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RESUMO GERAL

No final de 2019, um novo coronavirus foi identificado como a causa de um conjunto de casos
de pneumonia em Wuhan, uma cidade na provincia de Hubei, na China, sendo posteriormente
denominada COVID-19, a qual significa doenca de coronavirus 2019. O virus que causa a
COVID-19 é designado por coronavirus 2 da sindrome respiratoria aguda grave (SARS-CoV-
2). Importantes enzimas virais, tais como a principal protease (MP) e a RNA polimerase
(RdRp) sdo importantes alvos terapéuticos para o tratamento da COVID-19. Neste sentido, esta
tese tem como objetivo 0 uso de abordagens computacionais, as quais podem efetivamente
contribuir para a descoberta e desenvolvimento racional de novas terapias, principalmente
através do reposicionamento de farmacos. Para a realizacdo destes trabalhos, utilizamos
diversas técnicas computacionais, empregando métodos da mecénica quantica e mecanica
molecular, para avaliar os modos de interacdo dos compostos no sitio ativo dos alvos
moleculares. Nossos compostos nitroderivados do Oxido de quinolina mostraram-se bons
inibidores da enzima viral MP, de acordo com nossos resultados tedricos, sendo promissores
para posteriores estudos experimentais. Nossos resultados também sugerem que a combinacéao
de medicamentos é efetiva devido ao aumento de suas propriedades funcionais, fornecendo uma
maneira inovadora de conectar mudancas estruturais com a cinética de transferéncia eletrnica.
Diversos farmacos reposicionados e derivados foram avaliados em relacdo as suas propriedades
inibidoras, cujos resultados de afinidade sugerem que estes compostos sdo potenciais inibidores
da MP" e RdRp. Por fim, os modos de interacdo destes farmacos também foram investigados,
bem como os modos de interacdo de seus fragmentos no estudo do metabolismo. Estes estudos
mostraram que estes farmacos podem gerar fragmentos metabolitos de diferentes reatividades

e toxicidade.

Palavras-chave: Farmacologia, Quimica Computacional, SARS-CoV-2, Reposicionamento de
Farmacos, COVID-19.



GENERAL ABSTRACT

In late 2019, a new coronavirus was identified as the cause of a set of pneumonia cases in
Wuhan, a city in China's Hubei province, later denominated COVID-19, which means
coronavirus disease 2019. The virus that causes COVID-19 is called severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Important viral enzymes, such as the main protease
(MP) and RNA polymerase (RdRp) are important therapeutic targets for the treatment of
COVID-19. In this sense, this thesis aims to use computational approaches, which can
effectively contribute to the discovery and rational development of new therapies, mainly
through the drug repositioning. To carry out these works, we used several computational
techniques, employing methods of quantum mechanics and molecular mechanics, to evaluate
the interaction modes of the compounds in the active site of the molecular targets. Our quinoline
oxide nitroderivative compounds showed to be good inhibitors of the viral enzyme MP™,
according to our theoretical results, being promising for further experimental studies. Our
results also suggest that the drug combination is effective due to their increased functional
properties, providing an innovative way to connect structural changes with electron transfer
kinetics. Several repositioned drugs and derivatives were evaluated for their inhibitory
properties, whose affinity results suggest that these compounds are potential inhibitors of MP™
and RdRp. Finally, the interaction modes of these drugs were also investigated, as well as the
interaction modes of their fragments in the study of metabolism. These studies showed that

these drugs can generate metabolite fragments with different reactivity and toxicity.

Keywords: Pharmacology, Computational Chemistry, SARS-CoV-2, Drug Repositioning,
COVID-19.
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1. Introduction

The novel coronavirus disease 2019 (COVID-19) has posed significant threats to world
health and the economy. The COVID-19 caused an outbreak of pulmonary disease in the capital
of Hu-bei province in China, called Wuhan. The virus has spread rapidly around the world,
resulting in millions of deaths since December 2019 (Wu et al., 2020; Zhou et al., 2020).
Properly, the International Committee on the Taxonomy of Viruses denominated the virus as
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This denomination comes
from the fact of the RNA genome is about 82% identical to the SARS coronavirus (SARS-CoV)
(Zhang et al., 2020). At the beginning of the outbreak, cases were connected to the Huanan
seafood and animal market in Wuhan. From that moment, efficient human-to-human
transmission has gained strength, and consequently, it is observed an exponential growth in the
number of cases in all over the world (Zhang et al., 2020; Zhang and Liu, 2020). The World
Health Organization (WHQO) responded quickly to the COVID-19 threat by developing
diagnostics and providing guidance on patient monitoring as well as up-to-date information.
The WHO declared the outbreak a pandemic on March 11 (Arabi et al., 2020; Munster et al.,
2020).

The coronavirus, initially isolated in 1937, became known in 2002 and 2003 for causing
a severe acute respiratory syndrome in humans denominated SARS. In season, the epidemic
was responsible for many cases of serious infections in the lower respiratory system,
accompanied by fever and, often respiratory failure (Fung et al., 2020). However, it was rapidly
controlled and only a few countries like China, Canada and the USA were affected by the virus
(Schwartz and Graham, 2020). Eighteen years after the first SARS-CoV cases, this new virus
denominated SARS-CoV-2 is responsible for the rapid spread of the disease at global levels.
This new strain is less lethal than other family members, such as SARS-CoV and the virus that
causes Middle East Respiratory Syndrome (MERS-CoV), which appeared in Saudi Arabia,
2012. However, although the strains are originated from a common ancestor, SARS-CoV-2 has

greater potential of dissemination (Fauci et al., 2020; Gates, 2020).

In line with this worrying and chaotic scenario, it is crucial the development of novel
and promising therapies to treat COVID-19. Today, systematic computational drug
repositioning methods are efficient approaches to infer potential indications for drugs and can
improve their efficiency. Computational analyses amplify the traditional approaches because

they allow the researchers to generate, evaluate, and prioritize data for several drugs and
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diseases simultaneously. These studies can optimize the experimental design, and even

resulting in cost savings (Hurle et al., 2013).

2. General objective

This thesis is focused on theoretical approaches applied to processes of drug discovery
and development for the treatment of COVID-19. Diverse compounds were investigated
regarding their therapeutic potential to combat the disease, and novel computational approaches
were developed in order to raise new insights about the remediation modes of COVID-19.

The specific objectives can be described as follows:

1) Review in the literature about the use of computational tools in the discovery of novel
drugs for COVID-19 treatment, through the drug repositioning approach.

2) Computational study of nitro derivative compounds and their corresponding oxides as
potent inhibitors targeting the MP™ enzyme.

3) Predicting the formation of co-crystals by employing repositioned drugs and assessment
of their interaction modes in the MP™ active site, seeking to optimize the inhibition
process.

4) Investigation of all tautomeric forms derived from favipiravir and their halogenated
derivatives toward the viral MP™ and RNA polymerase (RdRp).

5) Investigations into the metabolism of diverse drugs in order to better comprehend the

action modes of these agents within the therapeutic targets (MP™ and RdRp).

3. Theoretical Background

3.1 COVID-19

COVID-19 has become a threat at the global level. By early January 2020, the virus-
related sequence was determined. According to the molecular structure revealed for SARS-
CoV-2, it is shown a sequence identity of 88% in relation to two coronaviruses found in bats
(bat-SLCoVZC45 and bat-SL-CoVZXC21). The bat is believed to be the original host of
SARS-CoV-2, and this animal-to-human transmission is considered the origin of epidemics.

Moreover, an intermediate host may still exist in the process of transmission from bats to human
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beings. This evidence is supported by the fact that many patients reported to have visited the
Huanan Seafood Wholesale Market in Wuhan (Lu, Stratton e Tang, 2020). In addition, the
SARS-CoV-2 reveals 79% identity with SARS (Severe Acute Respiratory Syndrome)
coronavirus and 50% identity with MERS (Middle Eastern Respiratory Syndrome) coronavirus
(Park, Thwaites e Openshaw, 2020). It is important to notice that this is the third coronavirus
that has emerged in the past 2 decades. In this worrying scenario, the novel coronavirus has
caused multiple outbreaks at the global level and substantial morbidity and mortality (Munster
et al., 2020; Perlman, 2020).

The overall situation is getting serious day by day in diverse countries. For the
development of further techniques of prevention and control, it is crucial that we have a better
comprehension of the pandemic nature. On January 30, 2020, the WHO brought to the public
that the COVID-19 outbreak is the sixth public health emergency of global concern, following
HIN1 (2009), polio (2014), Ebola (2014 - West Africa), Zika (2016) and Ebola (2019 -
Democratic Republic of Congo) (Dey et al., 2020; Yoo, 2020). Note that, like MERS and
SARS, there are no distinguishing clinical features of COVID-19 and symptoms overlap
significantly with other severe acute respiratory infections (Arabi et al., 2017; Arabi, Murthy e
Webb, 2020; Chen et al., 2020; Huang et al., 2020). Clinical characterization protocols are now
being collected on patients worldwide to better define the illness, in terms of its natural history,
mode of transmission, clinical profiles, management and specific risk factors, in order to
prevent or overcome the damaging effects of the disease (Arabi, Murthy e Webb, 2020; Zhang,
T. etal., 2020).

COVID-19 replicates in an efficient way in the upper respiratory tract, and infected
patients generate a large quantity of virus contributing to the spread of infection (Chan et al.,
2020). Non-pharmaceutical interventions are essential for the management of the COVID-19,
along with licensed available vaccines or even coronavirus antivirals (Heymann e Shindo,
2020). Based on clinical observations, it is noticed that the proportion of individuals infected
by COVID-19 who remain asymptomatic over the course of infection has not yet been definitely
evaluated. Note that even these asymptomatic patients can potentially be a source of infection.
The forms of transmission are usually through respiratory droplets and contacting.
Unfortunately, people are generally susceptible to the virus (Deng e Peng, 2020). In
symptomatic patients, the characteristic symptoms of the disease usually start after less than a
week, consisting of fever, cough, nasal congestion, fatigue, along with other signs of upper
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respiratory tract infections (Guan et al., 2020). This worrying scenario raises important issues
on how to deal with this global threat, and the emergence of novel forms of therapies become

essential.

In the process of drug discovery, two major therapeutic targets have been intensively
investigated, the protease (MP") and RNA polymerase (RdRp). The MP is a viral enzyme,
which plays a central role in mediating viral replication and transcription, making it an attractive
target for the development of novel drugs. The MP™ is a cysteine protease present in coronavirus
and was previously studied as a molecular target for the design and discovery of antivirals for
the treatment of SARS and MERS. As a consequence, it became one of the most studied
molecular targets worldwide, in the search for pharmacological therapies for the COVID-19
treatment (Almeida et al., 2020). The RdRp is another quite important therapeutic target,
consisting of a replicase enzyme, which catalyzes the synthesis of a new complementary RNA
molecule, through using viral genomic RNA as a template, thus allowing to give rise to a new
virus. Its main function is to ensure that the replication of the virus RNA genetic material occurs

effectively (Almeida et al., 2020). These molecular targets were employed in our studies.

3.2 Computational Chemistry

Initially, we could consider two of the major divisions of the computational chemistry
methods. Molecular Mechanics (MM) and Quantum Mechanics (QM), wherein the former uses
laws of classical mechanics and QM uses laws of quantum mechanics and physical constants.
Computing chemists employ programs and methodologies applied to specific chemical
problems. Computational techniques that deal from nanotechnology to the simulation of
industrial processes can be used. One can thus solve the problems integrally, from the molecular
level to the macroscopic level. In this sense, we have the conditions to find the appropriate
solution for each situation that presents itself. These works are characterized by their efficient
techniques and by always allowing improvements in the procedures, besides the reduction of
costs (SIEGBAHN; BLOMBERG, 2000).

With the advance and sophistication of computational methods in recent years, a large
amount of information has been increasingly rapidly processed and, with the aid of new tools
and computational methodologies, better and more accurate results have been obtained in an
attempt to simulate a variety of chemical parameters and correlates (CARVALHO et al., 2003).
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One of the great advantages of computational methods is their low cost in comparison to those
of experimental methods, since they avoid the experimental repetitions of analyzes and
reactions, as well as the expense of reagents and materials. Furthermore, computational
simulations can be made in order to improve and understand processes, reactions, intra- and
intermolecular interactions of the molecular systems under investigation. The application of
computational methods to solve chemical problems extends to areas where chemistry plays an
important role, of direct or indirect form. In this context, more detailed knowledge about
biological processes, such as the interaction between the SARS-CoV-2 viral enzymes and
different drugs, should be evaluated and simulated by using computational chemistry methods,
in an attempt to investigate the pharmacological potential of diverse therapeutic agents for
applications in the COVID-19 treatment.

Molecular modeling softwares and networked databases are now fundamental tools for
the discovery and planning of new compounds. The analyses using these kinds of tools allow a
rapid assessment of the biological activity versus physical-chemical properties of a number of
molecules of interest (CARVALHO et al., 2003).

Molecular modeling, according to IUPAC, is the investigation of molecular structures
and properties, through the use of computational chemistry and graphic visualization
techniques, aiming at providing a three-dimensional representation under a given data set
(CARVALHO et al., 2003; SANT’ANNA, 2002). This is possible through the generation,
manipulation and/or realistic representation of these structures (SILVA, 2006).

One of the most important advances in the planning and discovery of new drugs has
been performed by using molecular modeling. It has established itself as an indispensable tool
not only in the process of discovering novel drugs, but also in the optimization of an already
existing prototype. The great development of this area was due, in large part, to the advance of
computational resources in terms of hardware (calculation speed) and software (molecular
modeling programs) (RODRIGUES, 2001).

The theoretical methods related to this approach allow to calculate properties of
individual molecules (stable conformations, charges and atomic interactions), energies of
molecules, in order to display, overlap, and compare geometric and electronic molecular
models, as well as to access, manipulate and manage chemical and biological databases

(SILVA, 2006). The modeling and its graphic representations are, therefore, tools used for the
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construction, edition, visualization, analysis and storage of complex molecular systems
(BARREIRO; RODRIGUES, 1997; COHEN et al., 1990).

These tools provide important information, allowing the obtaining of specific
parameters of a molecule that can influence the interaction with the receptor (SILVA, 2006).
As examples, we can cite the electrostatic potential map, the electron density contour, as well
as the energy and coefficients of the HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) frontiers. This tool also has the potential to
theoretically plan new molecules that satisfy the electronic and structural properties for a perfect
fit in the receptor site (RODRIGUES, 2001).

Most modeling programs are able to draw the molecular structure, performing geometric
optimization calculations and conformational analysis studies. The output files of these
calculations can be used as input files for other programs. In this way, the first step of molecular
modeling is to design the structure of the molecule. Then, the molecule is optimized, aiming to
find geometric parameters, such as lengths and binding angles, which are close to
experimentally determined values (CARVALHO et al., 2003; RODRIGUES, 2001).

The MM-based methods are really important in molecular modeling. They promote the
modification of the angles and lengths of the bonds of the original atoms and provide new
conformations with the corresponding energy calculations (CARVALHO et al., 2003;
PATRICK; FLANAGAN, 2001). Didactically, it can be said that in MM, molecules are
described as a set of “connected atoms”, in which each atom is considered as a point mass that
is connected by springs, which are the chemical bonds. The movement of each atom is
determined by the forces acting on it by all the other atoms. These forces acting on each particle
are calculated at each step using force fields (SANT’ANNA, 2009).

The choice of the energy minimization method will depend on certain factors related,
for example, the size of the molecule, the availability of parameters, stored data and
computational resources (CARVALHO et al., 2003). There are several options regarding the
calculation method to be applied in a particular molecular modeling strategy. These methods
can be classical or quantum. The application of one or the other is determined by the variables:
time, precision of the results and complexity of the system being studied (COHEN et al., 1990).
Among the molecular modeling methods, we can mention molecular docking and molecular
dynamics (MD).
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3.3 Virtual Screening

Virtual Screening (VS) is a large-scale computational analysis of large databases in
order to identify new potentially active molecules. The databases used in the VS can contain
thousands of commercially available compounds, with physico-chemical and biological
properties similar to those exhibited by recognized drugs, commercially available or accessible
by organic synthesis, hypothetical molecules (designed on a computer before synthesis) or even
products of natural origin (Rodrigues et al., 2012; Montanari et al., 2011). In addition to the
identification of new bioactive compounds, VS also aims to eliminate molecules with marked
toxicity and that have unfavorable pharmacodynamic and pharmacokinetic properties, thus
reducing the development cycle time and increasing the chances of success when selecting
potentially active molecules. VS strategies can be classified into two approaches: screening
based on ligands and screening based on the structure of the molecular target (Varnek, 2011).

For methods that are based on the structure of ligands, the V'S uses organic molecules
with known biological activity, acting as templates for screening in databases of new chemical
entities with some level of similarity, which share the same biological activity. Thus,
compounds are selected according to the most varied methods of molecular and
pharmacophoric similarity, guided by relationships between structural properties and biological
activity (Montanari, et al., 2011). Techniques based on the molecular target structure consider
the three-dimensional (3D) structure of the therapeutic target, using as major strategy the
docking calculations for selection of potential ligands, with structural factors that favor
interactions with the binding site of the molecular target. The planning of bioactive substances
based on the structure of the molecular target is one of the most robust strategies for
identification of new ligands, able to contribute to the entire process, from the analysis of the
3D structure of the therapeutic target until the optimization of molecular interactions and
pharmacokinetic properties of the candidate compounds for clinical trials (Rodrigues et al.,
2012).

For the accomplishment of the virtual screening, the use of a library of chemical
compounds is a crucial step that must supply compounds with the highest possible degree of
molecular diversity. The quality of the database used is quite important as it is the source from
where the promising compounds will be selected for future biological trials (Rodrigues et al.,
2012).
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3.4 Molecular Docking

The computational simulation of molecular docking is one of the most important
investigation techniques of the molecular interactions between the protein and a ligand in cases
in which the 3D structure of the protein has already been elucidated. This kind of simulation
finds the most stable structure of the protein-ligand complex and calculates this relative
stability. In order to find the lower energy structure, without any previous assumption, it is
necessary to analyze all interaction modes, considering the conformational flexibility of the
ligand to be introduced in the protein active site. Because these two problems are
interconnected, they can be solved at the same time; however, the number of combinations
involved is very large (MIZUTANI; NIWA; TANAKA, 1994).

An interesting way to search for the most stable structure of the complex (not necessarily
the global minimum) was proposed by Kuntz et al. (KUNTZ et al., 1982). The initial
fundamental idea of this method is to represent both the binding molecule and the
macromolecular surface by a set of spheres and to look for (stochastic method) which is the
best pairing of the spheres. The complementarity of the molecular form is very important in the
docking method. Subsequently, a more efficient method for the molecular coupling of flexible
ligands was developed by Leach and Kuntz. The method consists first of determining the
position and orientation of the rigid fragments of the ligand and then investigating the
conformations of the flexible region of the ligand in a systematic way. The intermolecular
interaction energy is calculated by summing the energy contributions between all atoms of the
two molecules, disregarding the interactions between the atoms of the same molecule (LEACH;
ZNOJIL, 1992).

The interactions between ligand and receptor require complex studies. Ligands need to
change their conformation as they fit into the protein active site. Binding-induced
conformational changes in the receptor also occur in such a way that activation or inhibition of
a given protein becomes possible (GONCALVES, 2008). Docking methods use the energy
involved in the process to identify the conformation of the ligand energetically more favorable

when attached to the target.

Generally, lower energy values stand for better protein-ligand interactions, compared to

higher energy values. Thus, molecular docking determines the most likely conformation of the
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ligand in the enzyme, taking into account the interaction mode with the lowest energy
(THOMSEN; CHRISTENSEN, 2006).

3.5 Molecular Dynamics

Molecular Dynamics (MD) simulations have been widely used to study the dynamics
and structure of macromolecules, such as proteins, nucleic acids and lipid bilayers (DURRANT;
MCCAMMON, 2011; MELLER, 2001). MD studies are generally carried out after molecular
docking in selected conformations of each ligand, in order to provide a better understanding of
the ligand-enzyme interactions as a function of time, and thus provide a possible explanation
of the forces involved in the ligand-receptor complex or the role of the solvent in protein
dynamics (ALONSO; BLIZNYUK; GREADY, 2006; GUIMARAES; RAMALHO; FRANCA,
2014; KARPLUS; MCCAMMON, 2002). Some of the most common programs used in MD
studies are AMBER (WEINER; KOLLMAN, 1981), CHARMM (BROOKS et al., 1983),
NAMD (KALE et al., 1999; PHILLIPS, 2005) e GROMACS (SCOTT et al., 1999).

In a general MD simulation, molecules that have a certain kinetic energy are able to
overcome small potential energy barriers, which allows limited exploration of the potential
energy surface (PES) in the search for other stable conformations. MD calculations solve
Newton's equations of motion for each atom i of the molecular system, as represented in

Equation 1:

Fi = m;.a; (1)

Where Fi is the force that causes acceleration in an atom of mass mi. The classic
analytical treatment only allows the solution of these equations for systems with up to two
independent particles. Resolution for larger systems is made using additional numerical
methods and approximations to reduce the complexity of general strength assessments. Given
this, we can quote the Verlet Algorithm, which has the function of assisting in the integration
of Newton's equations. If the position at time t is r(t), the position after a short time interval At

can be obtained by the following Taylor series, as follows (Equation 2):

N dr dzr At?
r(t+At) =r(t) + aAtJr 25 (2)
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The numerical solution then depends on the knowledge of the position r(t), the speed
dr/dt and the acceleration d?R/dt? for each atom. The time interval, At, of each step of the path
is a very important parameter in an MD calculation. First, At must be small enough that the
acceleration can be considered constant in that interval; however, very short intervals would
make the calculation times of the complete reaction path prohibitive. In practice, the At used is
0.5 to 1 fs in order to adequately sample the oscillations of hydrogen bonds (DURRANT;
MCCAMMON, 2011; MELLER, 2001).

3.6 Principles of Quantum

In 1926, the Austrian physicist Schrodinger, inspired by De Broglie's thesis and
Hamilton-Jacobi's theory (a version of classical mechanics), developed the wave equation of
wave mechanics. This equation was applied to the Bohr atom model and it was shown that the
values of the energies thus quantized were in agreement with the experimental results and were
exactly the same as those obtained by a more abstract method developed a year earlier by
Heisenberg. This equation, now called the Schrodinger equation, is the basis of the energies
calculations of atoms and molecules (ALCACER, 2007).

The Schrddinger equation, time-independent, can be generalized to the three dimensions

of space:
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Given that it is the Laplacian, generally represented by V2 or A, we can write the Schrodinger

equation in the following form:

[— % V2 +V(x,y, Z)] Y(x,y,z) = E¥(x,v,2) )

In fact, the whole bracket is a mathematical operator, called Hamiltonian, which is usually

represented by H. We can therefore write the Schrodinger equation briefly, as in Equation 5,
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wherein r stands for the set of three space coordinates, r = (X, Y, z). In most chemistry problems,
we intend to calculate the possible energy values of the system, E (ALCACER, 2007).

Hy(r) = EY(r) (5)

This equation describes the wave functions (the states) of the particles when their energy
is well defined, i.e., it describes steady states. With it, we can obtain most of the results of non-
relativistic quantum mechanics, such as the energy spectrum of the hydrogen atom. The
Schrddinger equation is especially important in quantum chemistry calculations, covering
several computational methods. In this sense, we can cite the Density Functional Theory (DFT),

which is a widely employed technique.

3.7 Density Functional Theory (DFT)

Due to the large number of atoms in proteins and the fact that reactions involve the
breaking and formation of chemical bonds, enzymatic catalysis is a great challenge for
computational chemistry (BORMAN, 2004). High-level quantum-mechanical methods are
limited to applications in systems with relatively small numbers of atoms. The combination of
both quantum-mechanical and molecular mechanics (QM/MM) methods exceeds the domain
of QM calculations to macromolecules. In the QM region, atoms are represented by nuclei and
electrons, and the potential surface is constructed within the Born-Oppenheimer approximation
(BORMAN, 2004).

