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With the advancement of the Covid-19 pandemic, this work aims to find molecules that can inhibit the
attraction between the Spike proteins of the SARS-COV-2 virus and human ACE2. The results of molecular
docking positioned four molecules at the interaction site Tyr-491(Spike)-Glu-37(ACE2) and one at the site
Gly-488(Spike)-Lys-353(ACE2). The QTAIM and IQA data showed that the 1629 molecule had a significant
inhibitory effect on the Gly488-Ly353 site, decreasing the Laplacian of the electronic density of the BCP

04-N1o. The molecule 2542 showed an inhibitory effect in two regions of interaction of the Tyr491-Glu37
site, acting on the BCPs Hsg-Hs3 and Og-Hsz; while the ligand 2600, in conformation 26, presented a
similar effect only on the BCP Og-Hs; of that same interactive site. Thus, the data suggest laboratory
tests of a combination of molecules that can act at two sites of interaction simultaneously, using the
combination of 1629/2542 and 1629/2600 ligands.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In December 2019, a new and mysterious pneumonia-related
illness was reported in the city of Wuhan, located in Hubei
province, China [1]. Chinese scientists quickly isolated the
pathogen responsible for the disease and discovered that it was
a new coronavirus belonging to the same family of viruses known
as Severe Acute Respiratory Syndrome Coronavirus (SARS-COV) and
Middle East Respiratory Syndrome Coronavirus (MERS-COV) [1].

Initially (01/12/2020) these new coronaviruses were named
with 2019-nCOV [2,3] and on 02/11/2020 The International Virus
Classification Commission (ICTV) classified the virus as SARS-COV-
2 [4]. After the coronavirus was isolated and sequenced, [5] it was
discovered that it belongs to the genus B [6,7] of the family Coron-
aviridae of the order Nidovirales, containing at least four structural
proteins: Spike (S), Envelope (E), Membrane (M) and Nucleocapsid
(N) [4]. Since then, in the fight against the coronavirus, scientists
have used several strategies to develop new drugs [8].

For the development of drugs for the treatment of SARS-COV-
2, the quickest way is to find potential molecules available on
the drug market (Drug Repurposing). Drug repurposing can be

* Corresponding author. ORCID: https://orcid.org/0000-0001-6094-3826.
E-mail address: sehenriquefaria@usp.br (S.H.D.M. Faria).

https://doi.org/10.1016/j.molstruc.2021.130076
0022-2860/© 2021 Elsevier B.V. All rights reserved.

achieved by conducting systematic drug-drug target interaction
and drug-drug interaction analyzes [9]. A survey on drug-drug tar-
get interaction collected by the DrugBank database [10] found that
on average each drug has 3 drug targets and each drug target has
4.7 drugs [11].

Scientists worldwide have proposed the use of preexisting
drugs against the novel coronavirus [12]. Others reported repur-
posing the use of existing antiviral agents in order to reduce time
and cost compared to the new drug discovery [13]. Studies related
to the reuse of drugs for the treatment of COVID-19 has been look-
ing for inhibitors of SARS-COV-2 main protease (MP') that are es-
sential for viral replication and transcription [14-29] and of SARS-
COV-2 Spike Protein [4[30], a glycoprotein that gives coronaviruses
a crown-like appearance like by forming spikes on their surface
[1]. The SARS-COV-2 Spike protein binds to ACE-2 receptor pro-
teins (angiotensin converting enzyme 2) on cell surfaces to infect
the host [1,4], [31-34].

Within this context, Micholas D. Smith and Jeremy C. Smith
both from the University of Tennessee used the world’s most pow-
erful computer, SUMMIT, to carry out a high-throughput virtual
screening campaign and identify molecules to bind to isolated pro-
tein S or even on the Sy qein-ACE2pymay interface [30]. In this work,
the authors performed 100,000 docking calculations that generated
8669 scores of conformations of molecules linked to the Sygein-
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Fig. 1. Delimitation of the molecular docking area on the Spoein-ACE2pm,, interface in the Autodock 4.2.6 program, whose box generated 605085 Grid Points per Map.

