O hydro-
gen bonds shown, respectively,
by blue and black dashed lines.
The n-stacking interactions are
shown by orange dashed lines

Results and Discussion
Description of the Crystal Structure
Description of the Crystal Structure of 4

The crystal structure of 4 is depicted in Fig. 1.

The N1/C6/C1/N2/C8/C7 ring is not planar, and a puckering analysis yielded the
parameters Q=0.358(3) A, 6=060.8(5)°, and ¢=325.3(6)°. The dihydropyrandione and
the 2-pyridyl rings are inclined to the C1---C6 ring by 20.20(8) and 24.04(9)°, respectively.
One notable feature is the long C8—C15 bond distance (1.421(4) A) and the short C8—
N2 bond distance (1.326(4) A). Also, the sums of the interbond angles about N2, C8, and
C15 are all 360° within experimental error suggesting that all three atoms are predomi-
nantly sp? hybridized. Similar shortening of the corresponding C—N bond and lengthen-
ing of the C—C bond has been found in a number of related molecules although not to
the extent see here [47-52]. In the crystal, N1 — H1 O3 hydrogen bonds (Table 1) form
chains of molecules extending along the b-axis direction. These are connected in pairs by
C13 —HI13 Ol- and C20 — H20B O1- hydrogen bonds (Table 1) with the resulting rib-
bons associated through slipped z-stacking interactions (centroid---centroid =3.6349(18)
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Fig. 3 Packing of 4 viewed
along the b-axis direction with
C—H---O hydrogen bonds shown
by black dashed lines. The
n-stacking interactions are shown
by orange dashed lines

Fig.4 Perspective view of 5 with
labeling scheme and 50% prob-
ability ellipsoids. Only the major
orientation of the disordered
dihydropyran ring is shown

Table 2 Hydrogen bond
geometry (A, °) for §

o1 A2
N2 c3
Cs
N1
Cc10
c1
N3
c12 .C14
C13
D—-H A D-H HA D A D-H A

N1-H1 02 0.889(18)  2.536(18)
N2 —H2A 02  0.928(18) 1.836(18)

3.089(2) 121.0(14)
2.616(2) 140.1(15)

Symmetry code: (i)—x+1,—y+1,—z+1.
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A, dihedral angle =3.80(15)°) between the dihydropyrandione and 2-pyridyl rings (Figs. 2
and 3).

Description of the Crystal Structure of 5

The crystal structure of 5 is depicted in Fig. 4.

In 5, the dihedral angle between the C1---C6 and C10---C14/N3 rings is 43.36(6)°. The
pendant dihydropyran ring shows a 10% disorder with the minor component rotated by
174.6(4)° from the orientation of the major component. The orientation of both compo-
nents is largely determined by intramolecular N2 — H2A O2- or N2 — H2A O3A. hydro-
gen bonds (Table 2 and Fig. 4). A puckering analysis [38] of the major orientation of the
dihydropyran ring gave the parameters Q=0.127(2) A, 0=108.0(8)°, and ¢=79.6(8)°,
while for the 7-membered ring, the parameters are Q(2)=0.8888(13) A, 0(3)=0.2070(13)
A, @(2)=201.03(8)°, and ¢(3)=293.9(4)°. In the crystal, inversion-related molecules form
dimers through N1 — HI1 O2- hydrogen bonds (Table 2 and Fig. 5) which are associated
along the b-axis direction by slipped n-stacking interactions between the pendant pyridyl
and dihydropyran rings (centroid---centroid =3.833(3) A, dihedral angle=14.51(2)°).

Hirshfeld Surface Studies

The Hirshfeld surfaces of 4 and 5 display the regions of intermolecular interactions (inter-
contacts) that may be established in the crystalline environment (Fig. 6). The red spots
over the Hirshfeld surface indicate the interactions that involve hydrogen bonding. For both
compounds, the hydrogen bonds are formed between donor and acceptor atoms. Figure 6
shows a strong hydrogen bond between the NH group of piperazine and the 1,4-diazepine
of 4 and 5 to form one side of the basic unit and the lone pair of the oxygen atom of the
pyran-2,4-dione of the closest unit from other side at distances of 1.92 and 2.48 A, respec-
tively (Fig. 6). In the EPS of 4 and 5, the negative electrostatic potential appears in the
red region over the oxygen atom of the oxo group confirming its role as a hydrogen bond
acceptor (Fig. 7).