One method to obtain the QM results is the Density Functional Theory (DFT). The
method was formulated by Hohenberg, Kohn and Sham (KOHN; HOLTHAUSEN, 2001).
According to Ziegler (1991, p. 651): "The basic notion in DFT that the energy of a particular
electronic system can be expressed in terms of its density is almost as old as quantum mechanics
itself [...]". Hohenberg and Kohn also showed that energy, wave function and other molecular
properties are uniquely determined by this electronic probability density p [X, y, z] (according
to Hohenberg-Kohn's theorem), i.e., electron density and Hamiltonian have a functional

relationship that allows the computation of all molecular properties in the ground state without
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a wave function. But these theorems do not mention how to find the ground state energy from
p or from y. This problem was circumvented by Kohn and Sham in the 1960s, when they
proposed that the purely electronic energy of a molecule with many electrons in the ground

state would be (Equation 6):

Za

(1)
Eo = =3 Tal¥ (DIVEI¥; (D) = Zo [ 222 dvy +5 [[2252 dvidv, + Exclp]  (6)

r

Wherein Wi (1),i=1, 2, ..., n are the Kohn-Sham orbitals, and Exc [p] is the energy of exchange
and correlation. Kohn and Sham also showed that exact "p" for the ground state could be

determined by the Wi orbitals (Equation 7):

p= Y ¥ )

The third Hohenberg-Kohn theorem says that Eo[p] < Eo[p'], where p is the exact density and p'
is the approximate density by expansion (Equation 10) for finite "n". This theorem is equivalent
to the Hartree-Fock variational theorem. The Kohn-Sham orbitals can be determined by the

following expression (Equation 8):
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Wherein #ks is the Kohn-Sham operator shown by Equation 9:
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Wherein the Vxc potential is the main difference between the Hartree-Fock and DFT methods
(MORGON, 1995).

In this way, the energy in relation to the density can be minimized through the boundary

conditions (Equation 10):
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dEy
T 0
dp (10)

Being the integral p’dr=N, wherein N is the number of electrons in the system.

The main problem of the method is the lack of a systematic process to determine Exc[p],
so several kinds of functionals have already been proposed. This functional is actually divided

into two parts: exchange and correlation.

One of the most used exchange functionals is the B3, proposed by Becke, in 1993
(BECKE, 1993), being employed in this work (Equation 11):

E, = (1— ag)EXPA + aoELF + a, AEE® (11)

For correlation, the functional proposed by Lee, Yang and Parr (LEE; CHUNG, 2009)
was used. Thenceforth, important concepts in the theoretical description of chemical reactions,
such as chemical potential and, concept of hardness and softness, are incorporated into DFT,
since p(r) and the number of electrons N can be related more easily than diverse wave functions

of many electrons.

The total energy of the system in the DFT method uses the resolution of the time-
independent Schrodinger equation (Equation 12), which allows determining the ground state

structure of a system with many electrons and nuclei:

Hp = E¢ (12)

The exact resolution of the Schrdédinger equation, Equation 12, presents a very high
level of complexity. Thus, approximations are necessary to enable its use for real systems. One
of the most important approximations is the so-called Born-Oppenheimer approximation.
Basically, it disregards the movement of nuclei in the molecule, since the nuclear mass is

several times greater than the mass of the electrons. Thus, the Schrédinger equation is solved
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only for the electrons, which are described by a purely electronic wave function in the presence
of a potential produced by the nuclei that assume fixed positions in space (ALCACER, 2007).
The DFT method is able to solve systems efficiently; however, it is quite dependent on the

choices of the functional and basis set.

3.7.1 Basis set

The basis set is a set of functions used to create the molecular orbitals. Essentially, there
are two types of basis set used in electronic structure calculations: Slater-type atomic orbitals
(STOs) and Gaussian-type atomic orbitals (GTOs). The Slater functions were the first basis set
created; they have important characteristics, once they are associated to representations of

hydrogen orbitals. This type of function has the form described in Equation 13.

X(;,n,l,m (T! 6; 90) = NYl,m (6, (p)rn_le(}r (13)

Wherein N is a normalization, Y; ,,, constants are the usual spherical harmonic functions
and ¢ = % IS a constant. The term Z-W stands for the effective nuclear charge, wherein W

is a shielding constant. Although the exponential part of the STOs represents well the
dependence on the distance between nucleus and electron for the hydrogen atom, it does not
have any radial node. These are introduced by making linear combinations of STOs (JENSEN,
1999). The Gaussian-type basis sets (GTOs) were created as an alternative to the use of STOs.
In this case, the integrals are more easily solved. The GTOs can be written in terms of polar

coordinates, as shown in Equation 14.

Xenim (1,6,0) = NY, (8, @)r?n-Dlesr (14)

Due to the computational efficiency achieved through the use of GTOs, they are

normally preferred and widely used as basic functions in electronic structure calculations
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(JENSEN, 1999). Thus, it was observed that the basis set of STOs followed an exponential
behavior x = r, while the GTOs functions followed an exponential behavior x = r2,

3.7.2 Density Functional

Different classes of approximations for the XC functional followed during the
development of the DFT method. The simplest approximation was proposed by Hohenberg and
Kohn in 1964, and it is called local density approximation (LDA). The exchange and correlation

energy of the LDA functional can be represented according to Equation 15.

Ex.[n] = [ dr3 n(r) & (n(r) (15)

Wherein Ey. is the energy of exchange and correlation per particle in an electronic
density n(r). Another type of exchange and correlation functional is the so-called Generalized
Gradient Approximation (GGA). The GGA functional is an improvement applied to the LDA
and LSDA functionals. It consisted in the implementation of the density gradient, which can be

represented in the electronic correlation energy according to Equation 16.

Exc [n“,nﬁ] = [ d3r&xSCAm*(r), nf (1), Vn%(r), Vnf (1)) (16)

A functional widely used in GGA is the PBE, which was developed by Perdew, Burke
and Ernzerhof. The results obtained with the PBE approach show that, for the binding energies
of molecules, there is a significant improvement, as well as those of atomization, when
compared to the results using the LDA (ORGANUM, 2016).

3.8 Additional methods of analysis



33

In addition, the Natural Bond Orbitals (NBO) technique provides results which lead us
to a better comprehension of molecular orbitals localized in the chemical bonds. This concept
of natural orbitals is used to distribute electrons from atomic to molecular orbitals, in order to
describe atomic charges and molecular bonds from the electron density involved among atoms.
The NBO method is based on an analysis for optimally transforming a certain wave function
into localized form, corresponding to the one-center (“lone pairs") and two-center ("bonds")

elements of the chemist's Lewis structure model (SILVA et al., 2017).
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Abstract

Society currently faces many challenges caused by the coronavirus outbreak, known as SARS-
CoV-2, and in addition, its variant strains tend to be still more aggressive. Therefore, there is
an enormous need to accelerate the development of novel remediation techniques against
SARS-CoV-2. In an attempt to help in the front line, computational drug repositioning has
intensively been explored as a consolidated strategy in diverse preclinical research in order to
find an effective treatment protocol against SARS-CoV-2 infection. Hence, our review
highlights the state-of-the-art and potential strategies based on in silico models for drug
repositioning against the SARS-CoV-2 and their key variants.

Keywords: COVID-19, Pandemic, Computational Chemistry, Drug Repositioning

1. Introduction to SARS-CoV-2

In the spotlight is the coronavirus (CoVs), which belongs to a wide class of viruses that
has been identified in many host species, including humans, birds, and other mammals.:* We
are currently facing a new coronavirus and its key variant strains (SARS-CoV-2) are popularly
referred to as COVID-19.> The sequenced genomes of the SARS-CoV-2 virus suggest about
96.2% homology with Bat-CoV-RaTG13 and 79.5% homology with SARS-CoV.%° Thus,
much efforts has been expended in elucidating the crystallographic SARS-CoV-2 structure and
understanding its mechanism of action.>1®*® It is well-known that SARS-CoV-2 is an
enveloped virus (approximately spherical) with its diameter in the range of 80-120 nm, positive-
sense, single-stranded RNA (+ssRNA) that is associated with a nucleoprotein, which is
surrounded by a capsid of matrix protein.'®2* Systematic analysis rises that the SARS-CoV-2
virus has 29,903 nucleotides in its genome and encodes about 9860 amino acids in 14 open
reading frames (ORFs) and 27 proteins.?>2" The 5' region, which covers more than two-thirds
of the viral genome encodes polyproteins ppla and pplab and can be cleaved into 16 putative
non-structural  proteins (nsps) that are likely involved in the SARS-CoV-2
transcription/replication.?2% While the 3' region consists of genes that encode structural
proteins, such as the spike surface glycoprotein, peripheral membrane and transmembrane, the
small envelope protein, membrane, and nucleocapsid.?>%" More specifically, the spike surface
glycoprotein has two domains, known as S1 and S2, which bind to host receptors via different
receptor-binding domains (RBDs).1*%3 Thus, the SARS virus's main protease (MP° or

3CLpro) plays a pivotal role in the viral processing of polyproteins and hence has broadly been
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investigated as a molecular target.’>1" Previous studies have identified that the occurrence of
the SARS-CoV-2 infection is due to the binding of the spike protein to the ACE2 receptors
(angiotensin-converting enzyme 2) of human host cells (Figure 1), i.e., via the S1 and S2
subunits, which are the key entry points of SARS-CoV-2.431333537 After the SARS-CoV-2
enters a human host cell, in particular, the complex process of viral replication is initiated with
the participation of the RNA-dependent RNA polymerase (RdRp), helicase, as well as, other
accessory proteins.3**>% Therefore, based on previous studies, the following were identified as
promising candidate drug targets for treatment: MP™, the papain-like protease (PLP™), and the
RdRp of SARS-CoV-2, as well as, the ACE2 receptor.>611-1639
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ACE?2 (surface) (H). Credits: NIAID-RML,*0-43
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Furthermore, in the first five months after discovery, the genetic diversity of the SARS-
CoV-2 virus has been evaluated and it was revealed that several regions of the genome had
already accumulated diversity.**-%® As a result, recurrent mutations have been identified in the
genome of the SARS-CoV-2.4-5% About 80% of these produced non-synonymous changes at
the protein level, which implying possible ongoing adaptations of the SARS-CoV-2 virus to the
human host cell.** Correlation analyzes have already shown that strains with mutations in
ORF1lab 4715L and protein S 614G have significant positive correlations with fatality rates,
which can affect the severity of COVID-19.4’

Extensive efforts are being made to elucidate the variations present in the genomes,
however, at present, data on the SARS-CoV-2 genome are still limited, and further advances
will allow greater understanding of the dissemination, prevention, and control of the
disease.>10:11:44.46.47.50.52.53 gy kalov et al.>* have performed a multi-omics study of both SARS-
CoV-2 and SARS-CoV. As a result, the authors in that study found that gilteritinib
(C29H42NgOs3; a designated FLT3/AXL inhibitor), ipatasertib (C24H32.CINsO2; AKT inhibitor),
prinomastat (C1sH2:N30sS2), and marimastat (C1sH29N3O0s; matrix metalloprotease inhibitors)
exhibited the highest antiviral activity (Figure 2). That study highlighted many targets from
profiling the interactome of both viruses (e.g. transcriptome, proteome, ubiquitinome and
phosphoproteome) from a lung-derived origin, thus providing a rational guide for the
development of directed therapies.>
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Figure 2: Chemical structures of (a) gilteritinib, (b) ipatasertib, (c) prinomastat, (d) marimastat,
(e) chloroquine, (f) hydroxychloroquine, (g) favipiravir, (h) remdesivir, (i) azithromycin, (j)
clarithromycin, (k) erythromycin, (I) ivermectin, (m) cyclosporine, (n) dacomitinib, (0)
salinomycin, (p) PF-07321332 and (q) PF-07304814.

Diverse scientists are striving to search for novel therapies to treat COVID-19,121855-57
In this line, it is well-known that drug repositioning has a crucial role in drug discovery in
preclinical research.®°8>® Approaches involving computational screening of various drugs can
boost the emergence of new therapeutic options for the treat of COVID-19. Among the
hundreds of compounds analyzed from the modern computational strategies, the most
promising can then be rationally selected for in vitro and in vivo tests, accelerating hence the
development of new drugs.5°-¢7

In this review, we have focused on the recent advances in drug discovery and
development for COVID-19 treatment through computational prediction tools. We started by
introducing the computational strategies relevant to case studies. Next, we briefly describe a

summary of computational approaches in drug discovery and development.

2. Brief Summary of Computational Strategies

Computational chemistry consists of a range of tools capable of boosting and optimizing
the process of drug development and discovery.®®*7? For instance, understanding the
mechanisms by which enzymatic catalysis occurs at the atomic level is prospectively beneficial
for designing new inhibitors by allowing the prediction of drug-target sites.”® Thus,
computational methods and techniques can, in principle, be employed to unveil the interaction
modes and reactivity of various repositioned drugs for COVID-19 treatment, providing a
significant reduction of research time and costs.”

Researches in a wide range of applied sciences seek to develop not only useful
biomolecules and advanced materials, but also to understand, design, and control their
functional properties.”>’" These efforts may lead to new interpretations for carrying out
experiments. In this context, it is well-known that computational strategies have been widely
applied to such specific chemical problems (e.g., proteins, DNA, and cell membranes), and

have led to efficient approaches for analysing the enzymatic activity.”>"8



47

Accurate models for the computing chemical properties of drug candidates and proteins
are essential for drug discovery and design.?% Thus, the notable use of computer-aided drug
design (CADD) based quantum mechanical (QM) methods is fueled by present-day growth
computing power; however it is mainly due to the fact that QM methods can provide higher
accuracy in terms of computations and results.®*81-8% And yet, the interest in the use of QM
methods in CADD has boosted the development of further methodologies; for instance, the
correlation of this approach with docking, scoring, improvement of known lead compounds,
and even the unraveling of reaction mechanisms.®*

QM methods®®®* are widely used to quantify energies and optimise structures, and also
to calculate electronic properties. Such strategies are helpful for interpreting the reactivities of
biomolecules, which are usually guided by the transfer of energy and structural
transformations.®* Note that the currently available computing power cannot yet perform direct
ab initio QM calculations of biomacromolecules. However, an important emerging approach
employs the hybrid QM/MM method as strategy.’® These methods provide accurate results for
many properties of interest, including but not limited to, partial charges, bond strength, torsion
angles and so on. These fundamental properties are important for the parameterisation of force-
fields and other descriptors that can be used to build quantitative structure activity relationship
(QSAR) models or quantitative structure-property relationship (QSPR) models.®* Also, the MM
methods are valuable tools for studying big systems, such as biological ones. Particularly, it is
well-known that the MM consists of considering nuclear movements and treating electrons in
a non-explicit way, unlike quantum methods that are characterized by studying the electronic
structure for a fixed nuclear position.®> Hence, the MM model describes molecules as a set of
atoms connected to each other by elastic or harmonic forces, where each atom is considered as
a point mass that is connected by springs, which correspond to chemical bonds. The movement
of each atom is defined by the forces acting on it by all the other atoms.” These forces acting
on each particle are described by the potential energy functions of the structural contributions,
such as the bond length (r), bond angle (8), dihedral angle (¢) and unbound interactions (c/q),
as described in equation 1.8
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The equation 1 represents a common force-field. However, force fields can include other
terms, such as those that specify the coupling of oscillations between angles or lengths of
connection. In general, the choice of the force-field is a very important step and depends on the
properties that will be studied in the system because it directly influences the reliability of the
results.”®” In biomolecular systems, the most used force fields are: CHARMM, 2 GROMOS &
AMBER,* OPLS,*! among others. All these well-consolidated strategies might unveil complex
processes of interest at the biological level,”® more specifically, has widely been used in drug
repositioning for potential pharmacotherapy of COVID-109.

The molecular docking simulation provides information about the interaction between
small molecules and biomacromolecules based on the principle that the spatial shape and
intermolecular energy of the two species coincide.”% During a molecular docking simulation,
it is necessary to associate two components: a search algorithm and a scoring function. 8939
Thus, the search algorithm analyses the diverse degrees of freedom of the side chains of the
biomacromolecules, such as proteins, and the molecular structure of the ligands, giving rise to
a conformation and orientation of the ligand at the active site of the molecular target.®>% Some
search algorithms cited in the literature are: Monte Carlo, Lamarckian Genetic Algorithm,®"%
Differential Evolution Algorithm,®%%1% Fast Shape Matching®* and Simulated Annealing,%?
while the scoring functions estimate the free energy of the intermolecular bond from the
approach that the lowest energy score represents the best orientation after the docking
simulation.” Currently, there are several docking softwares, such as GOLD®,'%* AUTODOCK
[4,5],%71%4 FLEX X, MOLEGRO VIRTUAL DOCKER (MVD) ®.%

Simulation based on classical molecular dynamics (MD) is often used to investigate the
structure, dynamics and thermodynamics of biomacromolecules and their complexes, thereby
providing microscopic information about the forces involved in the interaction of these systems
as a function of time.”>7887.106-108 Generally, MD calculations are based on the numerical
solution of Newton's equation of motion,”>8"1% where each atom i of the molecular system is

represented by equations 2 and 3:
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where Fi represents the force acting on each atom of the system and a; is the acceleration of
each atom i of mass mi. The traditional analytical treatment only calculates the resolution of
these equations for systems with a maximum of two independent particles in more complex
systems. It is necessary to use numerical methods and additional approximations, such as the

Taylor series (equation 4), as follows:

r(t+ At) = r(t) + %At+ ;%%tz + .. (4)

The solution to the equation depends on the position r (t), the speed dr/dt and the acceleration
d?r/dt? for each particle. The time interval (At) must be very small so that the acceleration can
be considered as constant in this interval.**1% Some of the most common programs used in MD
studies are AMBER,*® CHARMM,® NAMD, %! and GROMACS.®°

Virtual Screening (VS) is a large-scale computational analysis of large databases for
identify new potentially active molecules.*'>*° The databases used in the VS process may
contain thousands of commercially available compounds, with physico-chemical and biological
properties similar to those displayed by recognized drugs, commercially available or accessible
by organic synthesis, hypothetical molecules (designed on a computer before synthesis) or even
products of natural origin.t?%2! |n addition to identifying new bioactive compounds, VS also
aims to eliminate molecules with marked toxicity and have unfavorable pharmacodynamic and
pharmacokinetic properties, consequently reducing the development cycle time and increasing

the chances of success when selecting potentially active molecules. 15119121

3. Prospect of drug repositioning as a strategy to treatment of SARS-CoV-2 infection

Computational drug repositioning is related to discovering new uses for existing drugs
outside the scope of the original therapeutic indication and have a great potential for discovering
new therapies for the treatment of COVID-19.7%22-125 The present academic landscape should
enable promising research programs for drug repositioning, by employing different techniques
from computational chemistry, along with in vitro and in vivo experimental
investigations.’+124125 High-throughput screening tools efficiently provide gains in speed and
quickly screen large numbers of potential drug candidates for repositioning. In principle, this
approach can be successfully applied in the search for novel therapies for the treatment of

diverse diseases.26-136
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Fischer et al. have performed computationally screened a compound library of over 606
million compounds for binding to the recently solved crystal structure of the MP™ of SARS-
CoV-2.2! As a result of that effort, the authors presented a list of 12 purchasable compounds
with good affinity for viral proteases. We also evaluated approved antiviral drugs and other
protease inhibitors for drug repurposing, where apixaban (C2sH2sNsOs) and nelfinavir
(C32HasN304S) were highlighted as promising. The authors concluded that further experimental
validation and subsequent optimisation of their proposed early lead compounds might offer a
valuable strategy to conquer SARS-CoV-2.%

Petit et al. came up with an interesting work, by which they investigated the aquatic
world to provide a source of possibilities to treat COVID-19.1*2 Herein, the functionalities of
diverse molecules (such as phycocyanobilin, phycoerythrobilin, phycourobilin, and folic acid)
expressed by the genus Arthrospira are computationally evaluated. The work concludes by
suggesting that further studies of these four molecules should be performed to evaluate their
ability to compete with the SARS-CoV-2/ACE2 complex, through both in vitro and in vivo
experiments.t*3

Because RdRp is an essential protein involved in replicating the virus, it can be used as
a potential drug target.2**1% In this sense, Saha et al. investigated the efficacy of plant-based
products against RARp, and analysed their potential to inhibit COVID-19.1%° In this work, the
efficacy of about 248 plant compounds against the catalytic subunit of RdRp was investigated
through molecular docking simulations. The molecules with the highest affinity toward RdRp
were tellimagrandin | (CssH26022), saikosaponin B2 (Ca2HesO13), hesperidin (C2sH34015) and
epigallocatechin gallate (C22H18011), which are stabilized in the binding site during the
molecular dynamics process. The authors demonstrate that saikosaponinB2 exhibits the
strongest binding affinity and may serve as a potential molecule for developing an effective
therapy against COVID-19.1*°

In a study by Assis et al., computational design was carried out to study isomers based
on the nitro-derivatives of quinoline and quinoline N-oxide as potential active molecules,

providing low-cost alternatives for the treatment of COVID-19.%8

4. Déja vu: new uses for old drugs from in silico methods

4.1 Chloroquine/hydroxychloroquine
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Chloroquine (C1sH26CIN3; abbreviated as CQ, Figure 2e) and its derivative
hydroxychloroquine (C1sH26CIN3O; abbreviated as HCQ, Figure 2f) are organic compounds in
which present the pharmacophoric group quinoline found usually in the bark of the Cinchona

141 amebiasis,#?

officinalis plant.*® These compounds are old drug used to treat malaria,
rheumatoid,**® arthritis and lupus erythematosus syndrome.?*144 CQ and HCQ act in the
inhibition of proteolytic processes and interfere with the intracellular pH of the endosomes and
in the glycosylation of the host receptors, preventing the insertion of the virus into the cells.'*®
In addition, both compounds can block autophagy, lysosome activities and the production of
pro-inflammatory cytokines in host cells.'*®!4” Therefore, CQ and HCQ have anti-
inflammatory/immunoregulatory properties, being considered good antiviral agents. According
to some current studies, these antiviral agents could present the possibility of attenuating the
inflammatory response of SARS-CoVs, since the replication of the COVID-19 virus causes
damage to pulmonary endothelial and epithelial cells, resulting in an inflammatory increase of
cytokines in the plasma.#’

Hussein and Elkhair proposed the coordination of some
chloroquine/hydroxychloroguine zinc compounds in order to potentiate the inhibitory activity
of these compounds within the active site of the MP"™ enzyme (PDB ID 6LU7). As a result, they
observed that the CQ/HCQ complexes coordinated with Zn interacted better at the enzyme
active site than without coordination, since they presented lower intermolecular interaction
energies and several interactions of the hydrogen bond type at the active site.1*3

However, in the work from Ghazy et al., the authors state that CQ/HCQ treating did not
decrease the mortality of COVID-19 patients. Otherwise, it has been observed the emergence
of diverse side effects, such as diarrhea, rash, headache, elevated transaminases, fatigue, and

also anemia.1*®

4.2 Azithromycin

Azithromycin (CzsH72N2012; AZM, Figure 2i) belongs to the azalide group and is a
macrolide antimicrobial agent. It is used to treat a variety of bacterial infections (i.e., gram-
positive and gram-negative), as well as having anti-inflammatory properties and improving
lung function in individuals with various lung diseases, such as cystic fibrosis and asthma. In
addition, this drug inhibits mMRNA translation by binding to the bacterial 50s ribosomal subunit,
resulting in the blockage of bacterial protein synthesis. Recently, it was reused for management
in patients with COVID-19, and in most cases, the therapy performed is the combination of

azithromycin with chloroquine or hydroxychloroquine.**-°2
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Arouche et al. analysed the reuse of the drugs (such as AZM, ivermectin, lopinavir,
ritonavir, oseltamivir, and heparin), from the use of molecular docking techniques to treat
COVID-19.1% For this purpose, the authors selected two molecular targets: the structure of the
MP SARS-CoV-2 and the structural base of the protease 3CL SARS-CoV-2. This study
suggested that the development of a single antiviral agent targeting the MP™, 3CL protease, or
therapeutic combinations, in principle, may provide a most effective line of defence against
coronavirus-associated diseases.'®® On the other hand, Ghazy et al.'*° showed that AZM alone
or in combination with CQ/HCQ increased the duration of hospital stay and hence did not show
any beneficial effect for the SARS-CoV-2 treatment. Thus, the employment of further
theoretical methods of analysis is important in order to raise new insights about the modes of
action of the drug candidate as a whole. In the work, from Arouche et al.,*>® docking
calculations were carried out. However, their results are not conclusive and further theoretical

analyses make necessary.