ACE2yman interface, with the molecules with the highest scores
(nitrofurantoin, isozianide pyruvate and eriodictyol).

Although the docking technique performs a virtual screening
through scores, it cannot describe the electronic behavior of drugs
coupled to the Sprorein-ACE2yman interface. Two techniques ca-
pable of accurately describing electronic density are the theories
QTAIM [35] and IQA [36]. They have already been used by our
research group to describe the mechanism of action of the drugs
Mechlorethamine [37], 5-Fluoracil [38] and Carmustine [39]. The
location and characterization of critical points related to hydrogen
bonds were essential for determining the chemical mechanism of
these three drugs.

Another interaction that proves to be important for drug-site
stabilization is H-H closed-shell interactions [40]. The first re-
port of this interaction took place in a low temperature neutron
diffraction crystallography experiment in 1983 [41]. Subsequently,
in 1985, Reid [42] reported this same interaction from crossed
molecular beam experiments. Weak dihydrogen bonds between
hydrogen of the methyl group and a hydrogen of an amine group
were found in four rotamers of the amino acid leucine by Matta
and Bader [43]. Thus, there is rich evidence that suggests that this
H-H interaction stabilizes systems in which it is a part [44], with
its existence and importance in byphenyl reviewed by Trujillo and
Matta [45].

Thus, the objective of this paper is to use the theories QTAIM
and IQA to locate and quantify sites of interaction between the
five drugs most punctuated by the Docking technique performed
on the Spotein~ACE2}may interface obtained on the SUMMIT com-
puter by researchers at the University of Tennessee.

2. Calculations

To perform the molecular coupling, we prepared the same
Sprotein"ACE2pyman interface model used in the work of researchers
at the University of Tennessee, with the aim of simulating environ-
ments similar to that used in their dockings [30]. For this, we used
a Sprotein~ACEpyman Obtained by Li and collaborators [46] deposited
in the PDB DATA BANK [47] with the ID: 2AJF.

Using the Autodock 4.2.6 [48]| software with the aid of
AutoDockTools (version mgltools.1.5.6) we made the molecular
docking of the five most scored inhibitors in Smith’s work [30] (lig-
ands 3223, 3362, 1629, 2542 and 2600 - in decreasing order of
score).

After removing the water from the crystal, a box was built on
the S;rotein~ACE2pyman interface to determine and limit the docking
region. The coordinates (X, y and z) of the box had maximum val-
ues of 11.539, 13.912 and 78.261 and minimum of -16.077, -26.548
and 42.297. The Autodock used 605085 Grid Points per Map (grid
points inside the box) and made a smooth of 0.5. The position-
ing of the box was placed at the bottom of the ACE2},pa, DPro-
tein and covered up to half the structure of S,y (Figure 1). To
perform molecular docking, Autodock used the Lamarckian genetic
algorithm.

The Autodock generated 50 conformations of the ligands po-
sitioned on the Sy otein-ACE2pyman interface, where the 30 most
scored geometries were visualized in the Chimera 1.14 [49] pro-
gram, which enabled the identification of the amino acid residues
of the two proteins that interact with the ligands (Figure 2).

In this way, a screening was carried out and only the geometric
conformations of the ligands that contained interactions between
the amino acids of the S, gein and/or ACE2y, ., proteins were sep-
arated. Once these conformations were identified, they were ma-
nipulated in the GaussView5.0 [50] program where all the amino
acid residues that did not interact with the ligand were erased.
Thus, the resulting molecular clusters were subjected to a single
point calculation in the Gaussian09 [51] software to generate the
file that describes the wave function of each conformation, the
.wifn file. All of these single point calculations were performed at
the B3LYP/6-31G level (d, p).

After this step, the .wfn files were submitted to the AIMALL
[52] computational package to perform the electronic density,
Laplacian electronic density and charge (QTAIM) calculations in ad-
dition to the energy decomposition values of the IQA method. All
of these calculations were performed using the default parameters
of the AIMALL software.

