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Abstract

The world has face the COVID-19 pandemic which has already caused millions of death. Due to the urgency in fighting
the virus, we study five residues of free amino acids present in the structure of the SARS-CoV-2 spike protein (S). We
investigated the spontaneous interaction between amino acids and silver ions (Ag™), considering these ions as a virucide
chemical agent for SARS-CoV-2. The amino acid-Ag™ systems were investigated in a gaseous medium and a simulated
water environment was described with a continuum model (PCM) the calculations were performed within the framework
of density functional theory (DFT). Calculations related to the occupied orbitals of higher energy showed that Ag™ has a
tendency to interact with the nitrile groups (-NH). The negative values of the Gibbs free energies show that the interaction
process between amino acids-Ag™ in both media occurs spontaneously. There is a decrease in Gibbs free energy from the
amino acid-Ag™ interactions immersed in a water solvation simulator.

Keywords COVID-19 - Silver ions - Inactivation - DFT

Introduction

Silver nanoparticles (AgNPs) have been studied due to
their great potential for applications such as targeted
drug delivery carriers because of their antiviral and
antibacterial properties. Those materials have the potential
for antimicrobial action against various bacteria, fungi,
and viruses [1, 2]. In nanomedicine, the use of metal
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nanoparticles as drug carriers that can accumulate close to
target cells and have an excellent therapeutic effect is well
established [3].

Several authors have studied the potential antiviral
actions of AgNPs against various human viruses, including
those that cause respiratory diseases. AgNPs studies have
demonstrated this potent antiviral action against various
human pathogenic viruses such as Respiratory syncytial
virus (RSV), Influenza virus, Norovirus, Hepatitis B virus
(HBV), and Human immunodeficiency virus (HIV) [4, 5].
Several studies suggest that AgNPs have presumed antiviral
properties [6—10] .

Silver nanoclusters have also been studied due to
interactions between Ag™> NC with Cys and Gly [6] and
Ag NCs with Trp and His [7, 8]. The interactions of amino
acids with Agt3 clusters serve as catalytic models of Ag
nanoparticles [6]. Previous works have shown that Ag,S
nanoclusters (NCs) exhibit highly efficient antiviral activity
when using the porcine epidemic diarrhea virus (PEDV) as
a coronavirus model [9, 10].

In another experimental and theoretical study, the authors
calculated the Gibbs free energies of the complexes formed
between Ag™ ions, Ag atoms, and two-atom Ag clusters
with the amino acid’s various functional groups [7, 8, 11].
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Some theoretical and experimental studies on amino
acids and silver ions have been performed by other authors
[1, 11-14]. In one of the works [6, 9] the silver ion complex,
Ag™, was examined with amino acid using hybrid density
functional theory at the B3LYP/DZVP level.

The silver Ag' ions come from the dissociation of
different salts and from the surfaces of the oxidized
silver nanoparticles. The dissociation rate depends on the
chemical and surface properties, the size of the particles,
and the surrounding environment [15].

In water, as in biological systems, the chemical
complexity of the constituent elements of the medium
determines the properties of Ag. Silver is a transition metal
that has positively charged ions. In water, in order for silver
ions to become stable they are associated with negative ions,
called ligands. A small percentage of the total dissolved
silver remains as a free ion, depending on the concentrations
of the different negatively charged ligands and the strength
of the silver ion bond with each ligand.

Antibacterial activity of different forms of silver,
including ions (Ag"), and silver nanoparticles (AgNPs)
has been reported [16-18]. Cell death caused by the de-
energization of the cell membrane can be caused by low
concentrations of Ag, which causes the massive escape of
protons (H*) of the membrane [19].

Other studies show structural changes in the cell
membrane and vacuoles due to the deposition of small dense
granules, formed by silver ions and sulfur, destabilizing
the membrane and leading to cell lysis [20, 21]. These
granules inhibit cell division and damage the cell envelope
and bacterial content. Bacterial cells increase in size, and
the cytoplasmic membrane, cytoplasmic content, and outer
layers of the cell show structural abnormalities [22]. Small
dense granules were also observed to be deposited within
cells. The presence of silver ions and sulfur in these granules
suggests an interaction with nucleic acids, weakening DNA
replication [23].