Fig.5 Packing in 5 viewed
along the a-axis direction with
N—H--O hydrogen bonds and
slipped m-stacking interactions
shown, respectively, by blue and
green dashed lines
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A

Fig.6 d ., of 4 and 5 mapped on the Hirshfeld surface for visualizing the intermolecular contacts

3602

see: I

Fig.7 EPS of 4 and 5 obtained at the B3LYP/6-31 + G(d,p) level of theory

The intercontacts over the Hirshfeld surfaces of 4 and 5 are quantified using 2D
fingerprint plots (Fig. 8). The major contributions are found between H---H at 49.1
and 46.2% for 4 and 5, respectively. Other interesting intercontacts with contribution
ranges 15-20% are found between C H/H- and O H/H O.
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e 24 d
24 22
22 20
2.0 ’
:
4 1.6 ’
1.4 1.4
12 1.2
1.0 g H-H (49.1%
0.8 All close contacts 0.8 (49.1%)
' PT di
0810121416182.022 0810121416182.02.2
de d€
2.4 2.4
22 2.2
2.0 2.0
1.8 1.8
5 16 1.6
1.4 1.4
1.2 1.2
1.0 .
0.8 B ailbe 18 H---H (46.2%)
: All close contacts di 0.8 di
08101214161.82.02.2 08101214161.82.02.2

Fig. 8 Fingerprint plots of all (right) and highest interatomic interactions of 4 and 5§

DFT Results

The optimized geometries of 4 and 5 were obtained at the B3LYP/6-31 4+ G(d,p) level
of theory in a polarizable continuum solvent model. Some of the optimized and X-ray
bond lengths, bond angles, and torsion angles are shown in Table 3. The superposi-
tion of the optimized and X-ray geometries shows an excellent agreement between the
experimental and calculated Z-matrix coordinates (Fig. 9). This agreement is confirmed
by the relatively good correlation between the calculated and X-ray geometrical param-
eters. The correlation coefficients between bond length, bond angles, and torsion angles
of the optimized and X-ray structures are in the 91-99.50% range.

The intramolecular and delocalization of electron density in 4 and S are investigated
by analyzing the natural bond orbital (NBO) outputs. The larger is the value of the mean
energy of hyper conjugative interaction E(2), the more is the interaction between elec-
tron donors and acceptors. In other word, the more donation tendency from electron
donor atom to electron acceptor atom, the greater is the extent of conjugation over the
entire system. The filled bonding or lone pair orbitals may act as an electron donor,
while the empty anti-bonding or non-bonding orbital may act as an electron acceptor.
These interactions may affect the strength of bonds involving the atoms in question.
The NBO calculations have been carried to investigate all possible interactions between
“filled” (donor) Lewis-type NBOs and “empty” (acceptor) non-Lewis NBOs.
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Table 3 Experimental and calculated selected geometric parameters (A," for 4 and 5)