3. Results and Discussion

3.1. Molecular Docking between the SroteinACE2pymay interface and
possible inhibitors of SARS-COV-2 infection

The most scored ligands in the molecular docking of reference
31 were molecules number 3223, 3362, 1629, 2542 and 2600. The
official [UPAC name for each molecule is highlighted in Table 1.

The molecular docking performed by Autodock 4.2.6 between
the Sprotein-ACE2pyman interface and the molecules of Table 1 gen-
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Fig. 2. Positioning of the 3223 molecule at the Sproein-ACE2pyman interface performed by the docking method.

Table 1

IUPAC official name of the ligands used in molecular docking in the Spoein-ACE2hyman interface region.

Molecule label IUPAC Name

3223 (Leucodelphidin)
3362 (Leukoefdin)
1629 (S-8510)

2542

2600 (ZINC104875569)

(2R,35,45)-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-chromene-3,4,5,7-tetrol
2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3,4,5,7-tetrol
2-(Isoxazol-3-yl)-1,6,7,9-tetrahydroimidazo[4,5-d]pyrano[4,3-b]pyridine
(2s,3r)-2-(3,4-Dihydroxyphenyl)-3,7-dihydroxy-2,3-dihydro-4h-chromen-4-one
(2S,3S,4S)-2-(4-Hydroxyphenyl)-3,4-dihydro-2H-chromene-3,4,5,7-tetrol

Table 2

Amino acids that promote the interaction between viral Spike and ACE2y,,,, proteins on the left side
of the table. On the right side, molecules that have hydrogen bonding with (or near) amino acids that

promote interactions between Syrotein-ACE2pymam-

Interface Sprotein-ACE2hyman interaction site  Molecule  Ranking* hydrogen interaction location
Tyr (491Spike) - Glu (37ACE2) 3223 16 Ile (489 Spike)

Gly (488Spike) - Lys (353ACE2) 3362 19 Tyr (491 Spike)

Tyr (436Spike) - GIn (42ACE2) 1629 12 Gly (354 ACE2)

Tyr (436Spike) - Asp (38ACE2) 2542 9 Glu (37ACE2)

Tyr (436Sspike) - Asp (38ACE2) 2600 12 Tyr (491 Spike)

Arg (426Spike) - Glu (329ACE2) 2600 23 Tyr (491 Spike)

Thr (486Spike) - Tyr (41ACE2) 2600 26 Glu (37ACE2)

*Ranking is the position of the conformation in the ranking of the molecular coupling of the respective

molecule.

erated 50 conformations for each substance. The 30 highest scored

It is very important to note that almost all molecules are po-

conformations were analyzed in the Chimera 1.14 program, which
preliminarily tracked the hydrogen bonding interactions between
the ligands and the amino acids of the proteins.

Also, intermolecular interactions between Spike protein
residues and ACE2p,y., residues were tracked without the
presence of any molecules in Table 1. Knowing the binding sites
between the two proteins (the amino acid residues that interact
with each other forming the Sprotein-ACE2yman interface) we elim-
inated the docking conformations of the molecules that formed
hydrogen bonds far from the interaction sites between the viral
protein and ACE2pman-

Table 2 shows the conformations that generated hydrogen
bonding close to the binding sites of the Spotein-ACE2pyman inter-
face, with their numbering being the ranking position according to
their score within the 30 geometries with the highest scores for
the molecular docking method.

sitioned in the region of the interaction site between the amino
acids Tyr-491(Spike)-Glu-37(ACE2), with the exception of the 1629
molecule. This shows that this region is the main target in the
search for an agent inhibitor of the interaction between tyrosine-
491 and glutamic acid-37.

With the structures of the molecules of Table 1 docked in the
region between the viral and human proteins, they were used to
perform the QTAIM and IQA analyzes.