4.3 lvermectin

Discovered in 1975, Ivermectin (C4sH74014; Figure 2l) is widely used to treat, prevent
and control parasites that are common in humans worldwide. Currently, research shows that
ivermectin can inhibit the viral replication of SARS CoV-2 in vitro.1*+154 Caly et al. reported
that ivermectin showed broad spectrum antiviral activity in vitro, that is, ivermectin is an
inhibitor of the causative virus (SARS-CoV-2).1%

Choudhury et al.*® explored an in silico approach to analyze the effectiveness of
ivermectin binding against: SARS-CoV-2 MP® and RdRp, human ACE2 and TMPRSS2
receptor. The results showed the potential of ivermectin to target the main pathogenic proteins
of SARS-CoV-2, which can be a possible option, as well as illuminating the possibility of using
this drug in clinical trials with COVID-19.1%¢ On the other hand, the data is insufficient to
recommend the wide use of ivermectin in preventing or treating SARS-CoV-2 infection.®’

Hence, a deep understanding of their pharmacokinetic properties is important to help
assess the modes of action of a drug candidate. Computational drug repositioning approaches
are good strategies for this purpose and a full toolbox of theoretical methods pertinent to the

study should be employed.”

5. In silico methods targeting drugs with potential application toward COVID-19
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5.1 Favipiravir

Favipiravir or T-705 (CsH4FN3O2; Figure 2g) was developed in 2014 by Fujifilm group
Company Toyama Chemical in Japan to treat a new strain of influenza. Currently, this drug has
a broad-spectrum action against different RNA viruses, such as Ebola, influenza, norovirus,
chikungunya and enterovirus.24-1%8-160 |t js known to selectively inhibit RdRp by acting as a
purine analogue. Favipiravir is then converted inside the cell into its active phosphorylated form
and, thus, can be incorporated into the stretching of the viral RNA strand. This process
interrupts the insertion of other nucleotides in the strand, thus hampering viral replication in the
host cell. Therefore, in SARS-CoV-2, Favipiravir induces a mutagenic effect responsible for
inhibiting the virus replication, 41158160

Rad et al.'®* theoretically investigated the adsorption properties of the drug favipiravir
in different metallopherenes, as drug carriers for COVID-19 treatment.’®! Doping was
performed with five transition metals, such as Ti, Cr, Cr, Fe, Ni and Zn, and in-depth
examination was performed to select the most suitable metallofullerenes. It was observed that
fullerenes doped with chromium (—148.2 kJ/mol), iron (—149.6 kJ/mol), and nickel (—146.6

kJ/mol) provided the best results for adsorbing favipiravir.'®*

5.2 Clarithromycin / Erythromycin

Clarithromycin (CzsHeoNO13; Figure 2J) and Erythromycin (Cs7Hs7NO13; Figure 2Kk)
are semi-synthetic macrolide antibiotic with a structure similar to AZM. This compound has
antimicrobial activity and has immunomodulatory effect. They inhibit protein synthesis by
reversible binding of the 50S ribosomal subunits of the 70S ribosome in susceptible bacteria,
which results in inhibition of RNA-dependent protein synthesis.162-164

Prashantha et al (2021) analyzed several drugs, based on in silico methods, such as
antimalarials (CQ and HCQ), antibiotics (Eritromicin), anti-inflammatories (Thalidomide) and
HIV protease inhibitors (Ritonavir) to find possible treatment strategies for COVID-19. The
results showed that these drugs have a good affinity for the protein spike compared to
antimalarial drugs, such as CQ, HCQ and Artemisinin. Their outcomes suggest that anti-
inflammatory drugs, antibiotic inhibitors and HIV protease, are potential candidates for drugs
aiming at protein spike. Through in vitro and in vivo analyzes, it can confirm the promising

therapeutic capacity against COVID-19.1%

6. In silico methods and a successful case for COVID-19
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6.1 Remdesivir

Remdesivir (C27H3sNsOgP) is the first antiviral drug approved to treat of hospitalized
patients with COVID-19.1% Remdesivir (Figure 2h) is an adenosine analogue that was initially
developed for the treatment of infections by the Ebola and Marburg viruses. It is a
monophosphate that undergoes tissue metabolism to the active form of nucleotide triphosphate
C-adenosine. Its active form affects the function of RNA polymerase, resulting in a decrease in
the production of viral RNA.1*1%° Remdesivir showed a broad spectrum of antiviral activity
against Floviridae (Ebola) as well as Paramyxoviridae (Nipah) and exhibited encouraging
results against both SARS-CoV and MERS-CoV infections.#+1%0167 Cyrrently, many clinical
trials have tested the effectiveness of this drug in COVID-19. Williamson et al. %8 investigated
the in vitro efficacy of remdesivir treatment using the rhesus monkey model with SARS-CoV-
2 infection. Therapeutic treatment of rhesus monkeys with remdesivir resulted in lower viral
levels than in untreated monkeys. 68

Novir and Aram studied the interaction between simple carbon nanotubes (CNTS)
functionalized by carboxylic groups and CNTs doped with S-, Al- and Si and remdesivir. 6°
From this, the authors showed that CNT doped with Si is the best system for drug delivery
owing to its interesting properties.1®°

Besides Remdesivir, Dittmar et al.}’® found other drugs through screening a repurposing
library of about 3,000 drugs through conducting experiments. The authors found some drugs
with antiviral activity in lung epithelial cells. Three of these drugs (cyclosporine, dacomitinib,
and salinomycin, Figure 2m-o) are USA Food and Drug Administration (FDA) approved. This
work states that additional trials are required to determine the in vivo efficacy of these antivirals
in COVID-19 patients, in order to inform future treatment strategies. Dacomitinib is a Pfizer’s
lung cancer drug, while the antibiotics cyclosporine and salinomycin are employed to prevent
rejection in patients receiving organ transplants.!’® In addition, the accomplishment of
computational studies by employing the diverse tools and methods exposed previously can
provide a range of novel data about the interaction and modes of action of these drugs in the
COVID-19 treatment. 17017

7. Conclusions

We discussed that computational drug repositioning is the fastest strategy to help in
choosing the best candidates for its use in preclinical studies, which in turn contributes to the

emergence of new therapeutic options against SARS-CoV-2 infection. Such strategies can
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provide data not available from experiments to boosting the design of novel molecules. 187882171
Whereas this article is focused on drug repositioning; it is worth mentioning that the
computational contribution is also critical for developing new drugs. In this context, we could
cite the recently developed oral inhibitor from Pfizer, denominated PF-07321332 (Figure 2p).
Previously, another inhibitor was developed by the same company, the so-called PF-07304814
(Figure 2q).1? Both compounds are inhibitors of the viral MP. In short, we conclude that
computational chemistry can indeed facilitate and optimize the rational design of novel
selective inhibitors targeting SARS-CoV-2.
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ABSTRACT

A new and more aggressive strain of coronavirus, known as SARS-CoV-2, which is highly
contagious, has rapidly spread across the planet within a short period of time. Due to its high
transmission rate and the significant time—space between infection and manifestation of
symptoms, the WHO recently declared this a pandemic. Because of the exponentially growing
number of new cases of both infections and deaths, development of new therapeutic options to
help fight this pandemic is urgently needed. The target molecules of this study were the nitro
derivatives of quinoline and quinoline N-oxide. Computational design at the DFT level, docking
studies, and molecular dynamics methods as a well-reasoned strategy will aid in elucidating the
fundamental physicochemical properties and molecular functions of a diversity of compounds,
directly accelerating the process of discovering new drugs. In this study, we discovered isomers
based on the nitro derivatives of quinoline and quinoline N-oxide, which are biologically active
compounds and may be low-cost alternatives for the treatment of infections induced by SARS-
CoV-2.

INTRODUCTION

We are currently facing a new coronavirus disease designated as COVID-19. It started
in China and has spread rapidly around the world, resulting in serious threats to international
health and the economy.? The International Committee on the Taxonomy of Viruses
denominated the virus as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This
denomination is derived from the fact that the RNA genome is approximately 82% identical to
the SARS coronavirus (SARS-CoV).? In addition, the SARS-CoV-2 reveals a 79% similarity
with SARS (Severe Acute Respiratory Syndrome) coronavirus and a 50% similarity with

MERS (Middle Eastern Respiratory Syndrome) coronavirus.*

The crystallographic structure of SARS-CoV-2 exhibits approximately 88% sequence
identity with the other two coronaviruses found in bats (bat-SLCoVZC45 and bat-SL-
CoVZXC21).5 For this reason, it is believed that the original host of the SARS-CoV-2 outbreak
was bat-like.® Since discovery, an exponential growth in the number of cases of infections and
deaths has been observed worldwide.>”® The World Health Organization (WHO) responded
quickly to the COVID-19 threat by developing diagnostics and providing general guidance on
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patient monitoring, as well as up-to-date information; it also declared the outbreak a pandemic
on March 11, 2020.8°

The overall situation is progressing daily worldwide.’® In order to further the
development of prevention and control techniques, we must have a better comprehension of the
nature of the pandemic.!12 It is important to know that SARS-CoV-2 replicates in the upper
respiratory tract, and infected patients produce a multitude of virus particles which further
contributes to the spread of infection.'® Similar to MERS and SARS, there are no distinguishing
clinical features of COVID-19, and symptoms overlap significantly with other severe acute

respiratory infections.%14-16

Clinical characterization protocols are now being collected on patients worldwide to
better define the illness, in terms of its natural history, mode of transmission, clinical profiles,
management, and specific risk factors, to prevent or overcome the damaging effects of the
disease.®'” What is known so far is that a significant proportion of individuals infected by
COVID-19 remain asymptomatic and are thus an unbeknownst potential source of
infection.®19 In symptomatic patients, the characteristic symptoms of the disease usually start
less than a week after infection, and consist of fever, cough, nasal congestion, and fatigue, along

with other signs of an upper respiratory tract infection.®

In early 2003, SARS-CoV was revealed as the causative agent of the emergence of
SARS.?21 The SARS virus's main proteinase (MP™), also known as SARS-CoV 3C-like
protease (3CLpro), is a key enzyme responsible for the processing of viral polyproteins.?*-23
Together with the papain-like proteases, the MP is essential for the processing of polyproteins
translated from the viral RNA.3?* In a structural analysis, the MP™ enzyme consists of three
domains (Figure 1). Domains | (residues 8-101) and Il (residues 102—-184) are well-known B-
barrels, which together resemble the structure of chymotrypsin. Contrarily, domain 11 (residues
201-306) primarily consists of a-helices. Domains Il and 11, respectively, are connected by a
long loop (residues 185-200). Also, located in a cleft between domains | and 11, the MP™ active
site presents a catalytic dyad formed by the conserved Cys145 and His41 amino acid residues.
Equally important is the presence of a water molecule, which is a hydrogen atom bonded to
His41; it can give rise to the third component of a catalytic triad.?® It was indicated that domain
Il of MP™ is necessary for maintaining the proteolytic activity, which takes place by holding
domain Il and the long loop (residues 185-200) in a catalytically favorable orientation® and/or
orienting the N-terminal residues that play an important role for the catalytic activity of the

enzyme.?® To date, no human proteases with a similar cleavage specificity are known,
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suggesting that the inhibitors are unlikely to be toxic.® Based on this information, the present
work has the main purpose of computationally designing new and more effective drugs to
inhibition of the SARS-CoV-2 MP©,27-2

Y
Figure 1. Crystallographic structure of the COVID-19 virus MP™ enzyme with the co-

crystallized ligand 6-(ethylamino)pyridine-3-carbonitrile (PDB code 5R82) (up),*® and re-
docking result of the co-crystallized ligand through AutoDock Vina®! as implemented in the
MolAr software (down).*> Image generated in the Discovery Studio Software 4.5

https://discover.3ds.com/discovery-studio-visualizer-download.

Researchers worldwide are undertaking the search for a vaccine while others search for
a treatment regimen targeting SARS-CoV-2. Preliminary results demonstrated the application
of both chloroquine (CQ) and hydroxychloroquine (HCQ) to be promising treatments for
SARS-CoV-2.33% CQ, for instance, exhibits inhibition of the SARS-CoV-2 infection at

micromolar concentrations. Both compounds are classified as 4-aminoquinoline antimalarial
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drugs.®® However, further studies are needed to ensure the administration of these medicines is
safe. Given the exposure so far, this work aims to provide significant contributions to accelerate
the discovery of novel and efficient remediation methods against the damaging effects of
COVID-19.

Computational screening is now the prime focus for solving the crisis of SARS-CoV-2
infections. This is likely because such strategies reveal rational pathways for the development
of fast and efficient drugs. In this regard, the combination of quantum mechanics and molecular
mechanics calculations are robust tools for investigating a vast range of drug candidates, as well
as identifying potential molecular targets for the sites of action of these therapeutic agents.®” In
this work, the nitro derivatives of quinoline (Q) and quinoline N-oxide (QO) were
computationally investigated. The choice of these derivatives was predominantly based on the
nitration reaction they undergo, which is characterized by the replacement of a hydrogen atom
with a nitro group, and also because it is one of the most industrially used reactions, not
requiring the use of sophisticated equipment to be performed. This nitration reaction is therefore
extremely attractive since synthesis requires low-cost materials and simple reaction paths, and
any country can implement the large-scale manufacturing process for such products.®®#2 In this
context, this research explores new therapeutic alternatives to combat the SARS-CoV-2
outbreak by utilizing computational simulations at the Density Functional Theory (DFT) level,
molecular docking, and molecular dynamics methods as a well-reasoned strategy that provides
insights on the physicochemical properties as well as the interaction and reactivity of these
molecules as potential drug candidates.

RESULTS AND DISCUSSION

As a first step, we have performed DFT and TDDFT calculations for the nitro
derivatives of compounds Q and QO to better understand their electronic structure,
spectroscopic properties, and chemical reactivity. Figure 2 shows the electrostatic surface
potential for the optimised structure of all the nitro derivatives of Q and QO, which have
screened in this in silico study. Hence, we can also see that the charge distribution mainly
depends on the various orientations of the nitro groups - regions with negative potential (red)
that act as an excellent electron acceptor - that were added to the Q and QO compounds,
respectively, with the specific objective of conferring the most favorable interaction between

the drug and the target. Note also that the nitro group increases the polarity of these compounds,
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which is an attractive characteristic for pharmacological applications.*® Additionally, nitro
derivatives of QO compounds, in this case, have a more polarized structure. These slight
structural changes are responsible for modulating the biological activity of these compounds,
which may provide new clues for an in-depth interpretation of their microscopic behavior.
These theoretical findings are consistent with the molecular docking simulations performed in
this study.
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Figure 2. Optimised structures of nitro derivatives of (a) Q and (b) QO and computed
electrostatic potential maps with contour value of 0.004. Image generated in the GaussView 6.0

https://gaussian.com/gaussview®6/.

All compounds were also identified in terms of computed IR-active modes and UV-vis
absorbance spectroscopy, as we show in Figure S1. These results can easily be used to
distinguish the isomers obtained. In parallel, a comparison of the difference between the total
electronic energy (AE) for the computed Q and QO isomers, presented in Table S1, suggests
that both N-4-Q and N-4-QO compounds in terms of energy are more stable. Additionally, the
HOMO-LUMO gaps reveal a minor difference of 4.07 to 4.31 eV for nitro derivatives of Q and
of 3.11 to 3.69 eV for nitro derivatives of QO, respectively (see Table S1). In this case, a lower

HOMO-LUMO gap value for QO derivatives, in principle, suggests greater reactivity for these
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isomers compared to Q derivatives. Figure S2 shows the shape of molecular orbitals (MOs) for
all ligands studied. A detailed analysis of composition and localization of the MO reveals that
the HOMO energies are, in principle, insufficient to describe the chemical behavior of these
ligands. From the frontier effective-for-reaction molecular orbital (FERMQO) concept, the
reactions that are driven by HOMO, and those that are not, can be better explained for such

compounds.**4" These findings are consistent with previous studies.*®4’

To elucidate the modes through which our drug candidates interact SARS-CoV-2, the
crystal structure of the MP™ of the virus in complex with 6-(ethylamino)pyridine-3-carbonitrile
was downloaded for study.*® Once the enzyme had been prepared, the molecular docking
protocol was initiated. In the first part of this investigation, re-docking calculations were
performed using the MolAr software,*? with implementation of the AutoDock Vina program.!
To determine the ideal docking parameters, these re-docking calculations were performed
according to the orientation and conformation adopted by the experimental co-crystallised
active ligand present in the binding pocket. It is important to notice that the MP™ enzyme used

in this work was found in its native form.

The small RMSD variation (0.94) obtained from the re-docking calculations, suggested
that the program was able to correctly and efficiently simulate the experimental results for the
respective ligands. This preliminary outcome indicated that the conformational deviation of the
molecular docking technique was suitable for our purposes and that the method was highly
sensitive and specific. The re-docking overlap is presented in Figure 1. To simulate the modes
through which our drug candidates interact with the SARS-CoV-2 MP™ enzyme, we employed
the best parameters provided by the data from the re-docking study carried out with the co-
crystallised active ligand. All the computed interaction energy results are displayed in Table S2
and S3 in supplementary material.

As shown in Table S2, all the drug candidates studied (i.e., nitro derivatives of Q and
QO) interacted well with MP™ active site, with interaction energy values in the range of -4.3 to
-5.0 kcal mol™. Some of the nitro-QO compounds, such as the inhibitors N-4-QO, N-9-QO, N-
8-QO0, together with QO, had slightly more stabilising interaction energy values than those of
their corresponding nitro-quinolines (Table S2). In general, it is noteworthy that the compounds
studied had a greater affinity for MP™ than the co-crystallised ligand did (the latter showing an
interaction energy value of —3.9 kcal mol™?). In order to assess the potential of such findings,
using the same protocol, docking procedures were performed with the commercial drugs CQ

and HCQ, and their interaction energy values were found to be -2.8 and -2.3 kcal mol?,
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respectively. A remarkable trend could be observed from these outcomes. Note that all of our
drug candidates presented lower interaction energy values than CQ and HCQ, with a significant
energy difference, of up to 2 kcal mol™. Additionally, our study showed that the many of the
nitro-QO compounds led to a more stabilising interaction energy in the MP™ active site. Based
on these findings, we also investigated the chloroquine and hydroxychloroquine N-oxides forms
(denoted as CQO and HCQO), which displayed a significant improvement in interaction energy
values of -3.0 and -3.1 kcal mol™, respectively. Interestingly, the interaction energy of HCQO
was almost 1 kcal mol™* more stabilizing than that of HCQ. This trend was deeply analyzed
using molecular dynamics (MD) techniques. The influence of the N-oxide group was also
investigated at different sites and through different combinations for the CQO and HCQO
compounds (Table S3). According to that table, with all combinations investigated, we can
observe that no improvement in interaction energy was detected for CQO. On the other hand,
for HCQO, the presence of the N-oxide group at some sites led to slightly more favorable
interaction energies. See table S3 for more details. Herein, our main goal was to determine
whether the inhibitors studied could target the MP™ enzyme. The molecular docking pose of
each drug candidate indicated that they could indeed fit accurately within the substrate-binding

pocket.

In the case of SARS-CoV-2 virus MP enzyme, the protomer is composed of three
domains, as commented previously (see Figure 1). The enzyme has a Cys145-His41 catalytic
dyad, and the substrate-binding pocket is known to be located in a cleft between domains I and
118 Hence, the structural features determined from these data are important for guiding our
assessment of the interaction modes of the inhibitors in the MP™ active site. As shown in Figure
3, the N-4-QO performed hydrogen bonds with all the residues and the water molecule of the
catalytic triad. In fact, these specific interactions constitute one of the parameters analysed in
this docking study. This same trend is not observed for inhibitor N-4-Q, suggesting that the N-

oxide version of this ligand adopts a more favourable conformation which allows for its
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interaction with the catalytic triad, resulting in a slightly more stabilizing interaction energy.
Similarly, the interactions performed by the other ligands can also be observed in Figure 3.

Figure 3. Intermolecular interactions performed by the inhibitors (A) N-4-Q, (B) N-4-QO, (C)
CQ, (D) CQO, (E) HCQ and (F) HCQO in the MP™ active site. Image generated in the Visual
Molecular Dynamics 1.9.3 https://www.ks.uiuc.edu/Research/vmd/.



https://www.ks.uiuc.edu/Research/vmd/

82

From the molecular docking calculations, it was possible to deduce that our drug
candidates had a more stabilizing interaction energy effect than CQ and HCQ in the MP™
binding pocket. To better assess the interaction modes of our inhibitors, N-4-Q and N-4-QO
were chosen as representatives of the set for MD simulations. Likewise, the same calculations
were performed for CQ and HCQ and their N-oxides CQO and HCQO (see Figure S3).

Additionally, in this study, the dynamic behavior of complexes MP/N-4-Q, MP"/N-4-
QO, MP/CQ, MP/CQO, MP/HCQ, MP/HCQO inside the SARS-CoV-2 MP enzyme was
investigated. The extracted frame, which was considered the representative conformational
structure for all inhibitors throughout the MD simulation, corresponds to the average of the
RMSD value. By analyzing the results of the RMSD plots, it was observed that most of the
deviations from the N-4-Q and N-4-QO structures were very small, not exceeding 0.5 A, i.e.,
these ligands are well-accommodated in the SARS-CoV-2 MP™ active site according to Figures
S4 and S5.

To get more insights into the intrinsic reactivity of each one of these ligands, in this
study, we have performed the analysis of the strain effect along the MD simulation. Since these
factors have a pivotal role and affect the reactivity of these ligands.*>*° In the present study, the
strain effect along the MD simulation can be clearly visualized by the overlap of the initial (red)
and representative (blue) structures obtained after 20 ns of simulation, as shown in Figure 4.
Based on that figure, we note that our compounds N-4-Q and N-4-QO showed a slight bending
at the quinoline ring (strain), which makes this compound in principle more reactive, resulting
in a small oscillation according to the RMSD graphs (Figures S4 and S5). Importantly, this
trend is essential because it indicates a low variation of strain (deformation of the ligand along
simulation), reaching a stabilizing conformation more quickly. On the other hand, due to larger
molecular mass and bulk of the CQ, HCQ and their corresponding oxides, there was a very
higher variation of strain (Figures 4 (c — f)). We believe that this slight strain can induce a high

intrinsic reactivity for these ligands.
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Figure 4. Overlap of the initial (red) and representative (blue) structures of the 20-ns simulation
of MD. Image generated in the Discovery Studio  Software 4.5

https://discover.3ds.com/discovery-studio-visualizer-download.