4 5

Exp Cal Exp Cal
Bond
N1-C6 1.3741(4) 1.38772  NI1-C6 1.399(6) 1.38387
N1-C7 1.459(9) 146422  NI1-C7 1.464(7) 1.45752
C7-C8 1.514(6) 1.52282  C7-C8 1.529(1) 1.55563
C8-N2 1.325(6) 1.33134  C9-N2 1.320(6) 1.32925
C1-N2 1.411(4) 1.40565  C1-N2 1.417(5) 1.41462
C1-C6 1.40000 1.40881 Cl1-C6 1.405(6) 1.42012
C8-Cl15 1.421(2) 1.42621 C9-Cl15 1.424(5) 1.43515
C19-03 1.257(20) 1.26412  C19-03 1.216(4) 1.22715
Cl16-01 1.219(3) 1.22554  C19-01 1.401(3) 1.39852
C16-02 1.4039(5) 1.39669  Cl16-02 1.263(1) 1.26597
02-C17 1.360(9) 1.36411 01-C18 1.364(1) 1.36306
C17-C18 1.340(4) 1.34946  Cl17-C18 1.341(3) 1.34885
C18-C19 1.435(6) 1.44794  C18-C20 1.492(6) 1.49167
C17-C20 1.4789(5) 1.49143  C8-C9 1.502(1) 1.49893
C7-C9 1.5491(9) 1.56371 C7-C10 1.531(9) 1.53491
Bond angle
C6-N1-C7 119.069(7) 118.30423  C6-N1-C7 123.679(2) 127.27482
N1-C7-C8 109.498(2) 108.19274  N2-C9-C15 120.365(4) 118.60154
C8-N2-C1 124.588(8) 125.12437  NI1-C7-C10 112.496(1) 109.60626
N2-C8-C15 119.490(2) 119.35070  C7-C10-Cl11 119.294(8) 120.11874
N1-C7-C9 114.307(0) 114.44064  N3-C10-C7 117.945(7) 117.52225
C7-C9-C10 112.696(5) 112.19772  C10-N3-C14 117.206(0) 118.65405
N3-C10-C14 122.173(2) 122.03618  C15-C16-02 123.271(1) 122.99014
C10-N3-C11 117.729(7) 118.19135  02-Cl6-Cl17 120.153(8) 119.45225
C15-C16-0O1 128.186(8) 128.22605  03-C19-0O1 114.443(3) 113.69982
C16-02-C17 122.484(6) 123.37542  C19-01-C18 121.733(5) 123.52595
02-C17-C20 111.994(6) 111.98051 C15-C19-01 117.242(3) 117.50707
02-C17-C18 121.369(5) 121.26845  N2-C1-C2 117.010(7) 115.38040
C15-C19-03 123.663(1) 122.86774 - - -
N2-C1-C2 120.607(6) 121.13470 - - -
N1-C6-C5 123.079(5) 118.72656 - - -
Torsion angle
C1-N2-C8-C7 10.745(0) -35.36037  C1-N2-C9-C8 -2.338(4) 69.81508
C7-N1-C6-Cl1 -27.971(2) -33.66878  C7-N1-C6-Cl1 56.169(0) 27.39295
N1-C7-C9-C10 -66.533(3) -65.55912  N1-C7-C8-C9 -63.01(6) -76.72980
N2-C8-C15-C19 2.006(9) 3.29304  N2-C9-C15-C19 -171.56(9) -173.18129
C7-C8-C15-C16 -0.269(09) 1.51716 ~ C7-C8-C9-C15 -110.07(9) -110.27954
C8-C15-C16-01 4.665(3) 444924  C9-C15-C16-02 -8.53(3) -3.08598
C8-C15-C19-03 -7.587(7) -2.90957  N2-C9-C15-Cl16 8.66(4) 6.22406
C2-C1-C6-C5 -0.364(7) -0.47628  C2-C1-C6-C5 -1.31(2) -2.03613
C10-N3-C11-C12 -1.286(5) 0.06491 C10-N3-C14-C13 0.40(4) -0.00791
C10-C14-C13-C12 -0.262(1) -0.19512  C10-C11-C12-C13 0.39(5) 0.35909

@ Springer



3614

Applied Biochemistry and Biotechnology (2021) 193:3602-3623

Table 3 (continued)

4 5

Exp Cal Exp Cal
01-C16-02-C17 179.221(4) 176.84899  03-C19-01-C18 171.42(2) 175.65862
03-C19-C18-C17 -172.51(4) -179.31604  03-C19-C15-C9 16.02(3) 5.74039