3.2. QTAIM and IQA analysis between possible infection inhibitors
and the amino acids of viral Spike and ACE2y,qn proteins

3.2.1. Interaction between 3223 molecule and isoleucine-489 from the
Spike SARS-COV-2 protein

As can be seen from Table 2, the interaction of the 3223
molecule occurs at the amino acid Ile-489(Spikeqrein ), that is very
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Fig. 3. A) Molecular graph of Tyr-491(Spike)-Glu-37(ACE2) interaction without the presence of the 3223 molecule. B) Molecular graph of Tyr-491(Spike)-Glu-37(ACE2) inter-

action with the presence of the 3223 molecule.

close to the hydrogen bonding site of the Sygein-ACE2pman inter-
face Tyr-491(Spike)-Glu-37(ACE2) (Figure 2).

Using the electronic density gradient, the critical points were
calculated where Vp(r) =0, locating the Nuclear Attractor Crit-
ical Points (NAPC), the Bond Critical Points (BCP) and the Ring
Critical Points (RCP). With that, we obtained the molecular
graph of this molecular cluster in addition to the amino acids
Tyr-491(Spike)-Glu-37(ACE2) without the presence of the 3223
molecule (Figure 3). Thus, comparing the values of p(r), VZp(r),
zero-flux charges (q) and bind energy (E;,q) of the interaction
site with and without the presence of the cluster 3223-Ile-489
(Table 3), we can determine the interference of the ligand in the
interaction between the proteins Spike and ACE2y,;man-

The data in Table 3 demonstrate that the presence of the 3223
molecule changed little the electronic density of the atoms that

promote the interaction between Tyr-491 and Glu-37. The most
significant variance was in the BCP of Og-Hs3;, which did not mean
a decrease in the interaction between the two atoms, since in prac-
tice the Laplacian of electronic density varied around 0.4%. The
greatest variation of VZ2p(r) occurred at the critical point of con-
nection Hsp-Hs3 around 7%, becoming more positive, that is, less
covalent and more likely to break, decreasing the interaction be-
tween the two hydrogens. There is also a decrease of approxi-
mately 1.5% in Ej;,q of Hs;, decreasing the interaction strength of
BCP Og-Hgs;.

Note that the largest variations are in the zero-flux electrical
charge (QTAIM). The presence of the ligand (3223) causes a great
polarization of the electronic density of the atoms of the interac-
tion site, mainly between Hsy and Hsz, which generates a great
variation in charge (~ -421% and 128% respectively). This variation
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Values of de p(r), V?p(r), zero-flux charge (q) and bind energies (IQA) from the Tyr-491(Spike)-Glu-37(ACE2) interaction site before and after the

presence of the 3223 molecule nearby. All values are in a. u.

Critical Point With 3223 molecule

Without 3223 molecule

p(r) V2p(r)  Eping q

p(r) V2p(r)  Eping q
Hs; (Tyr-491) 0.3966 - -0.3686 0.6120 0.3986 - -0.3741 0.6036
Og (Glu 37) 290.4961 - -74.6483 -0.8701 290.5631 - -74.6255 -0.9805
Hsg (Tyr-491) 0.4353 - -0.4952 -0.0186 0.4328 - -0.4928 0.0058
Hs3 (Glu 37) 0.4327 - -0.4977 0.0164 0.4334 - -0.4984 0.0072
BCP Hsp-Hss 0.0004 0.0015 - - 0.0004 0.0014 - -
BCP Og-Hs; 0.0056 0.0223 - - 0.0055 0.0224 - -
Critical Point A%

p) V2p(r)  Epina q
Hs; (Tyr-491)  -0.5018 - -1.4702 13917
Og (Glu 37) -0.0231 - 0.0306 -11.2596
Hs3o (Tyr-491) 0.5776 - 0.4870 -420.6897
Hssz (Glu 37) -0.1615 - -0.1404 127.7778
BCP Hy-Hy;  0.0000 7.1429 - -
BCP Og-Hs; 1.8182 -0.4464 - -

ACEZhuman 7 {

Tyl‘—491 (Spikeprotein)
3362

Spikeprotein

Fig. 4. Positioning of the 3362 molecule at the Syrotein-ACE2pyman interface performed by the docking method.

in the charge of hydrogens explains the variation of VZ2p(r) of the
BCP H3o-Hs3, which decreases the interaction between Spikeotein-
ACE2yman proteins.