As shown in Figure 5 (a), the N-4-Q compound performed hydrogen bond interaction
with Cys44 (2.78 A) and hydrophobic interactions with Thr45, Ser46, Met49, GIn189, His41,
Val42, Metl65, Glul66, Hisl64, Cysl45, Hisl63, Serld4, Glyl43, respectively. These
interactions are essential in inhibiting the enzymatic activity of MP™ and are in accordance with
some other studies,®* 2 as well as the docking results of this work. By analyzing the graph of
hydrogen interactions (see Figure S4), we found that the compound N-4-Q performed up to
three hydrogen bond type interactions. However, there was only one effective interaction that
occurred during the entire 20 ns of MD simulation, which is according to the pharmacophoric
map (see Figure 5 (a)). In turn, the N-4-QO compound was stabilized by four hydrogen bonds
with His41 (2.93 A), His163 (2.72 A), Gly143 (3.01 A), Ser144 (3.04 A), and hydrophobic
interactions with Met49, Ser46, GIn189, Glul66, Metl65, His164, Pro39, Leu27, Cysl145,
Glyl46, and Serl47, respectively, as shown in Figure 5 (b). According to Zhang and
coworkers,>® in the catalytic site, the residues Glu166, His41, and Gys145, respectively, are key
species of the target protease. Thus, the interaction of these amino acids with inhibitors is
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essential for blocking the enzymatic activity of MP™. Additionally, it is observed that the N-4-
QO can make up to three bonds during the trajectory; however, occurs only one hydrogen bond

in most of the entire simulation (Figure S5).

In the case of the dynamic behavior of both CQ and CQO compounds, we have
observed that CQ remained unstable over the 20 ns of simulation, as shown in Figures S6. On
the other hand, CQO remained stable during the same period of simulation. The CQ compound
presented large oscillations in the MP™ active site, by rotating the N-diethyl-pentane-1,4-
diamine portion. This ligand has many rotatable bonds, and because of the exposure to the
solvent, this increases the ligand flexibility, making it more unstable in the active site. For the
simulation with CQO, this ligand was better accommodated in the MP™ site over the 20 ns of
simulation, and this fact leads us to believe that this oxo form significantly contributes to the
compound stabilization. Although the RMSD deviation was high when compared to N-4-Q and
N-4-QO compounds, they are coherent since the chemical structures of CQ and CQO are
bulkier and had a larger molecular mass, as well as several rotatable bonds. Consequently, there
is a change in the conformation (Figure 4 (c) and (d)), further increasing the flexibility of the
inhibitors, and therefore is expected a more significant oscillation in the RMSD (see Figures S6
and S7). Through the pharmacophoric map, as shown in Figure 5 (c), hydrophobic interactions
can be observed with the residues Asn119, lle43, Thr45, Cys44, Ser46, Met49 and Gly143. We
can also notice a halogen bond with the Asn142 amino acid residue (3.22 A). On the other hand,
in the case of CQO, this inhibitor performed hydrogen bonds with GIn189 (2.78 A) and Met49
(2.30 A), together with several hydrophobic interactions, specifically with the residues Glu166,
Cys145, Cys44, Val42, Thr4s, Metl65, His4l, Ser46, Met49, Asn51, Pro52, Tyr54, Aspl87
and Argl188 (see Figure 5 (d)). These results are in accordance with the Hydrogen bond graph,
since up to two hydrogen bonds are observed during the 20 ns of simulation (Figure S7).

Likewise, the HCQ compound remained stable in the MP™ active site after 7.0 ns of
simulation, mainly due to many conformational changes (Figure S8), such as in relation to the
amino-pentyl(ethyl)aminoethanol group that underwent rotation, resulting in a more
energetically favourable conformation compared to its initial chemical structure, i.e., thus
decreasing the RMSD value (Figure S8 and Figure 5 (e)). However, the final configuration of
HCQ had less strain than CQ. Therefore, we can speculate that the minimum strain, which is

associated with a low RMSD value, is directly related to the toxicity of these compounds.
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As shown in Figure 5 (), the HCQ exhibit one hydrogen bond with Gly143 (2.10 A),
Asn119 (2.46 A) and Met49 (2.30 A), and several hydrophobic interactions with the residues
Tyrl18, Leu27, Serl44, Cysl45, Pro39, Thr26, Asn28, Val42, Thr45, Cys44, Ser46 and
GIn189, respectively. Through the Hydrogen bond graph, it was observed that for this
compound after equilibration in the active site, up to three hydrogen bonds could be
accomplished (Figure S8). While the HCQO compound showed the RMSD value of around
2.5A, due to the structural distortions in the N-diethyl-pentane portion during the 20 ns of
simulation (Figure S9). The oscillation of the ligand in the site resulted in a less energetically
favorable conformation compared to its initial chemical structure (Figure 4 (f)). Also, this
compound performed three hydrogen bond interactions with Thr190 (2.98 A), GIn189 (1.89 A)
and His41 (1.70 A) and hydrophobic interactions with Cys145, Met49, Ala191, Glul66,
Prol68, Leul67, Argl88, GIn192, Phel81, Metl165, Vall86, His164, Cys85 and Aspl87,
respectively, as we show in Figure 5 (f). Considering the hydrogen graph (Figure S9), the
HCQO can make up to five hydrogen bonds.

In order to confirm the structural stabilization in the simulation environment, the RMSF
was calculated from the average position of each amino acid residue of MP™ (Figures S4-S9).
Higher RMSF values indicate that the residues have undergone major changes, corresponding
to regions of loops. On the other hand, for the residues of the active site region and the alpha-
helices/beta sheets regions, there is a lower RMSF value, thereby revealing the increased
stability of these areas. The regions of loop are freely exposed to the solvent to a larger degree,
and according to the graphs, we can observe that the sidechain has the largest variation of
RMSF, indicating greater degree of freedom, that is, larger flexibility. In addition, the backbone
presented a low variation of RMSF, this is expected because these residues are found in central
regions of the protein, for example, inside the active cavity. Finally, it was possible to notice,
from the RMSF values of the protein structure, the inexistence of large oscillations, maintaining

itself conserved during the whole process of simulation.

From the MD simulation, we have estimated the interaction energies for all cases
studied: N-4-Q (-96.54 kJ mol?), N-4-QO (-107.35 kJ mol™?), CQ (-100.65 kJ mol?), CQO (-
82.27 kJ mol?), HCQ (-116.60 kJ molt), HCQO (-148.20 kJ molt). An important outcome
observed in this study is that the majority of the N-oxide compounds had an energetically more
favorable affinity at the MP™ active site than their Q counterparts. These findings are consistent

with the molecular docking calculations. The existence of intermolecular interactions strongly
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guides these trends. Note that the N-4-QO performed more hydrogen bonds than N-4-Q, as
shown in Figure 5. This fact helps explain the more stabilizing interaction energy found for N-
4-QO. From the pharmacophoric maps shown in Figure 5, the accomplishment of hydrogen
bonds, along with the hydrophobic interactions, are key to understand the biological activity of

these inhibitors.



87

MET

THR :
(A) (B) o
GLN HIS
# A:189 A:164
A:44
GLU
. HIS
0 A:166 Eiad
B SER
. GLY E
A:46 - A A:143 A:46 i
- - AN
N \\0
MET ; : :
A:49 GLN i SER ars
A:189 A:144 N R
cYs
MET | :
A:49 Q A:145 SER
:-!151 VAL MET G S A:147
’ : . : A:145 HIS GlY
A:42 A:165 A:166 A163 — £
A27
GLY SER
HIS A143 A:144
A:164
© o @ m
ASN ] :
A:119 A:142 VAL A1 :45;1
A42 -
ILE
A:43 s MET MET }
A4 THA265 , A$9 /
A4S SER VAN
[ A46 Ge N
: \" </
H H > ¢
GLY X i / \
A:143 RN —( —g
‘ N \'\’/' \—/
~ - N ‘ / ri Y4
4 ' | /
BH l A§;:..;‘9
A:145 :
MET & ARG
THR A:49 K1zt
A:45 o A:187
At AS4
3 SER 2
&Y A:46 6L
A:166
(E) PRO (F) L
A39 e A
A:168 THR
SER AG-:Lll(:s A:190
Al44 atn 3 ::;(ga m
A6 ASN MET A:181
GE A49 i e
Gy cYs A:191 lef“gzms
- |
A27 " : 7 s 1S A:i6s VAL
- TYR “ / . e~ W A:186
A118 Y ;_" " E /L\ v P
.-""K / AN Ac\gssAzun
ASH e ® i ‘ :
Al19 - ']\ \) U Ji
A NN
GLN ‘
. A:189 é
. A6
e
:f:lz A3 m
: A4l
THR
A4S o~ e
A:145

A44
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Image generated in the Discovery Studio Software 4.5 https://discover.3ds.com/discovery-

studio-visualizer-download.
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Yet, the success of a novel drug candidate is commonly attributed to diverse factors,
including their bioactivity, rich pharmacokinetic (PK) and pharmacodynamics (PD) profiles, as
well as toxicity. It would be therefore of huge interest to investigate these properties in the
preliminary stages to in silico design of safer and more efficient drugs. Hence, the ADMET
evaluations involve sequential and iterative assessments of the efficacy, PK, PD, metabolic and
toxicological properties in the model of potential drug candidates.> From the ADMET results,
the theoretical parameters of toxicity (LDso) were obtained for each compound: N-4-Q (2.53
mol/kg), N-4-QO (2.56 mol/kg), CQ (2.95 mol/kg), CQO (2.68 mol/kg), HCQ (2.66 mol/Kkg),
HCQO (2.69 mol/kg). We can observe that the parameter toxicity slightly varied from N-4-Q
to N-4-QO, suggesting that the toxicity of these compounds is essentially equal. Similarly, this
trend also is observed for HCQ and its corresponding N-oxide (HCQO). On the other hand, we
have noticed a more significant variation for CQ and CQO compounds, indicating that CQO
theoretically presents a higher level of toxicity. In addition, these molecular calculations also
showed that HCQ is more toxic than CQ. Yet, this trend does not corroborate with previous
experimental results.® It is essential to highlight that the molecular results obtained do not take
into account the effects of the counterion and, for this reason, suggest a different trend to the
experimental findings previously reported.®® In particular, this divergence most-likely is related
to the fact that the commercially used HCQ is a salt-based on hydroxychloroquine sulfate, while
the CQ used is a salt-based on chloroquine diphosphate. It additionally is well-known that the
counterion has a substantial effect not only on its biological activity but also on the toxicity of
such compounds as well.>%° Therefore, our molecular results indicate that the presence of
phosphate groups contributes to increasing the toxicity of CQ in the treatment of the SARS-
CoV-2 infection. Consequently, we can conclude that for the same type of salt used, it is

expected CQ to be less toxic than HCQ, according to the molecular trend observed in this study.

In the last part of this investigation, we carried out new molecular docking calculations
with three selected a-ketoamide derivatives (known inhibitors of coronavirus protease
enzymes).®® Consequently, this strategy might provide a more detailed data comparing their
interaction modes in the MP™ active site for these drugs designed. As such, the chemical
structures of the a-ketoamide inhibitors and biological activities are shown in Figure S10 of
supplementary material. Based on the newly obtained results, the compounds 11n, 11r and 11s
exhibited interaction energies of approximately -6.4 kcal mol?, -6.9 kcal mol™* and -7.0 kcal
mol™, respectively. From these results, note that these compounds showed slightly more

stabilized interaction energies in comparison with those of our drug candidates. As such, the
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intermolecular interactions with residues from the active site can be observed with more details
in Figure S11. In parallel, from the ADMET analysis can be observed that a-ketoamide
compounds showed LDso values of 2.56 mol/kg (for 11n), 2.33 mol/kg (for 11r) and 2.43
mol/kg (for 11s). These results suggest that a-ketoamide in comparison to our compounds is
likely more toxic. In face with these theoretical outcomes, we can notice that our drug

candidates demonstrate potential to be used as therapeutic agents for the COVID-19 treatment.

CONCLUSION

We conclude that this in silico study to contribute toward the rational design of new and
more efficient drugs for the treatment of SARS-CoV-2 infection. Hence, the most important
lesson from this structure-based study was that the QO derivatives are better inhibitors than
their Q counterparts. In light of these results, we can suggest that in vitro and in vivo
experiments be urgently carried out to investigate the nitro derivatives of QO further, since
there is as yet no efficient treatment for this disease. Finally, we emphasise that these
compounds can be easily produced on a large scale (at a low-cost), making them a promising
treatment option against SARS-CoV-2 infection.

METHODS

Datasets: Herein, the crystal structure dataset for SARS-CoV-2 virus MP® enzyme was
obtained from the Protein Data Bank (PDB; accession ID: 5R82, resolution 1.31A).3° Then, full
optimizations and frequencies of nitro derivatives of Q and QO were achieved at B3LYP level
of theory with 6-31+g(d,p) basis set in the Gaussian 09 package.®* For a better description of
the electronic parameters, it was also performed single-point energy Time-Dependent DFT
(TD-DFT) calculations at B3LYP/6-31+g(d,p) level.

Molecular Docking: The molecular docking was conducted with the tool AutoDock Vina
(version 1.1.2),%! as implemented in the MolAr (Molecular Architecture) software.®? For the
crystallographic MP™ structure preparation, the loop regions were rebuilt using the Modeller.®2
The ions and water molecules were removed from the original PDB, with the exception of water
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molecules that were in the MP™ active site. The addition of polar hydrogen atoms was performed
according to the protonation state of the receptor at pH 7.4, by using the Chimera software.®?
For the docking protocol, the MP™ enzyme and the structures of Q and QO derivatives were
used as receptor and ligands, respectively. The grid box was centered on the co-crystallized
ligand (6-[ethylamino]pyridine-3-carbonitrile) of SARS-CoV-2 virus MP™ enzyme (5R82), and
the coordinates were x = 12.053, y = -0.871 and z = 24.157, with 1 A spacing. Docked poses
were then selected on the basis of scoring functions and protein—ligand interactions. Binding
interaction figures were generated using Discovery Studio 2017 R2.%* AutoDock Vina employs

the Iterated Local Search global optimizer.3!

Molecular Dynamics simulations: In a further theoretical insight, the key docking complexes
were evaluated by molecular dynamics (MD) simulation using the GROMOS54A7 all-atom
force field®® and performed using GROMACS 5.1 software.®>® The MP® complexes were
inserted into a 12 A water box with the SPC solvation model, and sodium and chlorine ions
were added for charges neutralization under periodic boundary conditions. The calculation of
electrostatic interactions was then performed by using the Particle Mesh Ewald method with a
cut-off of 12 A and time step of 1 fs. Initially, complexes were minimized over 5000 cycles
using the steepest descent algorithm. After the minimization, a 500 ps equilibration was done
in the NVT ensemble slowly increasing the temperature from 50 to 300 K, using Berendsen
thermostat. In order to equilibrate the pressure of the system, a NPT equilibration was
performed employing Parrinello-Rahman barostat®’ to maintain the system pressure of 1 bar.
After the equilibration of the systems, they were submitted to a MD production step with 20 ns
of simulation and a 1 fs integration time. Atom trajectories were analyzed using Visual
Molecular Dynamic (VMD, version 1.9.3).% Due to the experimental inexistence of acute
toxicity data for these compounds, in principle, we also provide a theoretical estimation for the
LDso values from the using of a rat model-based admetSAR predictor, which is freely available
online at http://Immd.ecust.edu.cn:8000/.
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SUPPLEMENTARY MATERIAL

Computational evidence for nitro derivatives of quinoline and quinoline N-oxide as

low-cost alternative for the treatment of SARS-CoV-2 infection



Table S1. Analysis of electronic properties of nitro derivatives of Q and QO.

System  AE (keal/mol) Bandgap Hardness Softness Electronegativity Electrophilicity

E, (eV) n (eV) S (eV) X (eV) o (eV)
N-2-Q 9,65 4.15 2.08 0.48 -5.07 51.36
N-3-Q 0,52 4.24 2.12 0.47 -5.22 54.47
N-4-Q 0,00 4.23 2.11 0.47 -5.23 54.73
N-5-Q 3,64 4.20 2.10 0.48 -5.24 54.98
N-7-Q 7,76 431 2.15 0.46 -4.99 49.73
N-8-Q 1,32 4.07 2.04 0.49 -5.25 55.05
N-9-Q 1,51 4,19 2.09 0.48 -5.15 52.96

Bandga Hardness Softness Electronegativity Electrophilicit
System A (keal/mol) (egvf n@V) S(EV) § (e\% y . ('ZV) y
N-2-QO 11.75 3.69 1.84 0.54 -4.53 41.04
N-3-QO 0.15 3.24 1.62 0.62 -4.93 48.59
N-4-QO 0.00 3.18 1.59 0.63 -4.92 48.46
N-5-QO 3.63 3.11 1.56 0.64 -4.93 48.66
N-7-QO 7.56 3.56 1.78 0.56 -4.72 44.65
N-8-QO 2.14 3.19 1.60 0.63 -5.00 50.00

N-9-QO 12.08 3.49 1.75 0.57 -5.02 50.48
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Table S2. Interaction energy (in kcal mol™?) of nitro derivatives computed through AutoDock

Vina program.

Nitro group Interaction Energy Nitro group Interaction Energy
position (kcal mol?) position (kcal mol)
N-4-QO -5.0 N-4-Q -4.6
N-9-QO -5.0 N-9-Q -4.6
N-7-QO -4.9 N-7-Q -5.0
N-2-QO -4.8 N-2-Q -4.8
N-5-QO -4.8 N-5-Q -4.8
N-8-QO -4.8 N-8-Q -4.6
N-3-QO -4.5 N-3-Q -4.5

QO -4.5 N-1-Q -4.3
CQO -3.0 CQ -2.8
HCQO -3.1 HCQ -2.3

*Q = quinoline, QO = quinoline N-oxide, CQO = chloroquine N-oxide, CQ = chloroquine, HCQO =
hydroxychloroquine N-oxide, HCQ = hydroxychloroquine, N = nitro group.



99

Table S3. Interaction energy (in kcal mol™?) of chloroquine and hydroxychloroquine derivatives

computed through AutoDock Vina program.

Y

Site 2 JW ( Site 2 /L/\/ (\OH
\HN $\/ \HN e

Site 3 Site 3
Site 1 Site 1
Oxide group Interaction Energy Oxide group Interaction Energy
position (kcal mol?) position (kcal mol)
Sites 1,2 -2.9 Sites 1,2 -3.2
Sites 1,3 -2.4 Sites 1,3 -2.9
Sites 1,2,3 -2.6 Sites 1,2,3 -2.8
Sites 2 -3.0 Sites 2 -3.4
Sites 2,3 -3.0 Sites 2,3 -3.3

Sites 3 -2.9 Sites 3 -3.3
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Figure S3. Chemical structures of the species employed in the MD simulations.
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20 ns simulation of the N-4-Q.
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Figure S5. RMSD, Total Energy, Hydrogen Bond, Interaction Energy and RMSF graphs of a

20 ns simulation of the N-4-QO.
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20 ns simulation of the CQ.
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Figure S7. RMSD, Total Energy, Hydrogen Bond, Interaction Energy and RMSF graphs of a

20 ns simulation of the CQO.
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simulation of the HCQ.
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20 ns simulation of the HCQO.
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ABSTRACT

In this in silico study, the different pharmaceutical co-crystals based on the
(hydroxy)chloroquine with the macrolide antibiotics (azithromycin, clarithromycin, or
erythromycin A) was analyzed for the first time. These findings present a new molecular
perspective and, therefore, suggest that the combination of (hydroxy)chloroquine/azithromycin,
in the stoichiometric ratio of 1:1, as model co-crystals systems have less toxicity as well as is
the most effective for inhibiting the new coronavirus SARS-CoV-2.

Keywords: (hydroxy)chloroquine; macrolide antibiotics; co-crystals; SARS-CoV-2;

Molecular Modelling

1. INTRODUCTION

Recently, enormous efforts have widely been focused on facing a new coronavirus,
SARS-CoV-2, disease designated as COVID-19.Y The World Health Organization (WHO),
declared COVID-19 outbreak as a new pandemic, on March 11, 2020.1 In order to contribute
to the front line of the fight against this disease, researchers worldwide are moving the
investigation of an effective treatment regimen (based mainly on known drugs) against infection
caused by the SARS-CoV-2 virus.'>I Most recently, the combination of drugs as, for example,
the (hydroxy)chloroquine with azithromycin (AZ) has been used as a strategy and also clinically
tested to treat the SARS-CoV-2 outbreak.[® 1! As yet, the possible benefits of this therapeutic
option are still being debated.®! It is additionally expected, however, that computational
screening can aid in accelerating the discovery as well as the development of new and more
effective drugs against SARS-CoV-2.14 To the best of our knowledge, no study reports the
benefits of using pharmaceutical co-crystals to treat patients with infection caused by the
SARS-CoV-2 virus. However, a simple consultation of the literature suggests that
pharmaceutical co-crystals research has become a prevalent theme in the last years.[?¢l

Particularly, pharmaceutic co-crystals are usually defined as multicomponent crystals
that incorporates two or more drugs.[**'48l These co-crystals exhibit different and improved
physical-chemical properties, and thus, they are widely considered good candidates for diverse
therapeutic applications.** Also, a large variety of synthetic strategies has been successfully
developed to obtain controlled pharmaceutical co-crystals with different structures. Notable

examples include solid-state grinding, solution- and melt-crystallization, solvent evaporation,
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and so on.[*214-171 Therefore, in this perspective, we believe that a computational model of co-
crystals systems is essential to gain further insight into their biological activity, aiding directly

in the emergence of new experimental research to confront COVID-19.

In this paper, we have selected the (hydroxy)chloroquine with the macrolide antibiotics
(such as AZ, clarithromycin (CL), or erythromycin A (ER)), in the stoichiometric ratio of 1:1,
as a co-crystal model system to a computational screening study. First of all, these compounds
were selected because of some preliminary clinical studies.[5'% Second, the AZ and CL are
well-known semi-synthetic derivatives of ER, the first and most-known macrolide antibiotic to
be isolated in 1952.[1%21 These macrolide antibiotics are mainly used to treat patients with
certain infections of the respiratory tract.?l Also, it is well-known that the combination of AZ
with antimalarial drugs (e.g., (hydroxy)chloroquine), shows some crucial benefits for the
treatment of malaria.l??! A third relevant aspect of this study is that both (hydroxy)chloroquine
and macrolide antibiotics usually crystallize in a monoclinic structure according to the CSD
(Cambridge Structural Database),?®1 which is fundamental for the construction of these co-
crystals model systems. Therefore, in this perspective, we have developed the first theoretical
model of co-crystals applied in the treatment of SARS-CoV-2. We believe that this strategy can
bring additional benefits to the use of this therapy as well as contributing to a better

understanding of a molecular point of view.

2. COMPUTATIONAL DETAILS

Six co-crystal model systems were prepared in this study, as shown in Figure 1, and
are based on the combination of (hydroxy)chloroquine (denoted as HQ and CQ, respectively)
with the AZ, CL or ER antibiotics, in the stoichiometric ratio of 1:1. As a strategy, the unit cell
of these compounds was here replicated to the investigated set of single- and co-crystals, that
is, their structural parameters have maintained close as possible. All these model systems were
then optimized (as the starting point for docking studies) and their structural and vibrational
properties were fully evaluated at the PM6 theoretical level, from using the Gaussian 09
package.?!! In order to better describe the electronic/optical properties for these model systems
have also been employed the Kohn—Sham time-dependent density functional theory (TDDFT)
using the B3LYP functional with the 6-31+G(d,p) basis set. In addition to the partial charges of
the atoms was also elucidated by the natural bond orbital (NBO) calculations.
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(d) (e) (f)

Figure 1. Representation of optimized co-crystal structures in this study. (a) CQ/AZ; (b)
CQI/CL; (c) CQ/ER; (d) HQ/AZ; (e) HQ/CL and (f) HQ/ER.