Several pathogenic viruses, including Chikungunya,
dengue, influenza, SARS-CoV, MERS-CoV, and SARS-
CoV-2 viruses, are protected by a viral membrane, which is
a capsid that fuses with a cell initiating the infection process
[24, 25].

SARS-CoV is identified as the causative agent of severe
acute respiratory syndrome. SARS-CoV appears similar
to other coronaviruses in the structure of the virus and
the organization of the genome. It is known to other
coronaviruses that the peak glycoprotein (S) is necessary for
viral attachment to permissive cells and the fusion of the
enveloped virus with the host cell membrane [26].

The viral capsid is a lipoprotein envelope composed
of phospholipid molecules and structural glycoproteins
inserted in the lipid bilayer, spike (S) proteins. The cell
fusion process is initiated and completed by the spike
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(S) protein.[27, 28] The SARS-CoV-2 infection process is
extensively studied [25]. Viral infection occurs with cell
fusion, utilizing conformational changes of “unfolding” that
are energetically unfavorable [28].

Silver ions can cause changes in the structure of the cell
membrane, changing its morphology, in addition to being
able to enter the cell and destroy different components
by interacting with thiol groups, changing the respiratory
function of cells and can also interact with phosphate groups
of molecules like DNA, thereby preventing the replication
or transcription of messenger RNA into new proteins
[19-21, 23].

Due to the urgency in fighting the virus, in this work, we
investigated the interaction affinity between five residues of
amino acids that form the protein spike (S) silver ions Ag™.

Computational details

One performs all theoretical calculations via the Gaussian09
suite of packages within the framework of density
functional theory (DFT) [29]. The computational program
performs Ab Initio calculations and describes the energy
of exchange and correlation of structures in a gaseous
environment and water solvation simulator.

As a first step, a test was carried out to observe the
tendency of silver ions (Ag") to interact with the SARS-
CoV-2 protein spike (S). It was observed that there are some
surface regions in which the silver ions are more likely to
interact with the amino acid residues of the protein. Thus, it
was observed that the residues of five amino acids glutamate
(GLU), isoleucine (ILE), leucine (LEU), threonine (THR),
and lysine (LYS) showed greater interaction with Ag™ ions,
which initiated the proposed calculations in the search.

The molecular structure of the spike (S) protein that
forms SARS-CoV-2 was obtained from Protein Database
[30] (http://www.rcsb.org) from Electron Microscopy with
resolution 3.7. Yurkovetskiy et al. [31]

The UCSF Chimera software was used to aggregate the
Ag™ ions in the surface regions of charge density that
showed a greater tendency for interaction between silver
ions and residues of the amino acids GLU, ILE, LEU, THR
and LYS [32]. The molecular structures of the amino acids
are obtained from the PubChem database.

After this process, optimizations of the molecular
geometric structure of the amino acids were carried out,
initially in the gas phase when applying the density
functional theory (DFT) with the hybrid functional B3LYP
(exchange function with three Becke parameters combined
with the correlation function of Lee, Yang, and Parr, LYP)
[33, 34] in the DGDZVP Gaussian basis set [29].

After optimizing the structures with their minimum
energies in the gaseous phase, Gibbs (AG®) free energies
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were calculated under standard conditions (nominally 1 atm
and 298.15 K), electrostatic potential maps (MEPs), and
occupied orbitals of highest energy (HOMO).

Then, the optimized structures underwent a new geomet-
ric optimization process in a simulated water environment
(simulating an aqueous environment). With the aqueous
environment, the minimum energy structures and the calcu-
lation of Gibbs free energies were obtained under standard
conditions.

Continuous Polarizable Model (PCM) [8] in the Self-
Consistent Reaction Field (SCRF) was used to describe
the solvation effect in the water [9]. Both the gas phase
and a simulated water environment had minimum energy
configurations calculated from the optimization geometry
of amino acids and silver ion structures.

Results and discussion

Adhesion regions and spontaneity of Ag™* - amino
acids.