3.2.2. Interaction of 3362 molecule and tyrosine-491 from the Spike
SARS-COV-2 protein

The positioning of the 3362 molecule at the Sp;ein-ACE2pyman
interface was performed by molecular docking that generated a hy-
drogen interaction between the ligand and the amino acid tyrosine
491 of the viral Spike protein, as can be seen in Figure 4.

The gradient of electronic density allowed us to find the crit-
ical points of cluster 3362-Tyr-491(Spike)-Glu-37(ACE2) and build
its molecular graph (Figure S1). The QTAIM and IQA parameters of
these critical points are shown in Table 4. It can be noted that the
presence of this ligand generated little variation in the calculated
parameters, except for the QTAIM charge of the H3g and Hszz hy-
drogens.

This caused the greatest variations in Ep;,; (IQA) in exactly
these two atoms, indicating that this interaction between the two
proteins (Spike and ACE2) is the most fragile. Despite variations in
Eping of around 1%, the molecule 3362 will probably not break or

significantly decrease the interaction between the amino acids Tyr-
491(Spike) and Glu-37(ACE2).

3.2.3. Interaction of 1629 molecule and glycine-354 from the Spike
SARS-COV-2 protein

In the case of the 1629 molecule, the molecular docking tech-
nique positioned it close to the interaction site Gly-488(Spike) -
Lys-353(ACE2) in which it generated a hydrogen interaction in the
amino acid glycine-354(ACE2) - Figure 5. Similar to the previous
molecules, the gradient of the electronic density located the crit-
ical points generating the molecular graph of this system (Figure
S2).

Through the data in Table 5, again the atomic electrical charges
showed the greatest variation, being approximately 8.5% greater in
the presence of ligand 1629 for the O4 atom. Probably this increase
in charge on the oxygen atom originated in the displacement of the
electronic density of the ligand to the critical point of attachment
04-Nqg, which presented an increase of ~ 2.7% in its p(r). This
resulted in a negative variation of ~ 3.4% in BCP 04-Nyo, decreasing
the interaction between the two proteins, Spike and ACE2. Despite
that, the decrease in Ej;,q was at most 0.03% for O4. Anyway, the
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Values of de p(r), V2?p(r), zero-flux charge (q) and bind energies (IQA) from the Tyr-491(Spike)-Glu-37(ACE2) interaction site before and after
the presence of the 3362 molecule nearby. All values are in a. u.

Critical Point

With 3362 molecule

Without 3362 molecule

p(r) V2p(r)  Epina q

p(r) V2p(r)  Eping q
Hsq (Tyr-491) 0.3975 - -0.3762 0.6061 0.3986 - -0.3741 0.6036
Og (Glu 37) 290.5748 - -74.609 -1.0210 290.5631 - -74.6255 -0.9805
Hso (Tyr-491) 0.4337 - -0.4978 0.0043 0.4328 - -0.4928 0.0058
Hssz (Glu 37) 0.4333 - -0.4931 0.0034 0.4334 - -0.4984 0.0072
BCP H3p-Hss 0.0004 0.0014 - - 0.0004 0.0014 - -
BCP Og-Hsq 0.0054 0.0223 - - 0.0055 0.0224 - -
Critical Point A%

p(r) V2p(r)  Epin q
Hsq (Tyr-491) -0.2760 - 0.5613 0.4142
Og (Glu 37) 0.0040 - -0.0221 4.1305
Hio (Tyr-491)  0.2079 - 1.0146 -25.8621
Hy; (Glu 37)  -0.0231 : -1.0634 52.7778
BCP H3p-Hs3 0.0000 0.0000
BCP Og-Hs; 18182 -0.4464

Gly-354 (ACE2ypa0) ACE2yuman

Fig. 5. Positioning of the 1629 molecule at the Syoein-ACE2pyma, interface performed by the molecular docking method.