In the docking studies, the affinity of the single and co-crystals in the MP™ active site
was investigated. The compounds were then docked inside the crystallographic structure of
viral protein MP (PDB code 6LU7; resolution = 2.16 A),®! using the Molegro Virtual Docker
program (MVD®),?! taking into account the same procedures employed previously.l?’-2°]
According to our calculation protocol, it was considered a radius of about 20 A, where the
residues of the catalytic triad were kept as flexible. Due to the nature of the docking methods,
the calculations were carried out, generating approximately 50 poses (hence such as

conformation and orientation) for each ligand studied.

In the MVD program, the MolDock score algorithm method used as a scoring function
is based on the piecewise linear potential, which fundamentally is a simplified potential whose
parameters are in turn fitted to protein-ligand structures, binding data scoring functions and
further extended in Generic Evolutionary Method for molecular docking, including a new
hydrogen bonding term as well as new charge schemes.[?8! Along this line, the docking scoring

function values, Escore, are usually defined by Eq. 1:
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Escore = Einter t+ Eintra (1)

Wherein:

Einter = Z z [EPLP (rif) +332.0 erzj

ieligand jeprotein Y

| @

Note that the EpLp represents ‘‘piccewise linear potential’’, which consists of two
different parameter sets, as described forward: one for the approximation of the steric term (i.e.,
Van der Waals) among atoms, as well as the other potential for the hydrogen bonding. As can
be seen, the second term is, of course, related to the electrostatic interactions among overloaded
atoms. Typically, it is a Coulomb potential with a dielectric constant dependent on the distance
(which can be approximately described as D(r) = 4r). Hence, for this, the numerical value of
332.0 is then responsible for the electrostatic energy unit to be given in kilocalories per
molecule, as well.[?8]

Eintra Is defined as the internal energy of each ligand. That is:

Foma= ). ). EupGi)+ > A[l=cos(m.6 - 6,)] 3
ieligand jeligand flexiblebonds
+ Eclash

Note that the first part of the equation (double summation) is among all pairs of atoms
in the ligand, taking off those connected by two bonds. Thus, in this equation, the second term
denotes the torsional energy, where 0 is the bond's torsional angle. Hence, if several torsions
could be determined, then, each torsional energy is considered as an average among them.
Being that the last term of this equation, Eciash, attributes (not taking into account infeasible
ligand conformations) a penalty incurred of about 1.000 in those exhibiting the distance
between two heavy atoms (e.g., with more than two bonds apart) is smaller than 2.0 A.[¢] Thus,
in the MVD program, the docking search algorithm is based on the whole the interactive
optimization techniques (inspired by Darwinian evolution theory), which implies a new hybrid
search algorithm conveniently so-called guided differential evolution. As such, this hybrid
combines a differential evolution optimization technique with a cavity prediction algorithm
during the search process. As a result, this approach leading that way a simple, fast, and accurate

description of potential binding modes (poses).[?62031
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In order to validate the docking algorithms, we performed re-docking calculations. This
procedure was based on the orientation and conformation adopted by the experimental co-
crystallized active ligand present in the binding pocket. The RMSD variation (1.24 A)
suggested that the program was able to correctly and efficiently simulate the experimental
results for the respective ligands. The re-docking overlap is presented in Figure 2. The
parameters used in the re-docking protocol were maintained for the docking calculations of our

co-crystals.

Figure 2. overlap obtained from re-docking calculations of the experimental co-crystallized
active ligand N3 (PDB code: 6lu7) through MVD.

Additionally, taking into account the experimental inexistence of acute toxicity data for the
compounds employed in this study, and in order to estimate the theoretical values of the lethal
dose (denoted as LDsp), a rat model-based admetSAR predictor was used. Hence, this

admetSAR approach is freely available online at http://Immd.ecust.edu.cn:8000/.

3. RESULTS AND DISCUSSION

We started this study by analyzing frequency calculations for these co-crystals and the
thermochemical parameters obtained (at 298.15 K and 1.00 atm) from them using the standard

relations in the gas phase, and are given in Table 1. As such, the comparison of the difference


http://lmmd.ecust.edu.cn:8000/

118

between the total electronic energy (AE), used to predict the stability of these co-crystals
designed, presented in Table 1, suggests that the HQ/ER is the co-crystal more stable. In both
HQ/AZ and CQ/AZ co-crystals, we can evidence that it is the least stable in their respective
series. Thus, the stability order obtained for the computed co-crystals is HQ/ER > HQ/CL >
CQ/ER > CQ/CL > HQ/AZ > CQ/AZ, i.e., suggesting that HQ-based co-crystals are well more
stable than their CQ counterparts (see Table 1).

Table 1. Analysis of thermodynamic parameters computed for the co-crystals at the PM6
theoretical level.
AE H° S° Cv
Co-crystal (kcal.mol?) (kcal.mol?) cal (mol.K)* cal (mol.K)*

On the whole, the typical calculated Infrared (IR) spectrum is shown in Figure 3 (a-f).
According to these results, we have observed only positive modes suggesting that the structures
proposed in this study are well optimized and therefore represent a minimum of energy. Also,
the IR-active modes confirm of obtaining co-crystals with a monoclinic-like structure. These
results are consistent with experimental observations for both (hydroxy)chloroguine and
macrolide antibiotics, respectively.[*'2%2%1 As can be seen in Figure 4, the computed UV-vis
absorption spectrum of these co-crystals reveals only one well-defined peak. As such, the more
intense UV band located in the range of 617 nm to 771 nm for the HQ-based co-crystals (AZ
to ER) is due to a predominant HOMO-to-LUMO+2 transition. In comparison, for the CQ-
based co-crystals (AZ to ER) this UV band is located in the around of 624 nm to 955 nm (which
is due to a predominant HOMO-to-LUMO+3 transition for CQ/AZ and both CQ/CL and
CQI/ER is best assigned to HOMO-to-LUMO+2 transition), respectively.
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Figure 3. Simulated IR spectra of the co-crystals formed between (left) Chloroquine and (right)

Hydroxychloroquine with macrolide antibiotics at the PM6 theoretical level.

On the other hand, in all cases, we have observed a red-shift UV-vis absorption spectrum
of HQ-based and CQ-based co-crystals in the function of increasing structural polarization
(summarized by calculated dipole moment, as shown in Table 2). This was the main reason for
the slight variation in the angles and bond lengths observed in the studied models (Figure 1).
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Figure 4. Simulated UV-vis spectra and frontier molecular orbitals of the co-crystals using a
contour value of 0.020. For each co-crystal, the HOMO orbitals are represented on the left and

LUMO orbitals on the right in the same figure.

Additionally, the calculated value of the HOMO-LUMO energy gap (Eg), exciton
binding energy (Eg), hardness (1), softness (S), electronegativity (x), and electrophilicity (o)
values for the computed co-crystals at the TDDFT theoretical level are given in Table 2.
According to the Eg values, we notice an increase in the order: CQ/AZ < CQ/ER < HQ/ER =
HQ/AZ < HQ/CL < CQ/CL. Our results also suggest better chemical stability for the CQ/CL
co-crystal. In addition, these HQ-based and CQ-based co-crystals have an Eg values range of

0.07 eV to 0.47 eV, which is typical of the organic crystals containing aromatic groups.4

Based on this analysis, supported by theory,537 we identify that HQ and CQ moieties
are donor states, and the AZ, CL, or ER moieties are acceptor states. As such, the frontier
molecular orbital analysis is illustrated in Figure 4 to view the energy and charge transfer
process (denoted as Ecr) that occurs in these co-crystals. In general, this process has a profound
impact on its functional properties of these model systems. Particularly the electronic excitation
and natural bond orbital (NBO) analysis was performed using TDDFT theoretical level and

hence can be used to measure Ect. Thus, in this perspective, the stabilisation energy (E2)
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associated with the delocalisation of electrons between the electron donor NBO (i) and the
electron acceptor NBO (j) is evaluated according to the following equation.83

N F(i,j 2 Fiz'
E, = AE(lJ)=qi%=in—é @

where g represents the orbital occupancy, ¢ and &j are diagonal elements (i.e., orbital energies),
and Fj is the off-diagonal NBO Fock matrix element. From these calculations, we have
calculated the Ect for these co-crystals, as shown in Table 2. As expected, the HQ-based co-
crystals have higher values of Ect than their CQ counterparts. Consequently, in this case, we
identify that the Ect process is slower and hence can more easily induce symmetric structural
polarization. For the CQ-based co-crystals, this result suggesting a fast Ect process that can

more likely induce an asymmetric structural polarization.

Table 2. Comparison of dipole moment, HOMO-LUMO energy gap, exciton binding energy,
hardness, softness, electronegativity and electrophilicity values for the computed co-crystals at
the TDDFT theoretical level.

Co-crystal Eq (eV) Es (eV) Ecr i (D) n (eV) S (eV?) X (eV)
CQ/AZ 1.22 0.26 0.009 -1.03 0.61 0.82 1.03 0.43
CQ/ER 1.26 0.07 0.141 -1.02 0.63 0.79 1.02 0.44
CQ/CL 1.46 0.47 0.337 -0.94 0.73 0.68 0.94 0.52
HQ/AZ 1.44 0.26 0.019 -1.10 0.72 0.69 1.10 0.46
HQ/ER 1.44 0.26 0.632 -1.13 0.72 0.70 1.14 0.45
HQ/CL 1.45 0.28 0.350 -1.12 0.73 0.69 1.12 0.46

According to the above co-crystal structure analysis, the molecular docking calculations
were performed to adjust the ligands in the MP™ active cavity, evaluating the affinity among
them. For this study, a cavity prediction algorithm based on a 3D box was employed in order
to generate the binding sites. Thus, the volume of the calculated active cavity was

approximately 130.56 A3,
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In order to understand the interaction modes of these single- and co-crystals within the
SARS-CoV-2 MP™ active site, in particular, some parameters that contribute to affinity were
investigated. Table 3 shows the intermolecular interaction energy values and theoretical toxicity

prediction for the ligands under study.

Table 3. Values of the parameters obtained by molecular docking calculations for the
single- and co-crystals within the SARS-COV-2 MP™ active site through MVD® software
and toxicity prediction through ADMET.

Co-crystal Interaction Energy Toxicity (LDso)
(kcal mol?t)
AZ -213.2 2.54 mol kgt
CL -205.0 2.72 mol kgt
CQIAZ -275.3 2.74 mol kgt
CQ/CL -240.9 2.75 mol kg
CQ -141.7 2.95 mol kg*
CQ/ER -229.8 2.75 mol kg*
ER -213.1 2.23 mol kg*
HQ/IAZ -280.7 2.74 mol kg!
HQ/CL -259.6 2.75 mol kg
HQ -162.6 2.63 mol kg™
HQ/ER -275.7 2.75 mol kg'!

As shown in Table 3, all the single- and co-crystals studied interacted very well with
MP™ active site, with interaction energy values in the range of -141.7 to -280.7 kcal mol™. We
can also observe that the co-crystal formed by unities of HQ and AZ showed the most stabilizing
interaction energy (-280.7 kcal mol™), followed by the co-crystals HQ/ER (-275.7 kcal mol™?)
and also CQ/AZ (-275.3 kcal mol™). The conformation of HQ/AZ in the MP™ active cavity is
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shown in Figure 5. Note that, the single-crystals of CQ and HQ revealed interaction energies of
approximately -141.7 and -162.6 kcal mol™, respectively. Yet, when combined with AZ, these
single-crystals gain stability and lower interaction energies. In fact, the single-crystal of AZ is
much more stabilized than those of CQ and HQ when docked in the active site, and their
combination with AZ leads to increased affinity toward the viral enzyme. Regarding the co-
crystals formed by the combination with AZ, we have the following energy differences: HQ to
HQ/AZ (118.1 kcal mol™) and CQ to CQ/AZ (133.6 kcal mol™). Based on our computations,
CQI/AZ was the co-crystal that showed the more significant energy difference, followed by
HQ/AZ, suggesting the suitability of combing AZ with CQ and HQ, thus boosting their
therapeutic effects.

Figure 5. Representation of the conformation of the most stabilizing HQ/AZ in the MP active

site.

According to Table 3, note that the combination of HQ with ER also led to quite
stabilizing interaction energies, from -162.6 kcal mol  for HQ to -275.7 kcal mol™ for HQ/ER.
This trend is also observed for CQ, in which its interaction energy was stabilized by 88.1 kcal
mol* when combined with ER. Interestingly, the formation of the co-crystal HQ/ER was much
more significant in energetic terms, due to the larger energy difference between single-crystal

and co-crystal, of 113.1 kcal mol™. In addition, with respect to the co-crystals formed by the
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combination with CL, we have the following energy differences: HQ to HQ/CL (97.0 kcal mol”
1Y and CQ to CQ/CL (99.2 kcal mol™?). In general terms, all macrolide antibiotics led to the
formation of low energy co-crystals and, therefore, support that such co-crystals can be easily

obtained experimentally.

With respect to the interactions observed in the molecular docking, we observe that most
compounds (single- and co-crystals) interacted with important residues in the site, such as the
residues H41, C145, and E166. In the active site, H41 and C145 constitute the dyad catalytic of
MP™ being key residues for the enzyme's inhibition process. Furthermore, E166 is also an
important species for keeping the active conformation of the enzyme.24%41 As a result, the

interactions of all compounds investigated can be visualized in Figure S1 and Figure 6.
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Figure 6. Intermolecular interactions of the co-crystals in the viral MP™ active site. E:
glutamate, G: glycine, H: histidine, C: cysteine, S: serine, Y: tyrosine, L: leucine, Q: glutamine,

P: proline, R: arginine, N: asparagine, F: phenylalanine, T: threonine.

Usually, the efficacy of a drug can be attributed to many factors. Along this line, the
absorption-distribution-metabolism-excretion-toxicity =~ (ADMET)  evaluations involve
sequential and iterative assessments of the efficacy, pharmacokinetics, pharmacodynamics,

metabolic and toxicological properties in the model of therapeutic agents, and hence
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contributing to design safer and more efficient drugs.[*?) The ADMET analysis was carried out
in order to evaluate the toxicity of our compounds, single- and co-crystals, under investigation.
According to our results in Table 3, the LDso value found for ER, 2.23 mol.kg?, indicates more
toxicity in relation to other single- and co-crystal compounds. However, we can observe that its
combination with CQ and HQ leads to co-crystals of lower toxicity, as well as more stabilizing
interaction energies, making these efficient species candidates for the COVID-19 treatment. In
addition, when using CL combined with CQ and HQ, there was a slightly decreased toxicity
and significant interactions of lower energies in the MP™ active site. The most remarkable
results were found for the co-crystals formed by the combination with AZ. The data reinforce
our previous findings, which indicate that the co-crystals of CQ and HQ combined with AZ
significantly improved the affinity and decreased toxicity, thus making them more potent

therapeutic agents against SARS-CoV-2.

4. CONCLUSIONS

In summary, our theoretical findings are of large importance and provided a new molecular
perspective about the effectiveness and toxicity of co-crystals formed between
(hydroxy)chloroquine with the macrolide antibiotics for the treatment of SARS-CoV-2
infection. Our findings also enable a new interpretation in-depth for the intramolecular energy
and charge transfer process in these co-crystals, which is critical to the rationalization of their
functional properties, it provides an innovative way to connects structural changes with
electronic transfer kinetics. Overall, the co-crystals of CQ and HQ combined with AZ
significantly improved the affinity and decreased toxicity, making them more potent therapeutic
agents against SARS-CoV-2. Yet, it must be emphasized that this therapeutic option potential

benefits can only be determined in the practice from rigorous clinical studies.
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Table S1. Cartesian coordinates (in A) for co-crystals computed at PM6.

Co-crystal CQ/AZ

6.26250000  -1.23120000  -0.99040000
4.49360000 -2.62720000  -0.78790000
547030000 -2.61420000  2.28260000
4.94010000 -3.06690000  1.58250000
8.02220000  -2.04270000  2.11070000
7.49580000  -2.74000000  2.59080000
1.86860000 -0.71780000 -2.22610000
1.26480000  3.22180000  -0.77910000
1.56710000  0.05640000  0.94640000
0.85250000  -0.49360000  0.53230000
0.90640000  6.13430000  -2.38820000
0.91080000  7.07890000  -2.10510000
-0.55570000  3.15800000  -2.24820000
-0.71140000 -1.58510000  -4.42280000
-2.66510000 -1.88070000  -2.77860000
-2.47380000  -1.29880000  -3.57530000
0.42970000  -1.84530000  -0.80720000
4.09690000  0.09460000  3.02630000
-1.18970000  6.77760000  0.05020000
4.97350000 -1.60810000 -1.24120000
431740000 -0.54420000 -2.10490000
4.99540000  0.35330000 -2.12430000
2.95910000 -0.12130000  -1.47330000
2.89700000  -0.47540000 -0.40520000
2.73230000  1.40850000  -1.51840000
3.57250000  1.89280000  -0.95520000
1.41030000  1.78270000  -0.79670000
0.54390000  1.32510000  -1.32190000
1.36560000  1.46590000  0.75060000
2.54230000  2.12570000  1.49230000
2.58990000  3.19010000  1.18870000
3.47880000  1.65290000  1.12440000
2.48600000  1.98780000  3.02800000
1.67540000  1.25740000  3.28690000
3.81840000  1.44020000  3.61200000
4.65050000  2.12630000  3.34960000
3.75700000  1.42420000  4.72090000
5.52640000 -0.32890000  3.11840000
6.16300000  0.58910000  2.96200000
572070000  -1.24910000  1.87870000
4.97600000  -0.95200000  1.10320000
7.15330000  -1.27730000  1.26540000
7.09960000  -2.05400000  -0.09500000
6.61510000  -3.04610000  0.04250000
3.12900000  -0.93340000  3.49870000
3.48320000 -1.94460000  3.23880000
2.18140000  -0.76550000  2.94480000
2.92670000  -0.91010000  4.57750000
4.20240000  -1.09290000  -3.52540000
3.58440000  -0.42820000  -4.14530000
3.72060000  -2.07900000  -3.54470000
5.18610000  -1.18480000  -4.00080000
5.96510000 -1.00100000  4.41820000
5.70000000  -0.40010000  5.29220000
7.05050000 -1.16170000  4.42560000
5.49640000 -1.98860000  4.53550000
7.79700000  0.09270000  1.12280000
7.60220000  0.72650000  2.00080000
7.42870000  0.61520000  0.23140000
8.88910000  -0.00220000  1.04360000
8.44830000  -2.16590000 -0.79760000
9.23040000  -2.34590000  -0.02530000
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8.70090000
8.46690000
9.43210000
7.69010000
8.30270000
2.76060000
2.59750000
1.98180000
3.72520000
-0.01120000
-0.81820000
-0.22800000
-0.07400000
2.16020000
2.03850000
1.22360000
2.94390000
0.58860000
1.22700000
0.42190000
1.10360000
-1.03980000
-1.53480000
-1.76260000
-2.77360000
-1.22130000
-1.86210000
-2.42520000
-2.43070000
-2.43490000
-3.46220000
-1.84420000
-0.72810000
-1.42240000
0.29880000
-0.78850000
-0.52630000
-0.97900000
-0.73400000
0.56280000
1.45310000
2.25330000
1.00790000
1.23920000
1.65610000
-0.45630000
-1.41600000
-1.68190000
-0.84120000
-0.64460000
-0.92220000
-0.32010000
-1.96170000
-0.85760000
0.00080000
-0.42570000
1.07600000
-0.17700000
-1.67290000
-1.24710000
-1.75850000
-2.70290000
-5.18370000
-3.69690000
-3.53790000
-7.46770000
-8.26060000

-1.19630000
-3.27940000
-3.31680000
-3.13080000
-4.26420000
1.92220000
3.01110000
1.44360000
1.73120000
1.84530000
1.25530000
2.91150000
1.67300000
3.33010000
3.22120000
3.74330000
4.07470000
3.87780000
3.83910000
5.30890000
5.43700000
5.68820000
6.05850000
4.41790000
4.66520000
3.95060000
3.43630000
3.87570000
2.08330000
1.39550000
2.18170000
1.61120000
8.08560000
8.38930000
8.08480000
8.86070000
6.48440000
5.57830000
7.30850000
6.33720000
-2.01860000
-2.53510000
-2.78050000
-3.85500000
-2.47090000
-2.64190000
-2.36970000
-3.30950000
-1.32530000
-0.35230000
-3.87030000
-3.99890000
-3.74430000
-4.79010000
-0.33940000
0.26980000
-0.49720000
0.11100000
-1.15050000
-0.39290000
-2.07610000
-0.82490000
3.48380000
-2.69190000
-2.67710000
-0.91110000
-0.32780000

-1.27400000
-1.83860000
-2.35720000
-2.59820000
-1.38520000
-2.95830000
-3.00140000
-3.56440000
-3.43980000
1.29460000
0.82570000
1.10330000
2.37660000
3.69560000
4.77860000
3.30420000
3.52390000
-1.87010000
-2.78860000
-1.31030000
-0.43350000
-0.96000000
-1.90170000
-0.48530000
-0.09520000
0.37120000
-1.64890000
-2.50670000
-1.25780000
-2.10930000
-0.88720000
-0.45310000
-0.50220000
-1.30480000
-0.90790000
0.27870000
1.35230000
1.79000000
2.05440000
1.29970000
-1.78250000
-1.19700000
-3.03380000
-2.86960000
-3.88600000
-3.45950000
-2.26270000
-1.73390000
-1.28030000
-1.80200000
-4.24930000
-5.15890000
-4.58040000
-3.66170000
-4.28490000
-5.08870000
-4.42960000
-3.29530000
-0.03040000
0.65100000
0.57340000
-0.26780000
0.85650000
3.33790000
4.35300000
2.22320000
2.52290000
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N  -5.80000000 -2.83480000  -1.41910000
H -6.62550000 -3.42300000 -1.14260000
C  -497070000 -0.74720000 254200000
C  -497160000 -2.05700000  3.05670000
C  -359050000 -4.10430000  2.83500000
H -450610000 -4.70910000  3.06520000
C  -472350000 -3.94230000  0.56240000
H -5.29670000 -4.88330000  0.63510000
H -5.32700000 -3.16830000  1.11720000
C -5.99480000 -1.45980000  -0.76060000
H -7.05610000 -1.15100000 -0.88600000
C  -6.22490000 -2.67440000  3.38850000
H -6.20620000 -3.61300000  3.93840000
C  -7.40580000 -2.11610000  3.03120000
H -8.37170000 -2.53780000  3.27550000
C -453290000 -351750000  -0.89220000
H -3.68120000 -2.79300000  -0.98900000
H -4.28260000 -4.38650000  -1.53480000
C  -3.80380000  0.03620000  2.35090000
H -2.85040000 -0.39250000  2.64520000
C -5.09900000  1.87310000  1.51530000
C  -6.24200000 -0.13070000  2.18380000
C  -3.38460000 -4.08070000  1.29660000
H -2.85820000 -4.99250000  0.96810000
H -2.71320000 -3.22030000  1.05560000
C -6.30320000  1.16410000  1.69850000
H -7.24860000  1.64140000  1.45940000
C  -5.04840000 -0.39750000  -1.26640000
H -5.12360000  0.49440000  -0.60480000
H -3.98460000 -0.70810000  -1.21690000
C  -3.86600000  1.33770000  1.85340000
H -2.95910000  1.92750000  1.74710000
C -5.75010000 -2.76960000  -2.94410000
H -551230000 -3.78450000  -3.33820000
H -4.89150000 -2.11400000 -3.24710000
C  -2.38450000 -4.77460000  3.51340000
H -252300000 -4.84610000  4.59770000
H  -1.46490000 -4.19890000  3.34530000
H -2.22050000 -5.78760000  3.13670000
C  -7.06040000 -2.26870000  -3.52220000
H -7.01900000 -2.26780000  -4.62320000
H -7.28650000 -1.23320000  -3.22500000
H -7.92230000 -2.88800000  -3.24270000
H -5.26110000 -0.05890000  -2.28360000
H -5.96042880 -2.39417720 -1.30111629
H -5.93451473 -1.65495708  0.29990903
Co-crystal CQ/CL
O 514400000 -2.10000000 -1.46080000
O 339030000 -2.98090000  -2.60270000
O 369710000 -3.24630000  1.29790000
H 286240000 -2.88790000  1.68270000
O 643050000 -4.07670000  1.29250000
H 567500000 -4.58600000  1.68310000
O 152160000  0.11150000  -2.74300000
O 169990000  3.28440000  -0.35990000
O 244500000  0.06780000  1.16400000
O  0.79930000  6.00540000  -2.25180000
H 097910000  6.96440000  -2.19000000
O -050150000  3.29990000  -1.12420000
O -1.50210000  0.94980000  -4.51140000
O -3.29880000  0.11690000  -2.83160000
H -3.08640000  0.99430000  -3.27160000
O -0.06630000 -1.23480000  -1.73200000
N 039100000  6.99570000  0.97520000
C 407300000 -2.02770000  -2.30010000
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3.89810000
4.82880000
2.70320000
2.46510000
2.98520000
3.94090000
1.84260000
0.87400000
2.15330000
3.47910000
3.34280000
4.27600000
3.95640000
3.06600000
4.84960000
5.08310000
6.18600000
4.75660000
4.42780000
5.93770000
5.44020000
4.49120000
4.49890000
4.02190000
4.04050000
5.55690000
3.72960000
3.28000000
3.06610000
4.69070000
4.77560000
5.23300000
5.17900000
3.70030000
7.12540000
7.16530000
7.08630000
8.06740000
6.50600000
7.15450000
7.17110000
5.89670000
6.65960000
5.13420000
5.40300000
3.21120000
3.39060000
2.34370000
4.08260000
0.98610000
0.02420000
0.85640000
1.14220000
4.76780000
5.09960000
4.18200000
5.66960000
0.76970000
1.02540000
0.93600000
1.97720000
-0.11820000
-0.91890000
-0.76060000
-1.47950000
0.01030000
-1.45340000