The amino and carboxyl groups of the amino acids can
function as active sites if the geometric configuration of the
macromolecule does not offer a steric impediment to the
approach of a potential ligand, as these groups are highly
polarized. The active sites of a viral protein are responsible
for interacting with the host cell. Those sites can contact a
ligand with the capacity to neutralize the viral protein [35].

Fig. 1 Protein spike (s) and regions of interaction Ag™*-amino acids

Protein spike (s)

The Ag™ ions behave as a ligand, joining the negatively
charged poles of the amino and carboxyl groups of the
amino acids.

SARS-CoV-2 has approximately 29 viral proteins,
including the peak glycoprotein, or spike (S), which
facilitates the entry of the virus into the host cell by binding
to the cell receptor and membrane fusion. Another protein
with relevant importance is the nucleocapsid, or N protein,
which functions to regulate the viral replication process
[36]. Figure 1 shows protein spike (S) and the regions where
the interactions between Ag™ and amino acids occurred. As
observed in this figure, the majority of regions where Ag™
ions are in the protein spike (S) are mainly composed of
the amino acids glutamate (GLU), isoleucine (ILE), leucine
(LEU), threonine (THR), and lysine (LYS) residues. In
regions I and IIT (Fig. 1), there is a preponderance of THR-
type amino acid residues, while in II, this is GLU and in IV it
is LEU. From these observations, we started to perform the
DFT calculations of the unions between these amino acids
and the silver ion [37]. To disperse Ag™ onto the protein
surface, we used the Chimera software, which has the
application field model-assisted building with refinement
energy force field (AMBER) as a principle [38], enabling
the regions of the molecule with the highest occurrence
of interactions between amino acids and Ag* ions to be
identified.

Accurate knowledge of Gibbs free energy binding
between the amino acid molecule and Ag™ is necessary
to provide an adequate minimum thermodynamic goal.
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Table 1 Free energies of Gibbs amino acid-Ag* interaction AGY, in
KCal/mol

Phase ~ GLU-Agt ILE-Agt LEU-Ag"™ THR-Agt LYS-Ag"
Gaseous —42.94 4621  —46.64 4351 4638
Aqueous —3.70 410  -5.18 -5.30 -5.15

The Gibbs free energy is significant for describing the
equilibrium constant of the chemical reaction [39] among
other parameters such as liquid-vapor phase equilibrium
[40].

When the Gibbs free energy is negative (AG < 0), this
indicates that the process will occur spontaneously because
of the increased entropy (AS > 0), in a process known as
exergonic [41, 42]. We calculated the minimization of AG
energy in the gaseous-liquid system to understand the phase
equilibrium or thermodynamic balance [40].

The Gibbs energy depends on the chemical nature
of the organism, the medium conditions, the reagents
concentrations, and the intermolecular forces between the
reaction participants [43]. We calculated the Gibbs free
energy for the amino acid-Ag™ systems, according to Eq. 1.

Those calculations predicted the parameter AG? from
Eq. 1 for each interaction between amino acid-Ag™.

0 0 0 y
AG” = AG(aminoacid—Ag+)_(AGaminoacid+AGAg+) M

AGY

(aminoacid—Ag™)
amino acid-Ag*, the AG?

(aminoacid)

free energy of each amino acid, and AG?“g+ is the Gibbs

is the Gibbs free energy of the complex

parameter is the Gibbs

free energy of the Ag™ ions.

Spontaneous processes have negative AG? values, and
more negative values of the free energy variation in a
process indicate that it will be energetically more favorable
[42]. Table 1 shows the G values calculated according to
Eq. 1. All values of Gibbs free energies are negative, which
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can indicate that the interaction processes between Ag™-
amino acids are spontaneous in both the gas phase and in a
simulated water environment.

The values of the calculated Gibbs free energies (Table 1)
are close to the values found in the literature [12, 44]. The
negativity Gibbs free energy specifies that the adsorption
process is spontaneous, therefore, it should be noted that
enthalpy energy variation (AH < 0) has a negative value
which indicates that the adsorption process is exothermic
[45].