Fig.9 Superposition between X-ray and optimized geometries of 4 and 5

Energy (eV)
&

4+

? LUMO f LUMO
| |
} AE = 3.56 &V : AE =348 eV
| |
| |
i HOMO

Fig. 10 Energetic profile of FMOs of 4 (left) and 5 (right) obtained at the B3LYP/6-31+ G(d,p) level of

theory
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For 4, the strongest interaction with a stabilization energy of 284.06 kcal mol ™! is estab-
lished between the lone pair LN (1) Lewis NBO of C18 and non-Lewis anti-bond NBO
7 (N6-C9). The lone pair LP(1) NBO of N4 conjugated with the LN(1) NBO of C18 leads
to a strong stabilization of energy of 64.92 kcal/mol. For 5, a strong interaction with sta-
bilization energy of 304.93 kcal mol~! was found due to electron density transfer from the
lone pair LN(1) NBO of C15 to the conjugated 7" (N3-C6) NBO anti-bond. The lone pair
LP(1) of N1 conjugated with the LN(1) of C15 leads to a strong stabilization of energy of
83.13 kcal/mol. These strong stabilization energies denote the larger delocalization of 4
and 5.

The chemical reactivity of 4 and 5 is emphasized by the analysis of the frontier molec-
ular orbitals HOMO and LUMO. The HOMO, LUMO, and gap energies are shown in
Fig. 10. The FMOs indicate the intramolecular charge transfer (ICT) from the decahydro-
1H-benzo[b][1,4]diazepine and decahydroquinoxaline moieties in 4 and 5§ (HOMO) to
dihydro-2H-pyran-2,4(3H)-dione (LUMO), respectively. The band gap energy values of 4
and 5 are 3.56 and 3.48 eV, respectively. The lower gap energy of 5 compared with 4 may
indicate a higher activity of the former compared with the latter (Fig. 10).

Molecular Docking Analysis

Molecular docking simulations were carried out for 4 and S5 with the SARS CoV-2 main
protease 3CLpro enzyme. Table 4 summarizes the docking results with their correspond-
ing binding affinity (£ in Kcal/mol) and types of bond interactions. Based on the energy
calculations, 4 and 5 exhibited strong interactions with the binding site of 3CLpro enzyme.

Compound 4 was docked into the active pocket of the 3CLpro with a binding energy
of — 8.6 kcal/mol. Two conventional hydrogen bonds are formed, one by the carbonyl group
(C=0) with the negatively charged glutamic amino acid (GLU166) and the other by the
positively charged histidine amino acid (HIS44) with the pyridine group of 4 (Fig. 11).
In addition, histidine (HIS44) forms one n-cation bond with the benzyl group, while two
n-alkyl bonds from the hydrophobic methionine (MET49) interact with the benzyl ring,
and cysteine (CYS145) interacts with the pyridine ring. Furthermore, one m-sulfur bond
was observed between the sulfur atom in methionine (MET165) and the benzyl group of 4
(see Fig. 11).

Similarly, 5 has a good binding affinity (E= —8 kcal/mol) towards the main protease
3CLpro receptor with the formation of one hydrogen bond to cysteine (CYS145) with the
carbonyl group (C=0) of 5. Moreover, the pyridine ring of 5§ forms two n-alkyl bonds to
the hydrophobic methionines (MET49 and MET165) (Fig. 12). Two other n-alkyl bonds
were observed between the positively charged histidines (HIS172 and HIS163) and the
methyl group 5. One n-cation bond to the positively charged histidine amino acid (HIS41)
from the pyridine ring of 5 (see Fig. 12).

MD Analysis

MD simulations were performed for 4 and 5 with the SARS CoV-2 3CLpro enzyme to
investigate their stability and dynamic properties at the atomic level. The best poses of 4
and 5 obtained from the molecular docking studies were simulated at 100 ns. To assess the
conformational stability of the 3CLpro enzyme during the MD simulation, the RMSD was
calculated as a function of time for 3CLpro-4 (or 5) complexes (Fig. 13A). The RMSD
for both 4 and 5 were well equilibrated at around 2-2.5 A and remained constant during
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3D Representation
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Fig. 11. 3D and 2D representations of compound 4 in the binding pocket of main protease enzyme. In case
of 3D, hydrogen bonding in terms of acceptor and donor regions is shown along with coloring on hydro-
phobicity basis. In the 2D structure, compound 4 is shown via gray stick, while residues are presented by
different color disc each presenting specific interaction