Table 5

1629

Spikeprotein

Values of de p(r), V2p(r), zero-flux charge (q) and bind energies (IQA) from Gly-488(Spike)-Lys-353(ACE2) interaction site before and after the
presence of the 1629 molecule nearby. All values are in a. u.

Critical Point

With 1629 molecule

Without 1629 molecule

Nip

04

04-Nio
Critical Point

Nio
04
04-Nyo

p(r)
190.2553
290.4189
0.0219
A%
p(r)
0.0068
-0.0372
-2.6667

V2p(r)

0.0854

V2p(r)

-3.3937

Ebing
-54.2292
-74.5915

Ebing
0.0031
-0.0289

-1.1048
-1.1971

q
0.1904
8.5214

p(r)
190.2424
290.5271
0.0225

V2p(r)

0.0884

Ebind
-54.2275
-74.6131

-1.1027
-1.1031
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Fig. 6. Positioning of the 2542 molecule at the Spein-ACE2jyman interface performed by the molecular docking method.

Tyr-491 (Spikepmm)

Fig. 7. Molecular graph of the Tyr-491(Spike)-Glu-37(ACE2) interaction with the presence of the 2542 molecule.

data from the 1629 molecule make it a great candidate to be
tested in vitro tests.

3.2.4. Interaction of 2542 molecule and glutamic acid-37 from the
Spike SARS-COV-2 protein

The use of the molecular docking technique applied to the
2542 molecule positioned it at the Tyr-491(Spike)-Glu-37(ACE2)
site, however, this time, the ligand interacts with the amino acid
Glu-37 instead of Tyr-491 (Figure 6).

The molecular graph (Figure 7) that located all the critical
points of this system shows the intense interference of the 2542
molecule in the Og of Glu-37. The data of the QTAIM and IQA pa-
rameters (Table 6) demonstrate a great variation in the electrical
charge of the atoms of the two regions of interaction of this bind-
ing site. In particular, the H3y and Hs33 hydrogens showed a huge
change in their electrical charges (~ 266% and ~ 72% respectively).

This generated a sudden electronic polarization of these atoms that
intensely changed the electronic distribution of the BCP Hsg-Hss.
These data indicate that ligand 2542 interfered significantly block-
ing the interaction between Spikeptein-ACE2}yman in that region.

It is interesting to note that Og, which is one of the atoms pro-
moting the attraction interaction between viral and human pro-
teins, also undergoes great variation in its electrical charge (~18%).
This variation in its electrical charge affects the electronic density,
increasing its polarization, which generated a sudden change in its
Laplacian. The increase in the positive value of V2p(r) tends to in-
crease the ionic character of BCP Og-Hs;, decreasing its covalence
and consequently its ability to interact.

As ligand 2542 presented interaction reduction action in the
two regions of interaction of the Tyr-491(Spike)-Glu-37(ACE2) site:
BCPs Og-H3; and H3g-Hss, this molecule proves to be the best can-
didate for tests inhibition of the SARS-COV-2 virus.
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Fig. 8. Positioning of the 2600 molecule at the Syoein-ACE2pyman interface: A) Positioning of conformation 23. B) Positioning of conformation 26. C) Positioning of confor-
mation 12.
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Values of de p(r), V2?p(r), zero-flux charge (q) and bind energies (IQA) from the Tyr-491(Spike)-Glu-37(ACE2) interaction site before and after the

presence of the 2542 molecule nearby. All values are in a. u.