Molecular electrostatic potential of free amino acids
and amino acids-Ag™

The molecular electrostatic potential (MEP) is a well-
established procedure for the study of molecular reactive
properties and to describe intermolecular interactions [46].
It is possible to identify the charge distributions in the
molecules, the correlations between partial charges, the
dipole moments, electronegativity, and chemical reactivity
within the MEP diagram [47]. The molecular electrostatic
potential diagram provides negative, positive, and neutral
electrostatic regions in terms of the color gradient and is
an index in the research of molecular structure properties
[48]. Besides, the MEP diagram checks the most polarized
surface regions of a molecule that indicates their reactivity
or tendency to interact with other systems [48, 49].

The electrostatic potential scheme of structural optimiza-
tions of molecular geometries of free amino acids in the gas
phase and the combination of amino acids and Ag™ ions
were calculated using the B3LYP/DGDZVP method (see
Figs. 2 and 3).

Figure 2 shows the charge distribution and molecular
electrostatic potential map for five free amino acids as a
gaseous phase. The charges centered on each atom were
calculated according to Mulliken’s population analysis [50].

In electrostatic potential maps, the color red represents
the most electronegative electrostatic potential with intense

(d) THR

‘e

@ L

(e)LYS

Wisdsde

(1

Fig.2 Optimized structures, maps of electrostatic potentials (MEPs) of the GLU, ILE, LEU, THR, and LYS systems
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Fig. 3 Optimized structures and maps of electrostatic potentials (MEPs) of the GLU-Ag™", ILE-Ag*™, LEU-Ag*, THR-Ag*, and LYS-Ag™

systems

repulsion, in which atoms tend to attract electrons
(electrophilic). Blue indicates the most electropositive
potential that has a strong attraction, while green shows that
the electrostatic potential is zero.

Figure 2(all) shows that the MEP surfaces of the GLU
vary between —0.102 a.u for the deepest red and 0.102 a.u
for the deepest blue. Figure 2(bll) also shows the ILE amino
acid with —1072 a.u deepest red to 1072 a.u deepest blue.
As shown in Fig. 2(cIl) the MEP surfaces of the LEU range
from —9 x 1072 a.u for the deepest red to 9 x 10~2 a.u for
the deepest blue. Figure 2(dII) also shows the THR amino
acid with —1072 a.u deepest red to 1072 a.u deepest blue.
Similarly, Fig. 2(ell) shows that the MEP surfaces of LYS
vary in the same range.

In Fig. 3, the red color represents the most electroneg-
ative electrostatic potential, while blue indicates the most
electropositive potential. The figures inserted into it show
highly polarized regions in the amino and carboxyl groups.
The surface with negative potential is related to electrophilic
attack, and the positive ones are related to nucleophilic reac-
tivity. The blue spheres represent negatively charged poles
centered on nitrogen atoms, and the red spheres are oxy-
gen atoms that form carbonyls through the double bonds
established with carbon atoms, graphite spheres. These neg-
atively charged poles are regions with the relevant potential
to establish electrostatic interactions with Ag™ positively
charged particles.

(a) GLU-Ag*

&

(b) ILE-Ag*

%&

3

(c) LEU-Ag*

%

Figure 3(all) shows that the MEP surfaces of the GLU-
Ag' range from —0.233 au deepest red to 0.233 a.u
deepest blue. Figure 3(bIl) also shows that the MEP surfaces
of the ILE-Ag* range from —0.203 a.u deepest red to
0.203 a.u deepest blue. The same range is observed for
MEP surfaces of the LEU-Ag+, as observed in Fig. 3(cIl).
Figure 3(dII) shows the MEP surfaces of the THR-Ag™
range from —0.207 a.u deepest red to 0.207 a.u deepest blue.
In Fig. 3(ell), the MEP surfaces of LYS-Ag+ also varies
from —0.203 a.u deeper red to 0.203 a.u deeper blue.

The MEPs of Fig. 3 also show that the molecular surface
surrounding silver is highly positive for all systems, and
poles of negatively charged surfaces present in the amino
and carboxyl groups are reduced when these groups interact
with the silver structure. In addition, silver acts as a major
positive center in systems.