-0.57220000
-0.01280000
0.01280000
-0.65450000
1.43790000
1.37780000
1.84470000
1.39790000
1.48850000
2.14100000
3.24170000
1.91360000
1.72400000
1.49100000
0.48060000
-2.04080000
-1.83140000
-2.27310000
-1.33070000
-2.89480000
-3.36980000
-3.94880000
-0.61770000
-1.43930000
0.31110000
-0.60320000
-0.49290000
0.46690000
-1.28260000
-0.59240000
-3.29320000
-3.24560000
-4.18920000
-3.45450000
-1.94800000
-1.24780000
-1.33470000
-2.51230000
-4.10650000
-4.67820000
-3.36890000
-5.04570000
-5.43840000
-4.53620000
-5.90250000
2.44200000
3.44740000
2.49110000
2.17550000
1.89620000
1.47570000
2.99580000
1.59610000
2.83330000
2.53980000
3.75280000
3.07340000
3.88470000
3.63020000
5.38690000
5.55930000
5.96250000
6.46220000
4.80800000
5.20500000
4.25300000
3.85830000

-2.71380000
-2.42320000
-1.90920000
-1.04270000
-1.38240000
-0.78350000
-0.41340000
-0.73720000
1.08580000
1.53240000
1.47650000
0.78460000
2.93130000
3.56690000
2.80080000
2.94120000
3.01640000
1.44210000
0.93940000
0.63620000
-0.76850000
-0.67840000
4.98640000
5.53550000
5.34490000
5.27750000
-4.22720000
-4.51740000
-4.60550000
-4.74430000
3.76420000
4.75800000
3.26440000
3.89110000
0.55230000
1.40420000
-0.35750000
0.55060000
-1.57430000
-0.87240000
-2.06660000
-2.60860000
-3.28830000
-3.21580000
-2.13480000
-2.50750000
-2.10290000
-3.17970000
-3.11590000
1.97570000
1.63900000
1.94890000
3.01750000
3.60360000
4.60620000
3.70630000
3.02180000
-1.28310000
-2.33740000
-0.95730000
-0.59060000
0.02490000
-0.59080000
0.81270000
1.55700000
1.40040000
-0.16110000
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-2.18080000
-2.09540000
-2.60560000
-2.83730000
-1.35030000
0.77660000
-0.07720000
1.65830000
0.98560000
1.51170000
1.16760000
1.78120000
2.41990000
0.76390000
1.41770000
0.04890000
0.07200000
0.66250000
-1.38770000
-2.12250000
-2.51230000
-1.23640000
-0.89620000
-2.19630000
-1.74690000
-3.21630000
-2.25890000
-0.56640000
-0.84050000
0.46670000
-0.70550000
-1.89360000
-1.29120000
-2.05310000
-2.88090000
-4.56990000
-3.58660000
-3.31190000
-7.19200000
-7.83090000
-6.34660000
-7.19840000
-4.67790000
-4.78000000
-3.75970000
-4.71200000
-5.17070000
-5.86720000
-5.55620000
-6.22430000
-5.91550000
-7.23590000
-6.04210000
-6.06910000
-7.17260000
-8.13880000
-5.13210000
-4.20530000
-5.10510000
-3.45870000
-2.54230000
-4.60240000
-5.89100000
-3.77390000
-3.42940000
-3.03220000
-5.84720000

4.39850000
2.65630000
2.02140000
2.95530000
2.02050000
8.25100000
8.61460000
8.16900000
9.02880000
6.51840000
5.65870000
7.31560000
6.21620000
-1.10670000
-2.01060000
-0.99640000
-2.00060000
-0.34920000
-0.46720000
-0.70840000
-1.74730000
-0.38090000
0.68740000
-1.05900000
-0.78430000
-0.65240000
-2.14910000
1.85570000
2.81860000
1.58130000
1.86760000
-0.76010000
-0.46580000
-1.85330000
-0.27660000
2.68450000
-3.94570000
-4.54130000
-1.70080000
-1.33280000
-1.24510000
-1.84890000
-1.82170000
-3.20510000
-4.79550000
-5.38660000
-3.29720000
-4.09620000
-2.92250000
-0.39430000
-1.09170000
-0.02330000
-3.85820000
-4.94520000
-3.15130000
-3.60160000
-2.16450000
-1.54380000
-2.56440000
-1.09430000
-1.65120000
0.95920000
-1.06010000
-3.88030000
-4.44150000
-3.06020000
0.30180000

-0.81170000
0.50470000
-0.22920000
1.25940000
1.01180000
0.26500000
-0.32910000
-0.38620000
1.02030000
1.83510000
2.43400000
2.54700000
1.29130000
-2.87570000
-2.78670000
-4.22320000
-4.69800000
-4.89430000
-4.22380000
-2.87380000
-2.80970000
-1.65030000
-1.66670000
-5.38490000
-6.34880000
-5.39080000
-5.33300000
-3.89320000
-4.33800000
-4.13790000
-2.79840000
-0.34040000
0.52770000
-0.23900000
-0.22730000
3.34270000
2.06810000
2.85870000
2.83610000
3.55370000
-1.52000000
-1.40080000
2.65390000
2.43320000
0.83890000
0.86250000
-0.66100000
-0.97180000
0.32840000
-0.24600000
0.59270000
0.03120000
2.65280000
2.62780000
2.88530000
3.07280000
-1.68480000
-1.56020000
-2.71990000
2.62750000
2.46060000
3.09910000
2.92810000
-0.41400000
-1.29900000
-0.24730000
3.16870000
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H -6.74150000  0.86980000  3.40630000
C -5.23430000  0.74070000  -0.35860000
H -5.05960000  1.16950000  0.65340000
H -4.23740000  0.40660000  -0.71390000
C  -3.41860000  0.28040000  2.85390000
H -2.46960000  0.80890000  2.84840000
C  -6.52620000 -0.40830000  -2.78540000
H -6.51400000 -1.08840000  -3.66830000
H -5.63350000  0.26180000  -2.90240000
C -258090000 -5.77890000  0.75600000
H -2.56870000 -6.46410000  1.61050000
H -1.62040000 -5.24750000  0.75660000
H -2.62610000 -6.38760000  -0.15100000
C -7.81700000  0.38800000  -2.74750000
H -7.94820000  0.95100000  -3.68560000
H -7.83120000  1.13520000  -1.93940000
H -8.71000000 -0.23970000  -2.63270000
H -556890000  1.56180000  -0.99800000
O 590330000 051730000  2.20320000
C 433350000 -0.79430000  3.47490000
H  3.24420000 -0.89470000  3.23130000
C  1.33490000 -0.84950000  1.18350000
H 072610000 -0.75040000  0.27220000
H  1.83400000 -1.83310000  1.18980000
H 073590000 -0.71810000  2.08820000
H -6.45924618 -1.05578147  -1.06675731
Co-crystal CQ/ER
O 557140000 -1.61570000 -1.20060000
O 393010000 -2.37420000  -2.55980000
O 472540000 -3.88960000  2.14640000
H 460130000 -4.60700000  1.48270000
O  6.80780000 -4.19570000  0.96540000
H  6.75600000 -4.35070000  1.94580000
O 191740000  0.53380000  -2.71850000
O 141000000  3.46140000  0.07930000
O 155220000 -0.06950000  0.82050000
O 114270000  6.70750000  -0.72760000
H  1.23320000  7.53040000  -0.19450000
O -0.39330000  3.83460000  -1.35660000
O -1.06690000  1.46470000  -4.32280000
O -278610000  0.25120000  -2.89760000
H -257180000  1.22800000  -3.07310000
O 048760000 -1.17640000  -2.07410000
N -0.87890000  6.68630000  1.88600000
C 452680000 -1.44330000  -2.06600000
C  4.229390000  0.04880000  -2.25020000
H 508660000  0.60080000  -1.67520000
C 290830000  0.43620000  -1.66410000
H 256390000 -0.34580000  -0.93540000
C 291920000  1.81750000  -0.96210000
H  3.67050000  1.75670000  -0.12670000
C 152770000  2.08170000  -0.32820000
H 071620000  1.83380000  -1.06330000
C  1.30660000  1.33660000  1.04050000
C 236290000  1.75440000  2.07990000
H 226850000  2.84990000  2.24150000
H  3.37370000  1.62380000  1.63640000
C 224920000  0.99440000  3.41510000
H 140180000  0.26230000  3.35080000
C 355000000  0.20650000  3.63270000
C 503990000 -1.55820000  2.57340000
H 551360000 -0.64420000  2.12640000
C 500920000 -2.64530000  1.47400000
H 416970000 -2.43650000  0.76940000
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6.33550000
6.00600000
5.15650000
2.90030000
3.07370000
1.81820000
3.29330000
4.45000000
4.07300000
3.87430000
5.49840000
5.87120000
5.77890000
6.93560000
5.54090000
7.45440000
7.65070000
7.22250000
8.39580000
7.20550000
7.86160000
7.81140000
6.78500000
7.63980000
6.02630000
6.35180000
3.34720000
3.31290000
2.69880000
4.37600000
-0.11930000
-0.87950000
-0.28050000
-0.36650000
1.99200000
1.83510000
1.10370000
2.84970000
0.77410000
1.40820000
0.65280000
1.35150000
-0.78780000
-1.25760000
-1.58750000
-2.58850000
-1.09320000
-1.70680000
-2.16400000
-2.43090000
-2.46080000
-3.45880000
-1.93910000
-0.32550000
-0.97610000
0.71070000
-0.36390000
-0.25040000
-0.76770000
-0.40660000
0.82670000
1.32290000
2.08380000
0.60850000
0.68530000
1.18530000
-0.85760000

-2.86870000
-2.98480000
-3.68310000
-2.17770000
-3.20040000
-2.01910000
-2.14680000
0.36880000
1.37660000
-0.32280000
0.31890000
-1.98970000
-1.25090000
-2.07240000
-2.96200000
-1.87520000
-1.75630000
-0.88850000
-2.21730000
-3.32610000
-4.03510000
-2.41380000
-3.93980000
-4.04250000
-3.32910000
-4.93880000
2.94030000
3.91360000
2.98770000
2.80470000
1.55170000
1.34280000
2.60570000
0.93090000
1.92990000
1.36540000
2.54840000
2.59360000
4.40200000
4.57910000
5.64030000
5.51450000
5.96260000
6.63790000
4.65220000
4.82630000
3.91490000
4.07840000
4.81370000
2.74420000
2.34270000
2.83870000
1.98510000
8.06820000
8.65050000
8.12640000
8.56550000
5.95570000
4.99070000
6.53100000
5.75850000
-0.71200000
-1.52920000
-0.40770000
-1.31210000
0.37880000
0.02980000

0.66000000
-0.86100000
-1.03400000
3.86810000
3.49220000
3.91350000
4.89080000
-3.73530000
-3.95790000
-4.36490000
-4.05050000
3.78100000
4.59210000
3.52640000
4.16810000
0.92870000
2.00610000
0.50820000
0.47910000
-1.74120000
-1.18620000
-1.91310000
-3.07160000
-3.74880000
-3.57950000
-2.93670000
-1.90250000
-1.39300000
-2.78650000
-2.25390000
1.52380000
0.75290000
1.82050000
2.39910000
4.59410000
5.52170000
4.42960000
4.77150000
-0.80970000
-1.70780000
0.10750000
0.97220000
0.58320000
-0.18690000
0.64750000
1.09260000
1.32630000
-0.76030000
-1.46480000
-0.81790000
-1.84160000
-0.44370000
-0.18030000
1.76840000
1.09370000
1.39570000
2.75150000
3.02300000
3.16260000
3.95050000
2.91420000
-3.12450000
-3.19060000
-4.44190000
-5.08230000
-4.98290000
-4.35970000
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-1.59580000
-1.96000000
-0.72480000
-0.43390000
-1.62180000
-1.17090000
-2.65680000
-1.64080000
-0.08630000
-0.56580000
0.84490000
0.10460000
-1.34120000
-0.71340000
-1.44230000
-2.33970000
-3.13930000
-4.18480000
-4.29290000
-6.96710000
-7.48890000
-5.76630000
-6.66360000
-4.60640000
-5.11630000
-4.35210000
-5.41170000
-5.09920000
-5.82530000
-5.62790000
-5.91250000
-5.93420000
-6.90750000
-6.53230000
-6.89620000
-7.40060000
-8.47160000
-4.62870000
-3.75510000
-4.28660000
-3.22140000
-2.51400000
-3.69720000
-5.53620000
-3.91620000
-3.48380000
-3.10700000
-5.08570000
-5.77160000
-4.80300000
-4.88090000
-3.79170000
-2.77010000
-1.70230000
-5.56240000
-5.33500000
-4.64600000
-3.46300000
-3.77820000
-2.41820000
-3.49100000
-6.78470000
-6.63160000
-6.98860000
-7.69770000
-4.81230000
4.47270000

-0.52160000
-1.55670000
-0.42250000
0.64410000
-0.35210000
0.12550000
0.01220000
-1.43180000
2.29010000
3.27770000
2.29840000
1.94700000
-1.10110000
-0.98120000
-2.18600000
-0.68650000
2.17740000
-4.55680000
-5.14460000
-1.24560000
-0.62610000
-1.71260000
-2.25860000
-2.14070000
-3.44900000
-5.39830000
-5.73420000
-3.77110000
-4.45890000
-3.29350000
-0.70810000
-1.29610000
-0.21910000
-3.65750000
-4.67980000
-2.61930000
-2.73080000
-2.70160000
-2.13880000
-3.16050000
-1.82500000
-2.64980000
0.52230000
-1.02010000
-4.56570000
-5.22170000
-3.87590000
0.28780000
1.12540000
0.31550000
0.90830000
-0.14010000
-0.50820000
-0.29550000
-1.04010000
-1.82300000
-0.38140000
-6.64390000
-7.26730000
-6.36180000
-7.26590000
-0.24110000
0.20480000
0.60010000
-0.84600000
1.01500000
0.65600000

-3.10040000
-3.25960000
-1.82960000
-1.62790000
-5.63240000
-6.51280000
-5.58080000
-5.79910000
-3.66440000
-3.65580000
-4.23690000
-2.62940000
-0.62290000
0.27820000
-0.76550000
-0.38440000
2.42320000
2.28870000
3.12280000
2.33410000
2.96880000
-2.01400000
-2.05740000
2.40780000
2.36380000
1.05340000
0.91030000
-0.75130000
-1.22000000
0.11860000
-0.86030000
0.10750000
-0.94260000
2.48690000
2.56060000
2.51470000
2.62610000
-1.73690000
-1.31920000
-2.68780000
2.41350000
2.43180000
2.46840000
2.45580000
-0.18230000
-0.95590000
0.14270000
2.51370000
2.59370000
-0.81410000
0.12000000
-0.77190000
2.45350000
2.48920000
-3.36970000
-4.12800000
-3.31970000
1.19570000
2.03930000
1.38150000
0.29760000
-3.78060000
-4.77700000
-3.10120000
-3.84690000
-1.65620000
4.27470000
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C 358830000 -1.16380000  2.95430000
H 298650000 -1.08990000  2.00200000
H 078430000 -0.51720000  0.38070000
H -5.98866452 -1.46695471  -1.62498195
Co-crystal HQ/AZ
O 631880000 -1.29690000  -0.99920000
O 453930000 -2.68090000  -0.80590000
O 552360000 -2.63550000  2.28660000
H 497690000 -3.08370000  1.59650000
O 808470000 -2.12520000  2.09210000
H  7.54530000 -2.80770000  2.57890000
O 192680000 -0.69750000  -2.26740000
O 132080000  3.18990000  -0.84430000
O 164290000  0.07640000  0.98090000
H 091360000 -0.46610000  0.58440000
O 086570000  5.96610000  -2.65530000
H 089870000  6.92930000  -2.44800000
O -059170000  3.01350000  -2.17440000
O -0.85860000 -1.30800000  -4.30250000
O -2.68020000 -1.77980000  -2.55230000
H -255220000 -1.11840000  -3.30150000
O 057130000 -1.92070000  -0.84420000
N 421130000  0.10290000  3.01580000
N  -1.05040000  6.81550000  -0.12620000
C  5.02610000 -1.66270000  -1.25240000
C 438120000 -0.59060000  -2.11320000
H 506770000  0.30070000  -2.12790000
C  3.02410000 -0.15430000  -1.48770000
H 293480000 -0.53060000  -0.43050000
C 282950000  1.38120000  -1.51040000
H  3.67050000  1.84110000  -0.92880000
C 150160000  1.75590000  -0.80040000
H 064450000  1.25390000  -1.30330000
C 147150000  1.48690000  0.75460000
C 267180000  2.13440000  1.46850000
H 273690000  3.19180000  1.14610000
H 359360000  1.63530000  1.09720000
C 263250000  2.02310000  3.00710000
H  1.81310000  1.31120000  3.28820000
C  3.96260000  1.46190000  3.58380000
H 480280000  2.12960000  3.30080000
H  3.91430000  1.46390000  4.69340000
C 563450000 -0.34310000  3.09690000
H  6.28450000  0.56230000  2.92290000
C 580060000 -1.28050000  1.86610000
H 505790000 -0.97600000  1.09160000
C  7.22900000  -1.34630000  1.24560000
C  7.4860000 -2.13120000  -0.10870000
H  6.64650000 -3.11290000  0.04010000
C  3.23270000 -0.90160000  3.51550000
H 356550000 -1.92190000  3.26190000
H 228010000 -0.72420000  2.97380000
H  3.04790000 -0.86210000  4.59690000
C  4.26670000 -1.13260000  -3.53680000
H 359880000 -0.49740000  -4.13650000
H  3.84280000 -2.14430000  -3.55880000
H 524380000 -1.16440000  -4.03290000
C  6.07680000 -1.00750000  4.39950000
H 583360000 -0.39150000  5.26930000
H  7.15920000 -1.18810000  4.39530000
H 559190000 -1.98500000  4.53410000
C  7.90370000  0.00720000  1.08910000
H  7.73140000  0.65090000  1.96440000
H  7.54020000  0.53240000  0.19730000
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8.99250000
8.48850000
9.27360000
8.75680000
8.47440000
9.43360000
7.69360000
8.29360000
2.88830000
2.69700000
2.14380000
3.87260000
0.11440000
-0.72250000
-0.04020000
0.03570000
2.33850000
2.23310000
1.40200000
3.13060000
0.57480000
1.14720000
0.45080000
1.19180000
-0.98000000
-1.53100000
-1.68570000
-2.66740000
-1.09860000
-1.86570000
-2.44750000
-2.46540000
-2.63140000
-3.43240000
-1.80870000
-0.60740000
-1.34820000
0.39060000
-0.60580000
-0.30810000
-0.74240000
-0.45940000
0.77350000
1.50610000
2.33470000
0.95220000
1.18530000
1.52630000
-0.54070000
-1.39800000
-1.62710000
-0.73910000
-0.59270000
-1.08580000
-0.56870000
-2.14990000
-0.97760000
-0.16100000
-0.60210000
0.91710000
-0.34620000
-1.42220000
-0.71580000
-1.80130000
-2.27760000
-4.89540000
-3.56880000

-0.11410000
-2.27480000
-2.46700000
-1.31320000
-3.39390000
-3.45430000
-3.23320000
-4.37270000
1.91420000
2.99760000
1.41800000
1.75440000
1.91680000
1.40610000
3.00010000
1.70060000
3.38150000
3.29340000
3.80260000
4.11080000
3.76120000
3.64640000
5.23350000
5.42300000
5.65850000
5.97380000
4.43450000
4.72320000
4.01670000
3.38030000
3.78140000
2.07970000
1.37370000
2.25900000
1.58800000
8.07500000
8.33710000
8.02810000
8.90150000
6.59810000
5.73030000
7.47030000
6.42930000
-2.02300000
-2.60580000
-2.64540000
-3.73100000
-2.24310000
-2.45710000
-2.31020000
-3.29940000
-1.37070000
-0.34580000
-3.59520000
-3.62480000
-3.43520000
-4.57200000
-0.06690000
0.59400000
-0.19210000
0.30970000
-1.33140000
-1.00970000
-2.31540000
-0.64340000
3.67800000
-2.78290000

1.00150000
-0.82240000
-0.05620000
-1.30650000
-1.85740000
-2.38470000
-2.61050000
-1.39710000
-2.94230000
-2.97720000
-3.57870000
-3.39440000
1.30890000

0.80650000

1.16080000
2.38120000
3.65630000
4.74280000
3.27310000
3.45900000
-1.93860000
-2.89170000
-1.48510000
-0.66920000
-1.06780000
-1.99850000
-0.46400000
-0.03110000

0.38700000
-1.55250000
-2.41660000
-1.04800000
-1.86920000
-0.55400000
-0.30960000
-0.79460000
-1.56980000
-1.26410000
-0.06590000

1.14780000

1.67300000

1.80470000
1.03570000
-1.90820000
-1.43510000
-3.19220000
-3.16730000
-4.05870000
-3.47460000
-2.18080000
-1.73060000
-1.14950000
-1.58160000
-4.34570000
-5.31410000
-4.56670000
-3.86690000
-4.07320000
-4.82770000
-4.23120000
-3.05480000