the 100 ns simulation with no significant differences observed. From Fig. 13A, it can be
seen that RMSD value of 3CLpro-5 behaves with a bit higher RMSD (though consistent)
showing higher structural flexibility of the system as compared to that of the 3CLpro-4
complex. Those results imply that the protein with 4 shows relatively greater stability than
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3D Representation
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Fig. 12. 3D and 2D representations of 5 in the binding site of the main protease 3CLpro enzyme through
molecular docking analysis. In case of 3D, hydrogen bonding in terms of acceptor and donor regions is
shown along with coloring on hydrophobicity basis. In the 2D structure, compound 5 is shown via gray
stick, while residues are presented by different color disc each presenting specific interaction
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Fig. 13 Plots of RMSD and RMSF of complexes over 100 ns of MD simulation: A RMSD vs time and B
RMSF vs time

the 3CLpro-5 complex. Interestingly, the RMSD values of both systems reach equilibrium
under the RMSD after initial 10 ns, which indicate that the complexes are stable and the
difference between them is not significant. In addition, residue level fluctuations of the sys-
tems were measured using the RMSF, which maintained a stable RMSF value over time
(Fig. 13B). The RMSD values are within highly acceptable range of 2 2-2.5 A. Tt also indi-
cated the stability of the residues of the 3CLpro enzyme.

The MD simulation analysis of the docked 4 and 5 validated the stability of 3CLpro-4
(or 5) complexes. This stability was confirmed by the previous studies, which reported that
the docked molecule interaction with the binding site in the main protease 3CLpro enzyme
occurs around the active sites containing HIS41, CYS145, MET49, MET165, HIS172, and
GLU166 amino acids [53, 54].

Binding Free Energy Calculation

MMPBSA binding free energy is an inexpressive, dynamic, and a useful tool in estima-
tion of atomic level interactions between therapeutic compounds to its respective bio-
logical macromolecule. It can be utilized as post docking validation assay and reconfirm
ligand binding and stability at the docked position of the biological target and is also
helpful in predicting key contributing residue in ligand recognition. The entropy effect
is computationally expensive therefore not considered during binding energy estima-
tion. Both the compounds presented highly favorable binding free energies. The differ-
ent binding energy components of both systems are provided in Table 5. The net binding
energy of both complexes is an indication of high intermolecular affinity and stability.

Table 5 Binding free energies

of the compounds. All eneray Complexes  Binding energy components (kcal/mol)

values are provided in kcal/mol AE, 4w AE,, AEym AG,,  AGu
-64.00 —88.57 —126.18 750  —48.68
5 -57.25 —190.61 -246.12 1719 -4232

AEvdW (net van der Waals energy), AEele (net electrostatic energy),
AEMM (net molecular mechanics energy), AGsol (net solvation
energy), AGbind (net system binding free energy).
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Conclusions

The present study attempts to explore two new molecules as SARS CoV-2 3CLpro com-
plexes for treatment of COVID-19. Herein we highlight the significant interaction of
these compounds with 3CLpro enzyme that can be rationalized to activate the receptor
and hence exert an antiviral effect. The refined structures (4 and 5) were investigated
through X-ray crystallography, whereas the closest intercontact interactions between 4
and 5 units were studied identified by the analysis of the Hirschfeld surface and the
electrostatic potential surfaces (EPS). Furthermore, the binding affinity and stability of
these compounds to the binding site of SARS-CoV-2 3CLpro receptor were investigated
by molecular docking and MD simulations. For both studied molecules, significant
binding affinity was demonstrated through molecular docking studies with various types
of interactions. Following the computational procedures, the substrates were exposed to
MD simulations to determine the rigidity of the protein structure, fluctuations created
during interactions, and structural stability collectively by calculating RMSD and Rg
parameters. Notably, 4 exerted minimal conformational changes and negligible fluctua-
tions and was structurally stabilized with 3CLpro enzyme of COVID-19. This was fur-
ther validated by estimation of MMPBSA binding free energy which confer strong evi-
dence in support of high affinity of both designed compounds to the 3CLpro target. In
accordance with this, the derivative implied a strong interaction with the receptor which
apt the possibility of serving an effective antiviral compound.
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