In GLU-Ag™, according to Mulliken’s population anal-
ysis, silver has a charge of +0.670e, in ILE-Ag™ it has a
charge of +0.872¢, in LEU-Ag™ it has a charge of +0.870e,
in THR-Ag™" it has charge of +0.867¢ and in LYS-ag™ it
has a charge of +0.871e.

Occupied orbitals of highest energy of amino
acids-Ag™

Figure 4 shows the 3D graphs of the higher energy molecu-
lar orbitals (HOMOs) of the Ag™ amino acid systems. The

(d) THR-Ag*

(e) LYS-Ag*

.

Fig.4 Higher energy occupied orbitals, HOMOS for GLU-Ag™, ILE-Ag™, LEU-Ag™, THR-Ag", and LYS-Ag™ systems
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red color in the illustrations of the orbitals represents the
positive phase while the green color represents the negative
phase. Orbital hybridization corresponds to the formation
of the binding of the molecules of the amino acids and the
Agt.

Figure 4 also shows that the orbital distribution of
HOMO in each amino acid was not uniform. This
characteristic may have been caused by the presence of the
transition metal (Ag™) in its electronic distribution.

The HOMOs showed that silver ions were present
between the -NH; and -C=O groups. Also, the highest
electronic density of HOMO was observed in -NH». These
results show that the electronic density of HOMO favors the
interaction between the Ag™ ion and the amino acid. The
negative phases of the Ag™ ions were linked to the positive
ones of the oxygen atoms and the positive ones were linked
to the negative ones of the nitrogen atoms.

The HOMOs showed that silver ions were present
between the -NH2 and —C = O groups. In addition, the
highest electronic density of HOMO was observed in -NH>.
These results show that the electronic density of HOMO
favors the interaction between the Ag™ ion and the amino
acid. The negative phases of the Ag™ ions were linked to the
positive ones of oxygen atoms, and the positive ones were
linked to the negative ones of nitrogen atoms.

Figure 4 shows that the interactions of Ag™ ions are more
favorable for the -NH; groups than for -C=0O considering
that the charge density involved in the first case is higher.
This characteristic shows that -NH, has a tendency to
establish a coordinated bond, donating its pair of non-
binding electrons from the valence, which makes it a very
strong Lewis base [51]. The results show that Ag™ interacts
with the nitrogen’s of the amino group and with the carboxyl
oxygen.

Table 2 shows the bond length (4;) between the nitrogen
and oxygen atoms of the systems composed of the amino
acids-Ag“‘ for the GLU, ILE, LEU, THR, and LYS
structures.

The bond lengths between Ns5-Ag™ in GLU amino acid
has 2.40 A and O3 -Ag+ has 2.40 A, but the value for the Njs-
AgJr both in ILE and LEU amino acid have the same value,
2.38 A, and is smaller than GLU-Ag*. On the other hand,

Table 2 Bond length (1;) between amino acids-Ag* (A)

GLU ILE LEU THR LYS
(6] 2.41 2.41 2.39 2.41
O3 2.40
N3 2.38 2.41 2.41
Ny 2.41
Ns 2.40

the value for the O3-Ag* both in ILE-LEU-Ag™, 2.41 A, is
slightly higher than GLU-Ag™.

The bond lengths for N-Ag™ are slightly higher than
the experimental value in silver complex I reported in the
literature [52]. Table 2 shows the bond length between the
nitrogen and oxygen atoms of the systems composed of the
amino acids-Ag™ for the THR and LYS structure.

The bond lengths between N4-Ag™ in THR amino acid
have values of 2.41 A, while O>-Ag™ 2.39 A are larger when
compared with GLU-Ag™, as can be seen in Table 2. On the
contrary, the value for the O,-Ag™ in both THR-Ag" and
LYS-Ag™ have the values 2.39 A and 2.41 A, respectively.
Amino acids that have hydrogen or alkyl groups in their
side chains form bidentate complexes with Ag™; in these
complexes, the N-Agt and O-Ag* distances as shown in
table 2 range from 2.38 to 2.41 A.