0.20080000

0.98810000

0.54100000

0.22530000

1.41250000

3.10430000
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H  -3.27240000 -2.72030000  4.08760000
N -7.30930000 -0.74550000  2.39860000
H -8.06790000 -0.17600000  2.79700000
N  -5.87290000 -2.68040000  -1.28470000
H -6.75270000 -3.20660000  -1.05840000
O -551350000  0.40010000  -1.91660000
H -6.02890000  1.14950000  -1.54300000
C  -4.79800000 -0.71070000  2.63890000
C -4.83370000 -2.08220000  2.96100000
C  -358440000 -4.22160000  2.67540000
H  -453050000 -4.74700000  2.97140000
C  -4.80050000 -4.18740000  0.42990000
H -5.28280000 -5.18080000  0.39870000
H -5.46300000 -3.54770000  1.07110000
C -5.84850000 -1.44690000  -0.38860000
H -6.88310000 -1.04500000  -0.27240000
C -6.09670000 -2.68720000  3.27330000
H -6.09580000 -3.68780000  3.70290000
C  -7.26670000 -2.04410000  3.04480000
H -8.23870000 -2.45610000  3.28240000
C  -4.68250000 -3.59310000  -0.97590000
H -3.74330000 -2.98570000  -1.07690000
H -4.62180000 -4.38860000  -1.74690000
C  -361030000 0.05250000  2.51770000
H -2.66420000 -0.43070000  2.74100000
C  -4.85490000  2.01250000  1.91500000
C -6.05580000 -0.01130000  2.39960000
C  -3.43920000 -4.28250000  1.13060000
H -2.92030000 -5.20840000  0.83020000
H  -2.77410000 -3.43750000  0.82070000
C  -6.08090000  1.32860000  2.05760000
H -7.01330000  1.86280000  1.90260000
C  -4.89890000 -0.35150000  -0.85920000
H -4.63840000  0.31850000  -0.00860000
H -3.96120000 -0.74490000  -1.31270000
C  -3.63690000  1.40510000  2.16950000
H -271090000  1.97190000  2.10770000
C -5.89810000 -2.30970000  -2.76760000
H -4.84820000 -2.13540000  -3.12000000
H -6.40300000 -1.31260000  -2.88490000
C  -2.40440000 -4.94850000  3.34070000
H -250030000 -4.95460000  4.43230000
H  -1.45000000 -4.46010000  3.10460000
H -2.33670000 -5.99000000  3.01420000
C -6.59300000 -3.38080000  -3.58480000
H -6.59110000 -3.10040000  -4.65190000
H  -7.64740000 -3.51580000  -3.30930000
H -6.09860000 -4.35900000  -3.52560000
H -5.75638776 -1.66901342  0.66429171
H 577351762 -2.39305966 -1.69805318
Co-crystal HQ/CL
O 531360000 -2.14700000 -1.29460000
O 355950000  -3.24390000  -2.22920000
O  4.03410000 -2.98900000  1.65240000
H  3.18920000 -2.61190000  1.99230000
O  6.80180000 -3.69080000  1.62860000
H  6.08750000 -4.18070000  2.11010000
O 154470000 -0.28120000  -2.73230000
O 165390000  3.18380000  -0.75840000
O 260050000  0.21150000  1.10040000
O 058170000  5.63440000  -2.90130000
H 069640000  6.60440000  -2.94690000
O -056960000  3.01460000  -1.43240000
O -1.54530000  0.22870000  -4.46460000
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-3.24470000
-3.06520000
0.06250000
0.18520000
4.20690000
3.94970000
4.85850000
2.74650000
2.55670000
2.97650000
3.95510000
1.85200000
0.89220000
2.23100000
3.53520000
3.34100000
4.31750000
4.07940000
3.22440000
5.03630000
5.41890000
6.51060000
5.04760000
4.65280000
6.22680000
5.69960000
4.78520000
4.84350000
4.44290000
4.34580000
5.91060000
3.74270000
3.23910000
3.11040000
4.69530000
5.21320000
5.69540000
5.65630000
4.15380000
7.36230000
7.39950000
7.25840000
8.33030000
6.76870000
7.47190000
7.37630000
6.16710000
6.92130000
5.35660000
5.73610000
3.11030000
3.25040000
2.21900000
3.97310000
1.07460000
0.12570000
0.88380000
1.28180000
4.84920000
5.23060000
4.21620000
5.71570000
0.66340000
0.89670000
0.76830000
1.80770000
-0.29140000

-0.42160000
0.40190000
-1.57120000
6.97090000
-2.23080000
-0.85250000
-0.21750000
-0.21950000
-0.77560000
1.27390000
1.33650000
1.75440000
1.23560000
1.59900000
2.36410000
3.44120000
2.08060000
2.15280000
1.95760000
0.95080000
-1.51360000
-1.24140000
-1.95830000
-1.10710000
-2.62740000
-3.30190000
-3.90640000
0.14110000
-0.62400000
1.08340000
0.25270000
-0.98210000
-0.09070000
-1.84410000
-1.10410000
-2.65980000
-2.45380000
-3.58990000
-2.86370000
-1.64820000
-0.84170000
-1.16120000
-2.16580000
-4.08830000
-4.53520000
-3.39150000
-5.17930000
-5.62150000
-4.78670000
-5.98920000
2.12900000
3.18670000
2.04560000
1.82550000
2.05520000
1.54920000
3.13520000
1.90030000
3.37870000
3.23220000
4.27220000
3.58990000
3.63660000
3.28020000
5.17150000
5.42780000
5.80760000

-2.63410000
-3.18400000
-1.50950000
0.19420000
-2.08600000
-2.68000000
-2.49340000
-1.92500000
-0.97250000
-1.59960000
-1.03970000
-0.64370000
-0.87180000
0.87420000
1.18370000
0.99410000
0.43960000
2.60410000
3.29810000
2.59640000
3.05750000
3.05380000
1.61800000
1.01070000
0.84820000
-0.46070000
-0.25480000
4.92270000
5.59960000
5.17880000
5.15390000
-4.18530000
-4.58500000
-4.43780000
-4.71300000
4.04960000
5.01070000
3.65740000
4.23490000
0.59150000
1.34350000
-0.38720000
0.62090000
-1.21330000
-0.47460000
-1.82500000
-2.09140000
-2.75010000
-2.72300000
-1.49100000
-2.85510000
-2.59420000
-3.49200000
-3.45850000
1.75380000
1.51040000
1.59440000
2.81790000
3.10010000
4.11710000
3.11080000
2.45660000
-1.70380000
-2.73330000
-1.54950000
-1.22920000
-0.61190000
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-1.13180000
-0.85340000
-1.57280000
-0.04090000
-1.52250000
-2.29520000
-2.08260000
-2.58360000
-2.81610000
-1.29200000
0.48590000
-0.40210000
1.35190000
0.67570000
1.35030000
1.06580000
1.59600000
2.25890000
0.84480000
1.54690000
0.07550000
0.11240000
0.63920000
-1.37650000
-2.05800000
-2.43370000
-1.13860000
-0.84020000
-2.20880000
-1.80450000
-3.24050000
-2.23530000
-0.62540000
-0.95760000
0.40780000
-0.72220000
-1.70810000
-0.92780000
-2.11320000
-2.51570000
-4.29320000
-3.59880000
-3.25930000
-7.11650000
-7.74970000
-6.35090000
-7.25180000
-5.82150000
-6.20200000
-4.60860000
-4.77680000
-3.80930000
-4.76720000
-5.25640000
-5.82220000
-5.78170000
-6.05960000
-7.01980000
-6.06830000
-6.14730000
-7.16780000
-8.15530000
-5.25320000
-4.26730000
-5.39460000
-3.35620000
-2.46150000

6.18990000
4.72500000
5.17240000
4.28070000
3.63590000
4.05950000
2.48960000
1.75560000
2.84060000
1.95000000
8.15030000
8.39960000
8.03390000
9.02130000
6.65570000
5.85930000
7.54520000
6.33430000
-1.54030000
-2.39560000
-1.62360000
-2.67930000
-1.05010000
-1.13900000
-1.23240000
-2.26040000
-0.75660000
0.31580000
-1.88880000
-1.72080000
-1.51260000
-2.96570000
1.23040000
2.12880000
0.96970000
1.35540000
-1.02620000
-0.93060000
-2.05150000
-0.33160000
3.16380000
-3.54560000
-3.94330000
-1.10900000
-0.68160000
-1.53300000
-2.04650000
1.55200000
2.10890000
-1.35730000
-2.74300000
-4.65130000
-5.20750000
-3.64280000
-4.53460000
-3.27010000
-0.72990000
-0.37760000
-3.32370000
-4.40910000
-2.55560000
-2.95230000
-2.57210000
-2.03620000
-3.02290000
-0.69400000
-1.29670000

-1.25800000
0.32510000
1.04020000
0.94910000
-0.50910000
-1.19350000
0.31140000
-0.33220000
1.05210000
0.85890000
-0.67020000
-1.27320000
-1.33700000
-0.01870000
1.06970000
1.77730000
1.67260000
0.53780000
-2.69100000
-2.52460000
-4.00970000
-4.35360000
-4.78330000
-4.01270000
-2.61580000
-2.41920000
-1.46990000
-1.60820000
-5.06050000
-6.06790000
-5.07340000
-4.87540000
-3.98560000
-4.51750000
-4.24440000
-2.89360000
-0.09240000
0.67890000
0.02510000
0.16910000
3.37480000
2.42110000
3.30690000
3.01710000
3.70640000
-1.26840000
-1.10310000
-0.77350000
-0.05820000
2.88670000
2.70010000
1.42610000
1.60200000
-0.41850000
-0.74380000
0.49970000
-0.00520000
0.44410000
2.93510000
2.96030000
3.12210000
3.31910000
-1.51250000
-1.54700000
-2.51690000
2.86730000
2.74910000
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C  -4.40530000  1.43430000  3.21590000
C -5.78840000 -0.52710000  3.10430000
C  -3.83540000 -4.04280000  -0.00130000
H -3.41000000 -4.75320000  -0.73030000
H -3.15710000 -3.15210000  -0.00140000
C -5.68340000  0.84050000  3.28200000
H -6.55320000  1.46130000  3.47410000
C -5.10700000  0.44310000  -0.20800000
H -4.65060000  0.73430000  0.76560000
H -4.30010000  0.23390000  -0.94690000
C -3.25230000 0.68780000  3.03930000
H -2.27640000  1.16590000  3.04210000
C  -6.52400000 -0.63520000  -2.49370000
H -551380000 -0.39440000  -2.91720000
H -6.93630000  0.35660000 -2.16250000
C  -264610000 -5.64870000  1.55140000
H -2.62380000 -6.11900000 254060000
H -1.67780000 -5.15140000  1.40950000
H  -2.72140000 -6.45020000  0.81110000
C  -7.42250000 -1.28880000  -3.52490000
H -7.52730000 -0.62980000  -4.40360000
H -8.44160000 -1.46690000  -3.15680000
H -7.02670000 -2.24020000  -3.90310000
C 462290000 -0.24630000  3.45830000
H 353240000 -0.43490000  3.28610000
O  6.06140000  0.96040000  1.95020000
C 154940000 -0.73390000  1.36700000
H 079320000 -0.73560000  0.56510000
H 208590000 -1.69800000  1.37100000
H  1.09650000 -0.53790000  2.34270000
H -5.80787841 -1.33810786  0.85102394
H -5.95373861 -1.75140482 -1.55838099
Co-crystal HQ/ER
O  6.07640000 -0.96530000 -1.07530000
O 433100000 -2.18730000  -1.81740000
O 435910000 -3.03240000  1.06990000
H  4.08450000 -2.96080000  0.12110000
O  7.11160000 -2.99010000  1.77830000
H 643700000 -3.70230000  1.94820000
O 199710000  0.22970000  -2.70100000
O  1.03340000  3.46650000  -0.40980000
O  1.80310000  0.16690000  0.89680000
H  1.12090000 -0.41710000  0.46370000
O  0.06290000  6.29090000  -2.03880000
H 004980000  7.23980000  -1.80320000
O -0.95330000  3.22890000  -1.60010000
O -1.10750000  0.20920000  -4.51950000
O 267300000 -0.93300000  -2.81560000
H -2.67090000 -0.05760000  -3.31540000
O  0.76670000 -1.41060000 -1.62280000
N  -1.29750000  6.67330000  1.03530000
C 489880000 -1.11270000  -1.73670000
C 442730000  0.23310000  -2.26230000
H 512500000  1.02670000  -1.87910000
C  3.00530000  0.50330000  -1.69570000
H 281190000 -0.17080000  -0.81640000
C 278830000  1.97070000  -1.26100000
H 357410000  2.21430000  -0.49120000
C 140060000  2.07950000  -0.57380000
H 062320000 1.55410000 -1.18260000
C  1.39230000  1.55130000  0.90720000
C 244200000  2.27090000  1.77210000
H 212500000  3.32920000  1.87990000
H 341340000  2.32120000  1.22760000
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2.65080000
1.71350000
3.81650000
4.72760000
5.63000000
4.96610000
4.49290000
6.48260000
6.65780000
6.09240000
3.05420000
2.69090000
2.22940000
3.87510000
4.49320000
3.97990000
3.99210000
5.52880000
4.58590000
4.58340000
5.42340000
3.66600000
7.24320000
6.81320000
7.21570000
8.29000000
8.11230000
8.70270000
8.52410000
8.27230000
9.31980000
7.68430000
7.94810000
2.94890000
2.76110000
2.25930000
3.96530000
-0.01050000
-0.77570000
-0.31700000
-0.06280000
2.98590000
3.12790000
2.18660000
3.91390000
0.17340000
0.66250000
-0.01920000
0.85250000
-1.36630000
-2.07090000
-1.95900000
-2.89980000
-1.27110000
-2.20560000
-2.81650000
-2.79010000
-3.06380000
-3.69510000
-2.07650000
-0.95780000
-1.67860000
0.06300000
-1.08450000
-0.37510000
-0.74250000
-0.40430000

1.62040000
1.08310000
0.62480000
-1.74030000
-1.25650000
-1.80540000
-0.94400000
-1.86690000
-2.14310000
-3.05480000
-0.95010000
-1.96140000
-0.26470000
-0.73400000
0.21450000
1.09190000
-0.66720000
0.22100000
-3.15240000
-3.15620000
-3.78640000
-3.63490000
-0.63230000
-0.19670000
0.16070000
-0.87740000
-2.19580000
-2.72490000
-1.16680000
-2.89250000
-2.88850000
-2.39600000
-3.93930000
2.94360000
3.97680000
2.70260000
2.91760000
1.65860000
1.17050000
2.71940000
1.21220000
2.65790000
2.19110000
3.39990000
3.19500000
4.05170000
4.03680000
5.47920000
5.72270000
5.73370000
6.20110000
4.38990000
4.55140000
3.87000000
3.51500000
4.04600000
2.15330000
1.60760000
2.24780000
1.52720000
8.05970000
8.39100000
8.19310000
8.73730000
6.22500000
5.26940000
6.95540000

3.14920000
3.44340000
3.05810000
3.05100000
3.51660000
1.51680000
0.99640000
1.13750000
-0.39120000
-0.69040000
4.82000000
5.04520000
5.04910000
5.51390000
-3.78640000
-4.20500000
-4.20670000
-4.14530000
3.62210000
4.71520000
3.28910000
3.26460000
1.59220000
2.51220000
0.83430000
1.81030000
-0.84570000
-0.06290000
-0.89710000
-2.19200000
-2.51480000
-2.97300000
-2.14970000
-2.42470000
-2.10230000
-3.24390000
-2.83340000
1.49470000
0.87000000
1.57390000
2.49540000
4.22230000
5.20390000
4.32410000
3.98000000
-1.41180000
-2.41160000
-0.85020000
-0.19380000
-0.12300000
-0.86820000
0.33050000
0.89870000
1.03970000
-0.89430000
-1.66190000
-0.56940000
-1.48030000
0.05010000
-0.00710000
0.59850000
-0.16620000
0.21310000
1.46120000
2.11730000
2.52860000
2.94220000
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0.67290000
1.56310000
2.41910000
0.86920000
1.14560000
1.31420000
-0.65350000
-1.33610000
-1.46880000
-0.57420000
-0.49160000
-1.27540000
-0.89460000
-2.36410000
-1.06980000
-0.43480000
-0.91450000
0.64190000
-0.61690000
-1.09790000
-0.36070000
-1.29460000
-2.03680000
-4.99530000
-2.79910000
-2.36890000
-6.79060000
-7.55880000
-5.53210000
-6.30090000
-5.67050000
-6.25190000
-4.28850000
-4.13890000
-2.72390000
-3.58530000
-4.15100000
-4.58550000
-4.78130000
-5.65830000
-6.73430000
-5.28230000
-5.12150000
-6.53270000
-7.41850000
-4.19370000
-3.37350000
-4.03730000
-3.21230000
-2.20040000
-4.72270000
-5.63370000
-2.72680000
-2.21920000
-2.11180000
-5.84300000
-6.83830000
-4.90010000
-4.68920000
-3.94050000
-3.42640000
-2.58240000
-5.69630000
-4.70620000
-6.35640000
-1.42340000
-1.40790000

6.08880000
-1.14150000
-1.84780000
-1.27590000
-2.26390000
-0.52840000
-1.11720000
-1.45400000
-2.55010000
-0.85560000

0.26230000
-1.95450000
-1.63180000
-1.81200000
-3.02180000

1.35770000

2.18910000

1.32300000

1.42940000
-1.29170000
-1.08440000
-2.38030000
-0.78970000

2.97510000

-3.47040000
-3.54600000
-1.83810000
-1.47680000
-2.70330000
-3.41050000

0.45310000

1.01980000
-1.52770000
-2.92790000
-4.79830000
-5.46850000
-4.38550000
-5.37020000
-3.97010000
-1.73370000
-1.53360000
-3.74860000
-4.81100000
-3.23020000
-3.80890000
-3.44560000
-2.68100000
-3.99860000
-0.60620000
-0.99680000

1.25850000
-0.96330000
-4.55720000
-5.38890000
-3.64510000
0.40350000

0.83130000
-0.42650000

0.05360000
-0.55570000
0.77450000

1.45950000
-1.99680000
-1.56960000
-1.09860000
-5.50640000
-5.72590000

1.80960000
-2.76570000
-2.61530000
-4.12020000
-4.54530000
-4.82000000
-4.14980000
-2.78950000
-2.66560000
-1.58840000
-1.67330000
-5.27440000
-6.25290000
-5.30350000
-5.15910000
-3.96440000
-4.49360000
-4.16670000
-2.87910000
-0.23640000
0.56040000
-0.16680000
0.03760000
2.44850000
2.37850000
3.31050000
2.54970000
3.13020000
-1.66240000
-1.56230000
-1.52550000
-0.97190000
2.55160000
2.53740000
1.68220000
1.94320000
-0.39530000
-0.64250000
0.43640000
-0.49070000
-0.28080000
2.81920000
2.99690000
2.86560000
3.09300000
-1.60210000
-1.54090000
-2.55120000
2.51030000
2.51650000
2.53150000
2.61330000
0.14810000
-0.36970000
-0.05200000
2.61800000
2.68950000
-0.69270000
0.28930000
-1.24280000
2.51340000
2.50900000
-3.00850000
-3.32240000
-2.87100000
2.09430000
3.16780000
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-0.54300000  -4.88700000  1.87910000
-1.29730000  -6.45660000  1.56720000
-6.25610000  -2.94130000  -4.05340000
-6.35420000  -2.41730000  -5.01950000
-7.26010000  -3.31070000  -3.80650000
-5.61140000  -3.80940000  -4.24180000
3.50200000  -0.84170000  3.36130000
2.65220000  -1.14850000  2.69040000
493080000  0.99730000  2.75360000
-5.49866404  -2.18169715  0.47894680
-5.04528065  -2.83713715  -1.86852703
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Figure S1. Intermolecular interactions of single-crystals in the viral MP™ active site and

overlap obtained from re-docking calculations of the experimental co-crystallized active
ligand N3 (PDB code: 6lu7) through MVD.
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Abstract. In this study, we systematically investigated the electronic structure, spectroscopic
(nuclear magnetic resonance, infrared, Raman, electron ionization mass spectrometry, UV-Vis,
circular dichroism, and emission) properties, and tautomerism of halogenated favipiravir
compounds (fluorine, chlorine, and bromine) from a computational perspective. Additionally,
the effects of hydration on the proton transfer mechanism of the tautomeric forms of the
halogenated favipiravir compounds are discussed. Our results suggest that spectroscopic
properties allow for the elucidation of such tautomeric forms. As is well-known, the favipiravir
compound has excellent antiviral properties and hence was recently tested for the treatment of
new coronavirus (SARS-CoV-2). Through in silico modeling, in the current study, we evaluate
the role of such tautomeric forms in order to consider the effect of drug-metabolism into the
inhibition process of the main protease (MP") and RNA-dependent RNA polymerase (RARp)
of SARS-CoV-2 virus. These findings clearly indicated that all title compounds are better as
RNA-inhibiting.

Keywords: Favipiravir, COVID-19; In silico modeling; Tautomers; Electronic structure;

Spectroscopic properties

INTRODUCTION

Considerable efforts have been performed in a short period of time in search of
therapeutic options to treatment for infection caused by a new coronavirus — SARS-CoV-2 —,
which is the cause of the disease called COVID-19 [1-5]. Thus, researchers from all over the
world have adopted as a strategy for treating COVID-19 infection attempt to inhibit two
different types of known structural and non-structural proteins of the SARS-CoV-2 virus [6—
10]. As such, the first case involves the inhibition of the main protease (abbreviated as MP™)
proteins of SARS-CoV-2 [9,11-14]. Notably, this structural MP™ protein displays a pivotal role
in the viral life-cycle due to their binding with the angiotensin-converting enzyme 2 (ACE2)
receptor for the SARS-CoV-2 virus in host cells [9,11,15]. In contrast, after the SARS-CoV-2
virus enters into the host cell, it is well-known that the RNA-dependent RNA polymerase
(abbreviated as RdRp), a non-structural protein, is the main enzyme for the process of SARS-
CoV-2 replication [2,16-18]. Due to the eminent urgency to fight this COVID-19 outbreak,
researchers around the world have widely evaluated the effectiveness of diverse approved

antiviral agents for this proposed [1-3,19-21].
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Among these approved drugs, in particular, favipiravir (also known as T-705) is a
compound analogous to guanine, which was developed with satisfactory activity against many
RNA-polymerase viruses (e.g., Ebola, chikungunya, yellow fever, influenza, norovirus and
enterovirus) [22-27], showed good clinical efficacy against coronavirus [28,29]. Although the
highly mobile protons in the structure of favipiravir compounds has allowed for their tautomeric
forms [30,31], the interpretation of the spectroscopic properties of the tautomers has proven to
be highly complex and difficult [32]. Their chemical structure and tautomeric form are shown

in Figure 1.

0
F N F N
X NH, N NH,
| <~ |
=
N OH N o
Figure 1. Chemical structure and tautomeric form of favipiravir.

Ongoing studies have focused on the understanding of the tautomeric forms of these
compounds that are critically important for elucidating the nature of their chemical molecular
behaviour [30,32]. In contrast, quantum chemistry methods allow for the theoretical modelling
of these spectral characteristics (i.e. to visualize this process on an atomic scale) quantitatively,

which can, in principle, provide excellent opportunities for the design of new drugs [32—36].