Critical Point With 2542 molecule

Without 2542 molecule

p(r) V2p(r) Epind
Hs; (Tyr-491) 03906 - -0.3694
0g (Glu 37) 2904034 - 745934
Hyo (Tyr-491)  0.4362 . -0.4887
Hs3 (Glu 37) 0.4439 - -0.4967
BCP Hyo-Hs;  0.0061 0.0232 -
BCP Og-Hs; 0.0056 0.0242 -
Critical Point A%

p(r) V2p(r) Eina
Hs; (Tyr-491)  -2.0070 . -1.2563
Og (Glu 37) -0.0550 - -0.0430
Hso (Tyr-491)  0.7856 - -0.8320
Hy; (Glu 37)  2.4227 . 03411
BCP H3p-Hss 1425.0000 1557.1429 -
BCP Og-H3q 1.8182 8.0357 -

q p(r) V2p(r) Ebind q
0.6279 0.3986 - -03741  0.6036
-1.1542 2905631 - -74.6255  -0.9805
-0.0096 0.4328 - -0.4928  0.0058
0.0020 0.4334 - -0.4984  0.0072
- 0.0004 0.0014 - -

- 0.0055 0.0224 - -

q

4,0258

17,7155

-265,5172

72,2222

Table 7

Values of p(r), V2?p(r), zero-flux charge (q) and E,q (IQA) of the Tyr-491(Spike)-Glu -37(ACE2) interaction site before and after the presence of the 2600 molecule in

conformations 12, 23 and 26. All values are in a. u.

With 2600 (12)

Without 2600

Critical Point molecule (12) molecule

p(r) V2p(r) Epina q p(r) V2p(r) Eping q
Hs; (Tyr-491) 0.3970 - -0.3730 0.6053 0.3986 - -0.3741 0.6036
Og (Glu 37) 290.4595 - -74.5811 -1.0895 290.5631 - -74.6255 -0.9805
Hjp (Tyr-491) 0.4328 - -0.4978 0.0150 0.4328 - -0.4928 0.0058
Hssz (Glu 37) 0.4364 - -0.4950 -0.0194 0.4334 - -0.4984 0.0072
BCP Hjo-His 0.0004 0.0015 - - 0.0004 0.0014 - -
BCP Og-Hs; 0.0058 0.0224 - - 0.0055 0.0224 - -
Critical Point With 2600 (23) Without 2600

molecule (23) molecule

p() V2p(r) Ebing q p(r) V2p(r) Ebind q
Hs; (Tyr-491) 0.4087 - -0.3740 0.5723 0.3986 - -0.3741 0.6036
Og (Glu 37) 290.5349 - -74.6260 -1.0172 290.5631 - -74.6255 -0.9805
Hso (Tyr-491) 0.4331 - -0.4981 0.0106 0.4328 - -0.4928 0.0058
Hs3 (Glu 37) 0.4332 - -0.4931 0.0023 0.4334 - -0.4984 0.0072
BCP Hao-Has 0.0004 0.0015 - - 0.0004 0.0014 - -
BCP Og-H3 0.0058 0.0228 - - 0.0055 0.0224 - -
Critical Point With 2600 (26)  With 2600 (26)

molecule molecule

p(r) V2p(r) Ebing q p(r) V2p(r) Epina q
Hs; (Tyr-491) 0.3914 - -0.3655 0.6255 0.3986 - -0.3741 0.6036
Og (Glu 37) 290.2761 - -74.6035 -1.2042 290.5631 - -74.6255 -0.9805
Hso (Tyr-491) 0.4345 - -0.4925 -0.0291 0.4328 - -0.4928 0.0058
Hss (Glu 37) 0.4368 - -0.4952 -0.0257 0.4334 - -0.4984 0.0072
BCP Hjo-Hss 0.0002 0.0012 - - 0.0004 0.0014 - -
BCP Og-H3 0.0058 0.0233 - - 0.0055 0.0224 - -
Critical Point A% (2600-12) A% (2600-23)

p(r) V2p(r) Ebina q p(r) V2p(r) Epin q
Hs; (Tyr-491) -0.4014 - 31.3018 0.2816 2.5339 - -0.0267 -5.1856
Og (Glu 37) -0.0357 - -0.0595 11.1168 -0.0097 - 0.0007 3.7430
Hso (Tyr-491) 0.0000 - 0.4464 158.6207 0.0693 - 1.0755 82.7586
Hss (Glu 37) 0.6922 - -0.1204 -369.4444 -0.0461 - -1.0634 -68.0556
BCP Hjo-Hi3 0.0000 7.1429 - - 0.0000 7.1429 - -
BCP Og-H3q 5.4545 0.0000 - - 5.4545 1.7857 - -
Critical Point A% (2600-26)