Table 3 shows the centralized charges of the oxygen
and nitrogen atoms of the amino acid-Ag™ systems. As
shown in this Table 3, the charge O1-GLU-Ag™ decreased
by 0.45% compared with the O;-GLU. The values in Table 3
shows that the charge between O; and the amino acid-
Ag"™ was greater than O; and the free amino acids. In
addition, the distance for O3-GLU-Ag™ and O4-GLU-Ag™

Table 3 Centralized charges of the atoms of the amino acid-Ag™
systems

Atom GLU GLU-Ag*t o
0] —0.656 —0.659 0.45
(6] —0.667 -0.718 7.6
03/N3 —-0.625 —-0.805 28.8
Oy —0.628 -0.794 26.4
Ns -1.073 —0.965 10.00
ILE ILE-Agt
0] —-0.659 —0.587 10.9
(6] —0.623 —0.685 9.95
03/N3 -1.047 -1.166 11.3
LEU LEU-Ag™
0] —0.651 —0.586 9.98
(6] —-0.625 —0.686 9.76
N3 -1.032 -1.156 12.00
THR THR-Ag*
0]] —-0.760 -0.739 2.76
(6] —0.653 —0.578 11.48
03/N3 —0.626 —0.691 10.38
Ny -1.048 -1.151 9.83
LYS LYS-Agt
0] —0.658 —0.585 11.09
(6] —0.626 —0.686 9.58
03/N3 —-1.045 —-1.164 11.39
Ny -1.037 -1.039 0.19
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become 28.8% and 26.4% smaller than O3-GLU and Og4-
GLU respectively. On the other hand, the distance for
Ns5-GLU-Ag" become 10% larger than N5-GLU.

As shown in Table 3, the charge for O,-ILE-Ag™
and N3-ILE-Ag™ decreased by almost 10% and 11.3%
compared with O»-ILE and N3-ILE successively. Likewise,
the Table 3, the charge for O;-LEU-Ag™ and N3-LEU-
Ag™ decreased by almost 10% and 12% in compared with
0,-LEU and N3-LEU respectively. In contrast, the O1-
LEU-Ag" charge increased by almost 10% in comparison
with O1-LEU.

In Table 3 it can also be seen that both O;-THR-Ag™
and O,-THR-Ag™ charges increased in value, but the O;-
THR-Ag" had a value of 2.76% compared O;-THR and
a smaller value compared with the 11.48% from O,-THR-
Ag™ compared to O,-THR. In addition, the O3-THR-Ag™
and N4-THR-Ag™ charges decreased by almost 11% in the
first case and approximately 10% in the second compared
with the O3-THR and Ny, respectively.

Table 3 also shows that charges for O,-LYS-Ag™, Nj3-
LYS-Ag™, and Ny-LYS-Ag™t became smaller compared to
0,-LYS, N3-LYS, and N4-LYS, respectively. The last one
decreased by 0.19% less than the others. The values of
the charge distribution on the surfaces of the amino acid
molecules before the interactions with Ag™ indicate the
most polarized points of the structures, see Table 3.

Conclusions

We studied five amino acid residues present in the structure
of the SARS-CoV-2 spike protein (S), free and interacting
spontaneously with silver ions Ag™ as protein virucides.
We investigated the amino acid-Ag™ systems in a gaseous
medium and water solvation simulator, obtaining the
results of the highest energy occupied orbitals, molecular
geometries, electrostatic potentials, and Gibbs free energies,
and showed that energy and structural stability were
essential.

The maps of electrostatic potential and Mulliken charges
showed that the negative charges are centered on the
nitrogen atoms of the interaction-free amino acids and the
amino acid-Ag™ systems.

HOMOs showed that Ag™ ions have a greater electronic
affinity with the nitrile-NH, groups than the C=0
carboxylic group of amino acids.

The calculated Gibbs free energies showed that there
is a spontaneous interaction in both systems between the
amino acids and Ag™ ions, because the entropy increases.
Our results indicate that Ag™ ions as a chemical agent that
inhibits SARS-CoV-2.

However, despite the promising potential of Agt as a
virucide of SARS-CoV-2, impacts on human health need to
be investigated.
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