p(r) V2p(r) Epina q
Hsp (Tyr-491) -1.8063 - -2.2989 3.6282
Og (Glu 37) -0.0988 - -0.0295 22.8149
Hso (Tyr-491) 0.3928 - -0.0609 -601.7241
Hs3 (Glu 37) 0.7845 - -0.6421 -456.9444
BCP H3p-Hss -50.0000 -14.2857 - -
BCP Og-Hj; 5.4545 4.0179 - -

3.2.5. Interaction of 2600 molecule and tyrosine-491 from the Spike
SARS-COV-2 protein and glutamic acid-37 from ACE2pman Protein
The molecular docking technique generated three conforma-
tions of the 2600 molecule that promoted hydrogen interactions
in amino acids of the Spyein-ACE2pyman interface. These con-
formations were 12, 23 and 26 and their interactions occurred
in residues Tyr-491(Spike), Tyr-491(Spike) and Glu-37(ACE2) re-

spectively. However, the three conformations occurred at the
same interaction site. The positioning of each conformation of
the molecule at the Sjgein-ACE2pyma, interface can be seen in
Figure 8.

The molecular graphs generated by the location of the critical
points of these 3 systems are available in Figure S3. The data for
the QTAIM and Ej;,4 (IQA) parameters in Table 7 show that in the
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three conformations of the 2600 molecule, there was a great varia-
tion in the electric charge in the H3g and H3; hydrogens, with great
emphasis on the conformation 26.

While conformations 12 and 23 showed identical changes in the
Laplacian of the electronic density of BCP H3g-Hs;, conformation
26 presented almost twice the percentage variation of this quan-
tity at this critical point, due to the great loss of p(r) in the re-
gion between the H3y and Hs; (-50.000 au). This value suggests
a significant drop in the interaction between Spike and ACE2y,man
proteins.

This suggestion is corroborated by the significant drop of
V2p(r) (-14.2857 a.u.) which demonstrates a drop in the covalence
of the chemical bond making the 2600 molecule a candidate for
laboratory tests.

4. Conclusions

The structures of the proteins Spike and ACE2},,ma, Obtained in
the PDB DATA BANK showed seven sites of interaction between
them. However, the molecular docking technique positioned four
ligands at the Tyr-491(Spike)-Glu-37(ACE2) site and one ligand at
the Gly-488 (Spike)-Lys-353(ACE2) site.

The data QTAIM and IQA (E;,q) demonstrated that molecules
3223 and 3362 do not have capacities that allow them to cause an
inhibitory effect on the attraction between viral and human pro-
teins. The 1629 molecule, on the other hand, had the potential
to decrease the interaction between the protein Spike and ACE2
at the interaction site Gly-488(Spike)-Lys-353(ACE2) because it de-
creases by approximately 3.4% the value of VZp(r) in BCP 04-Nyq.

The 2542 and 2600 molecules showed significant interactions
that decrease the attractive effect of the Spike protein on the Tyr-
491(Spike)-Glu-37(ACE2) site, with emphasis on the 2542 ligand
that decreases the attraction in the two BCPs of this interaction
site. Thus, our results suggest laboratory tests combining the effect
of the 1629 molecule with those of the 2542 and 2600 molecules,
as this way the inhibitory effect could occur at two binding sites
simultaneously, with greater expectation in the 1629/2542 combi-
nation.

The data also demonstrated that the presence of all ligands cre-
ated large changes in electrical charges in the atoms responsible
for the interactions between the proteins Spike and ACE2. Thus, the
use of non-neutral binders (electrically charged) can present signif-
icant inhibitory results, opening the possibility of studies for lab-
oratory tests and also theoretical ones that apply hybrid MM/QM
methods.
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