In this study, we focused on elucidating the effect of halogen (fluorine, chlorine, and
bromine) on the electronic structure, spectroscopic (nuclear magnetic resonance, infrared,
Raman, electron ionization mass spectrometry, UV-Vis, circular dichroism and emission)
properties, and tautomerism of the favipiravir compounds from a computational perspective. In
addition, since solvation has been known to play an important role in the tautomeric equilibrium
[30,32-35], the solvent effect was considered in the transition state calculations for the
tautomerism of the isolated, mono-hydrate, di-hydrate and tri-hydrated forms of the different
halogenated favipiravir compounds. Herein, we also used in silico modelling for predicting the
possible effects of drug-metabolism in terms of action and toxicity for the halogenated
favipiravir compounds against the SARS-CoV-2 using both MP™ and RdRp sites as model

systems.
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For the accomplishment of this work, a range of computational techniques were
employed. The theoretical tools were developed, among others, for the study of complex
chemical and biological systems. The emergence of quantum mechanics (QM) to study
molecules at electronic level was a remarkable achievement. The growth of methods based on
classical physics to study large systems at the molecular level (MM) is also of great importance
in the study of large systems, such as biomacromolecules. The parallel development of
molecular simulations, which connects the macroscopic and the microscopic world elucidating
the dynamical properties of molecules may guide the design of active potent molecules as
therapeutic agents (computer-aided molecular design). In this context, we highlight the impact
of theoretical chemistry on the advancement of our comprehension of complex chemical and
biological systems. Thus, the comprehension of chemical and biological systems has reached
greater heights due to an excellent harmony between experiment and theory [37]. In order to
illustrate the potential of theoretical and computational studies, we cite the study from Pierrefixe
et al (2008), which showed how and why carbon can become truly hypervalent under certain
conditions [38].

There are many positive consequences of these computational developments,
particularly for treating systems in a more accurate fashion, and they can yield new insights.
This study marks the first phase of a theoretical/experimental investigation of our group
directed toward this goal. We hope that our results will stimulate new experimental and full-

dimensional theoretical investigations that could assess the validity of this assumption.

METHODS: COMPUTATIONAL DETAILS

Here, all quantum-chemical calculations were done through Gaussian 09 package [39].
Full optimization and their frequencies of halogenated favipiravir compounds (fluorine,
chlorine, and bromine) were achieved with Density Functional Theory (DFT) method at the
B3LYP/6-31+G(d,p) level. Then, in order to consider the effect of drug metabolism, the
transition states (TS) for the tautomeric forms of title compounds were computed through DFT
calculations, at the same level of theory described previously. Additionally, the solvent effect
(water) was considered in the TS calculations for the tautomerism of the isolated, mono-
hydrate, di-hydrate and tri-hydrated forms using the polarizable continuum model (PCM)
[40,41]. In addition, NMR calculations (in the gas phase and solution) were also performed for

tautomeric forms of the halogenated favipiravir compounds at the B3LYP/6-31+G(d,p) level
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what do method [42—-46]. Time-Dependent DFT (TD-DFT) calculations were also evaluated
to obtain the UV-Vis, Electronic Circular Dichroism (ECD) and emission spectra, as well as
their excitonic transitions, Molecular Orbitals (MOs) and Electrostatic Surface Potential (ESP)
maps. Additionally, the Electron lonization Mass Spectrometry (EI-MS) fragmentation
spectrum for tautomeric forms and the trajectories of intermediaries were evaluated through
semiempirical GFN2-xTB method as implemented in Quantum Chemistry Electron lonization
Mass Spectrometry program (QCEIMS) [47,48]. The MarvinSketch software was used to draw

the 2D chemical structures (https://chemaxon.com/products/marvin).

The scientific impact of DFT on physics, chemistry and biology is enormous. The
computational efficiency of DFT means that larger (more realistic) systems can be treated,
giving electronic structure theory much more predictive power and expanding its potential for
applications. This trend is further boosted by continuing improvements in computer
performance. Researchers worldwide use the DFT method in an intensive way, making it the
most popular QM method in present use. The accuracy of DFT has increased notably over the

last few decades, being quite suitable to the study of a range of chemical systems [49].

The molecular docking was conducted with the tool AutoDock Vina (version 1.1.2)
[50], as implemented in the MolAr (Molecular Architecture) software [51]. For the
crystallographic MP"and RdRp polymerase structures preparation, the loop regions were rebuilt
using the Modeller [52]. As such, the ions and water molecules were removed from the original
PDB, with the exception of water molecules that were in the MP™ and RdRp active sites.
Additionally, the polar hydrogen atoms was added in Chimera software [53] according to the
protonation state of the receptor at a pH value of 7.4. For the docking protocol, both MP™ and
RdRp enzymes and the structures of halogenated favipiravir tautomeric forms were used as
receptor and ligands, respectively. Hence, the grid box was centered on the co-crystallized
ligand (6-[ethylamino]pyridine-3-carbonitrile) of SARS-CoV-2 virus MP™ enzyme (5R82), and
the coordinates were x = 12.053, y = -0.871 and z = 24.157, with 1 A spacing. As such, the
same procedure was performed for the enzyme of SARS-CoV-2 RdRp polymerase, the grid
box was centered on the co-crystallized ligand cytidine-5'-triphosphate (3H5Y), and the
coordinates were x = 30,594, y = 0.628 and z = -0.780, with about of 1 A spacing. Finally, the
docked poses obtained along in this procedure were then selected on the basis of scoring
functions as well as protein-ligand interactions. Binding interaction figures were generated

using Discovery Studio 2017 R2 [54]. We also provide a theoretical estimation for the acute
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toxicity by use of LDso values obtained from a rat model-based admetSAR predictor, which is

freely available online at http://biosig.unimelb.edu.au/pkcsm/prediction.

RESULTS AND DISCUSSIONS

In this in silico study, halogenated favipiravir tautomeric forms were firstly investigated
by DFT and TDDFT calculations. Figure 2 (a-f) shows the optimized structures, bond lengths
and ESP maps for each derivative. As seen in Figure 2, the change from F to Cl and Br atoms
do not affect significantly the molecular structure, in general, except for the C-F to C-Cl and C-
Br bond lengths, which are longer than expected (due to their higher atomic radius). However,
the changes in the tautomer structures are mainly seen in the OH group, which shows longer C-
O and shorter O-H bonds, though some shifts in the N-C and C-C bond lengths at the main ring
are seen as well. Hence, it is well-known that such structural parameters are, in principle,
dependents of the nature of bonded atoms and their chemical environment. Also, we observed

an increase in the dipole moment with the replacement of fluoride in the favipiravir structures.

Finally, all these parameters determined for the optimized structure are consistent with the
literature [55,56].
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Figure 2. Optimized structures and ESP maps (with surface isovalue of 0.0004) for the
halogenated favipiravir tautomeric forms: (a) 1-F; (b) 1-Cl; (c) 1-Br; (d) 2-F; (e) 2-Cl and (f) 2-

Br. Image generated in the GaussView 6.0 https://gaussian.com/gaussview6/.

As for the ESP maps shown in Figure 2 (a-f), the charge distribution is oriented towards
the O atoms and N-H or O-H functional groups for the derivatives. These high negatively (red)
and positively (blue) charged surfaces, or respectively, electrons acceptor and donor areas,
show the most favorable regions for interaction between molecules, thus having a higher
reactivity.! As such, the halogenic substitution does not affect the charge distribution
significatively; however, the tautomer molecules are lesser polarized than the original structure

due to a charge stabilization in the O-H group.

According to Figure 1, the agent favipiravir undergoes a tautomerism process that gives
rise to its tautomeric form. Hence, from a drug-metabolism perspective, this process occurs via
a water-based proton transfer mechanism or without water-assisted. Hence, the TS obtained
through DFT calculations for both cases are shown in Table 1. These calculations were carried
out in gas phase and water as implicit solvent (PCM). In all cases, a single imaginary frequency

was obtained as shown in Table 1, confirming the achievement of the TS.

Table 1. Transition states (TS) of the tautomerism mechanism of the water-assisted process and
without water, in gas phase and implicit solvent (water), respectively. Image generated in the

CY Lview http://www.cylview.org/.
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According to Table 1, the tautomeric mechanism without water molecules showed the
highest TS energy, this is, less stabilizing energies. On the other hand, the water-assisted proton
transfer mechanism led to more stabilizing TS geometries and decreased energies. We also can
observe that by increasing the number of water molecules in the tautomerism process, it is
possible to obtain more stable geometries for the TS structure, making this process energetically
more favorable. Another important trend that should be highlighted is the fact of increasing the
electronegative character of the atom directly bound to the ring (Br < ClI < F). Our findings
show that the replacement of the chlorine atom from favipiravir with more electronegative
atoms, such as fluorine, this leads to higher TS energy values. On the other hand, in case
chlorine is replaced by a less electronegative atom, such as bromine, this feature leads to
decreased TS energy values. According to these results, we can observe that there were no
significant differences in energy for solvent calculations. However, structural changes can be
noticed by the variation of distances among atoms. From now on, the 1-F, 1-Cl and 1-Br will
refer to the keto form of the derivatives. On the other hand, the 2-F, 2-Cl and 2-Br will refer to

the enol form.

Figure 3 (a) and (b) shows the infrared (IR) and Raman spectrum of title compounds.
As a result, the 1-F derivatives present a main intense peak at 1802 cm™ related to the stretching
of C=0 groups and an important signal at 1312 cm™ assigned to the stretching of C-F, being
blueshifted to 1170 cm™ and 1161 cm™ for Cl and Br, respectively. The peaks localized around
3590 cm™ and 3732 cm™ are related to, respectively, the symmetrical and asymmetrical
stretchings of NH2 and NH groups. As for the intense Raman signal at 1557 cm™, it is
characterized by the deformation of the aromatic ring by asymmetrical stretchings of N ring
atoms. All peaks discussed for these structures are both IR and Raman active-modes, showing
signals located at the same IR and Raman frequencies positions. the discussed signals are
shifted from the 1-F molecules, thus the C=0 stretching peak is blueshifted to 1770 cm™ and
the C-F stretching to 1272 cm™, however, the Cl and Br heteroatoms are redshifted to 1179 cm’
Land 1172 cm, respectively. For the tautomers, it is noticed the appearance of significant peaks
at 1489 cm* and 3754 cm™, associated, respectively, to C-O and O-H stretchings of OH group.
It is worth notice that 2-F molecules present an intense IR active-mode around 330 cm™, in

which is related to the bending of NH2 group.
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Figure 3. Computed (a) IR and (b) Raman spectra of the derivatives. Image generated in the

Origin https://www.originlab.com/.

Figure 4 (a) and (b) illustrate the computed UV-Vis absorption and emission spectrum
for the halogenated favipiravir compounds. For the UV-vis absorption spectrum of 1-F and 1-
Cl derivatives, it is found an intense band at 350 nm and a very weak signal of high energy
transition at 241 or 245 nm, respectively. In contrast, the 1-Br molecule shows only a small
redshifted for the most intense band, which is located at about 361 nm (see Figure 4 (a)). Note
that the dotted line in Figure 4 (a) and (b) corresponds to the emission spectra for such
compounds. From the emission and UV-vis absorption spectra of these compounds were
calculated the Stokes shifts ranging from 76 nm (1-Br) to 104 nm (1-F). As it is shown, the
lower energy part of the absorbance bands is overlapped with the higher energy part of the
emission bands, forming a sensitive Forster Resonance Energy Transfer (FRET) region from
intramolecular mechanisms [57]. As for the emission bands, it can be noted that a large peak at
about 437 nm for both 1-Cl and 1-Br compounds. In contrast, we can observe a redshift in

computed emission spectra for the 1-F compound, which have emission wavelengths at 454
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nm. On the other hand, as shown in Figure 4 (b), the 2-F derivatives present only an intense
band in the UV-vis absorption and emission spectra, with major blueshifts in the band position,
ranging from 291 nm to 304 nm associated respectively to 2-F and 2-Br structures. The
computed excitonic transitions, their related orbitals and the Stokes shifts for the halogenated

favipiravir tautomeric forms are organized in Table 2.

Table 2. Analysis of UV-Vis and emission spectra of both 1 and 2 derivative tautomer forms.

Molecule Excitonic Absorbance Ermission Emission Stokes shift
transition wavelength wavelength

HOMO — LUMO 350 nm LUMO — HOMO 454 nm 104 nm
P HOMO-4 — LUMO 241 nm

HOMO — LUMO 350 nm LUMO — HOMO 437 nm 87 nm
el HOMO-4 — LUMO 245 nm
1-Br HOMO — LUMO 361 nm LUMO — HOMO 437 nm 76 nm
2-F HOMO-1 —- LUMO 291 nm LUMO — HOMO 312 nm 21 nm
2-Cl HOMO-1 — LUMO 296 nm LUMO — HOMO 319 nm 23 nm
2-Br HOMO-2 — LUMO 304 nm LUMO — HOMO 336 nm 32 nm

From Table 2, it is found that the excitonic transitions are mainly HOMO — LUMO for
the 1-F type tautomers, while the 2-F type transitions happen from lower levels of the valence
band to the LUMO orbital, as shown in Table 2. It is worth noticing that higher Stokes shifts
of 1-F type derivatives may be a clue to a Excited States Intramolecular Proton Transfer
(ESIPT) [58]. In this framework, we propose from the higher Stokes shifts that the 1-F molecule
and their halogenic species are part of an ESIPT mechanism, in which the excited 1-F molecules
are quickly phototautomerized into excited 2-F derivatives due to a proton transfer between the
aromatic N-H and its O=C neighbor, and returning to the original structure by a reverse proton
transfer after the radiative decay. However, as seen in the lower Stokes shifts, the same do not

occur to the 2-F derivatives.
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Computed ECD data are also shown in Figure 4 (c) and (d). In the 1-F derivatives
spectra, three signals are identified in the region between 220-440 nm, two being negatives
(240-263 nm and 350-361 nm) and one positive (361-432 nm). As such, the 2-F and 2-ClI
derivatives show three signals in the region of 200-360 nm, one negative (223-230 nm) and two
positives (255-281 nm and 296-351 nm); however, there are four observed signals around 225-
450 nm for the 2-Br tautomer, two being negatives (256 nm and 304 nm) and two positives
(281 nm and 349 nm). Thus, it is analyzed that the change of heteroatom causes shifts in the
positions and intensities of ECD signals, being the most significant modifications related to Br
substitutions. Figure 4 (e) shows the LUMO+1, LUMO, HOMO and HOMO-1 shapes. From
the HOMO and LUMO orbitals energies, the HOMO-LUMO gap and other electronic
properties of the derivatives in their gas and water phase are calculated and organized in Table
3. Therefore, there are patterns in the HOMO-LUMO gaps, in which CI derivatives have
slightly higher energy and Br lower energy in comparison to their 1-F and 2-F tautomers. The
HOMO-LUMO gaps are in accordance to the ESP maps as seen in Figure 2, which 1-F
derivatives are more chemically reactive than 2-F due to their significantly smaller energy gaps.

Along the energy gaps, other electronic properties are slightly shifted as well.

Table 3. Electronic properties of the derivatives in gas phase and solution.

Gas phase
HOMO-LUMO Hardness Softness Mulliken Electrophilicity
Molecule
(eV) (V) (eV) Electronegativity (eV) (V)
1-F 3.88 1.94 0.51 -5.02 50.40
1-Cl 3.91 1.95 0.51 -4.98 49.70
1-Br 3.83 191 0.52 -4.98 49.70
2-F 4.62 2.31 0.43 -5.02 50.40
2-Cl 4.64 2.32 0.43 -5.00 50.00
2-Br 4.58 2.29 0.44 -4.96 49.20
Solution

P HOMO-LUMO Hardness Softness Mulliken Electrophilicity
(eV) (eV) (eV) Electronegativity (eV) (eV)
1-F 3.95 1.97 0.51 -4.87 47.53
1-Cl 3.98 1.99 0.50 -4.84 46.85
1-Br 3.89 1.94 0.51 -4.83 46.75
2-F 4.70 2.35 0.42 -4.96 49.2
2-Cl 4.67 2.33 0.43 -4.91 48.31

2-Br 4.59 2.29 0.44 -4.87 47.53




161

In addition, computed EI-MS spectrum were done as a mean to identify and differentiate
each derivative and as well to understand their intermediary structures. Figure 5 shows the El-
MS spectrum and their respective trajectories, as well as intermediaries for all studied
compounds. In every diagram is observed a peak at 44 m/z related to the linear group
fragmentation outside the main ring of their source molecules. It is observed a pattern in the
fragmentation of both F and CI derivatives, in which the main structures are divided into two
fragments, giving rise to signals related to a linear part (44 m/z) and a cyclic part with the
heteroatom (113-129 m/z). However, it is observed a third peak at 80 m/z associated to Br atoms

in the Br derivatives, as seen in Figure 5.
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Figure 5. EI-MS diagrams, trajectories and intermediaries of all studied derivatives. (a) 1-F,
(b) 1-Cl, (c) 1-Br, (d) 2-F, (e) 2-Cl and (f) 2-Br structures. Image generated in the Origin

https://www.originlab.com/ and GaussView 6.0 https://gaussian.com/gaussview6/.

In order to best characterize the tautomers and understand their electronic structure,
efforts have been made to obtain the NMR shieldings of the derivatives, as listing in Table 4.
As such, the first is that N atoms next to the halogenic heteroatoms, and those close to OH
group in the case the case of 2-F derivatives, present a relative lower shielding in comparison
to other N atoms. Second, as the halogenic nuclei radius increases, the RNM shielding increases
as well, ranging from 301.55 (F) to 2213.26 ppm (Br). The last conclusion to be made is that
several shifts in the shieldings are observed when transitioning to solvent phase, as shown in
the chemical shift Ac, however, the chemical shift of O? nuclei are significantly higher than
other nuclei. Hence, the main reason for these higher values is due to interaction between
tautomers and water molecules from the solvent, in which hydrogen bonds are formed between

HO-H molecules and C=0 groups of the derivatives compounds.

Table 4. NMR shielding on nuclei of intermediaries in gas phase and in solvent water (PCM).

Shielding ingas  Shielding in water

Molecule Nuclei Ao (ppm)
(ppm) (ppm)

e 12-0 -66.26 -7.82 -58.44
| 7-N -44.26 -46.37 211

Fs ) Ho 10-0 -31.38 21.56 -52.94
Ser” N 9-H 23.90 22.87 1.03
Nl (I: 5-H 24.68 24.05 0.63
N~ N 14-H 24.93 24.46 0.47
|3 ° 15-H 27.08 26.61 0.47
MG 11-C 36.18 32.97 3.21
Nfa O 4-C 48.12 44.99 3.13
| 2-C 48.29 48.13 0.16

Fis 3-C 51.00 53.71 271
1-C 79.01 73.18 5.83

1-F 8-N 85.17 74.69 10.48
13-N 171.85 165.03 6.82

6-F 301.55 303.73 -2.18
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6-N -67.44 -71.64 4.20
11-0 -64.36 -7.16 -57.20
9-0 -35.90 16.12 -52.02
8-H 23.71 22.74 0.97
5-H 24.62 24.04 0.58
13-H 24.93 24.46 0.47
14-H 27.10 26.64 0.46
10-C 36.37 33.16 3.21
4-C 48.75 45.66 3.09
3-C 48.76 51.05 -2.29
2-C 63.68 63.07 0.61
1-C 66.99 61.93 5.06
7-N 80.44 71.40 9.04
12-N 172.46 165.63 6.83
15-Cl 708.05 709.13 -1.08
6-N -73.15 -78.22 5.07
11-0 -66.76 -4.09 -62.67
9-0 -37.07 15.66 -52.73
8-H 23.61 22.67 0.94
5-H 24.46 2391 0.55
13-H 24.60 24.13 0.47
14-H 27.06 26.61 0.45
10-C 37.34 34.27 3.07
4-C 49.03 45.73 3.30
3-C 50.48 52.34 -1.86
1-C 63.45 58.69 4.76
2-C 65.41 64.33 1.08
7-N 76.38 67.91 8.47
12-N 173.11 166.53 6.58
15-Br 2213.46 2212.032 -1998.57
10-0 -54.27 -4.43 -49.84
8-N -47.51 -46.56 -0.95
7-N -29.68 -28.50 -1.18
5-H 23.62 23.33 0.29
12-H 24.39 23.98 0.41
15-H 25.52 25.02 0.50
13-H 26.83 26.35 0.48
9-C 36.61 33.93 2.68
4-C 39.07 38.86 0.21
2-C 40.63 40.58 0.05
1-C 62.54 59.77 2.77
3-C 67.54 68.03 -0.49
11-N 170.19 163.66 6.53
14-0 190.07 196.21 -6.14
6-F 282.12 285.63 -3.51
6-N -61.30 -60.84 -0.46
9-0 -52.74 -3.71 -49.03
7-N -41.79 -40.70 -1.09
5-H 23.57 23.32 0.25
11-H 24.31 2391 0.40
15-H 25.53 25.02 0.51
12-H 26.84 26.36 0.48
8-C 36.27 33.62 2.65
4-C 38.52 38.23 0.29
2-C 49.23 49.08 0.15
1-C 51.29 49.11 2.18
3-C 65.03 65.38 -0.35
10-N 169.91 163.55 6.36
14-0 189.35 195.18 -5.83
13-Cl 686.88 689.91 -3.03
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In order to analyze the interaction modes that our drug candidates performed with

SARS-CoV-2, the crystal structures of the viral MP™ in complex with 6-(ethylamino) pyridine-

3-carbonitrile and RdRp polymerase in complex with cytidine-5'-triphosphate were
downloaded from Protein Data Bank (PDB), codes 5R82 and 3H5Y, respectively [59,60]. As

the enzymes were prepared, the molecular docking protocol was started. Thus, to evaluate the

ability of the algorithm to predict possible ligand orientations, re-docking calculations were

performed using the MolAr software [51], with the implementation of the AutoDock Vina
program [50]. As such, the values extracted from RMSD (5R82 = 0.94 A /3H5Y = 1.55 A)
indicated that VVina was able to predict the conformation that the co-crystallized ligands adopted
experimentally within the SARS-CoV-2 MP™ active site and SARS-CoV-2 RdRp polymerase.

Thus, the re-docking overlaps are shown in Figure 6. All computed interaction energy results

are shown in Table 5.
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Figure 6. Re-docking overlaps and representation of the interactions performed by co-
crystallized 6-(ethylamino)pyridine-3-carbonitrile for SARS-CoV-2 MP® and cytidine-5'-
triphosphate for SARS-CoV-2 RdRp sites. Interactions: green= Hydrogen bond, pink =
hydrophobic and orange= coulombians. Image generated in the Discovery Studio Software 4.5

https://discover.3ds.com/discovery-studio-visualizer-download.
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Table 5. Intermolecular interaction energies obtained through Vina.

Intermolecular

Compounds interaction energy (kcal mol?)
RdRp MPro
(PDB:3H5Y) (PDB:5R82)
0 -6.5 -4.4
Br N
\E X NH,
N O
H
1-Br
0 -6.5 -4.4
Cl N
\E X NH,
N (e}
H
1-Cl

-6.4 -4.8

0
F N
\[ X NH,
N o
H
1-F
o)
-6.3 -4.6
Br. N
X NH,
=
N OH

2-Br

O
o . -6.3 4.6
X NH,
7
N OH

2-Cl
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\E X NH,
Z

N OH

2-F

According to Table 5, all drug candidates studied (i.e., favipiravir and its derivatives in
both tautomeric forms) interacted well with the SARS-CoV-2 RdRp site, with interaction
energy values in the range of -6.3 to -6.5 kcal mol™, respectively. These studied compounds
showed lower interaction energy values than the co-crystallized ligand (-3.5 kcal mol™?) within
the SARS-CoV-2 RdRp site, indicating that these compounds are very promising for the
inhibition of this molecular target. Regarding the MP™ enzyme, the studied compounds showed
interaction energy values in a range of -4.4 to -4.8 kcal mol™, respectively. However, these
values were not lower than the co-crystallized ligand (-9.2 kcal mol™?). In general, it is
noteworthy that the studied compounds had a good affinity within the active site of the
molecular targets, but this class of compounds interacts better with the enzyme SARS-CoV-2
RdRp site.

Regarding interactions in the SARS-CoV-2 RdRp, the 1-Br and 1-Cl compounds
showed the same interaction energy value, -6.5 kcal mol™, being more stable than the other
compounds, that is, they have settled very well in their place. Particularly, they performed
hydrogen bonding interactions with Ser300, Asp247, Asp343, Trp246, Asn309, and G8, as well
as Coulombian interactions with Argl182 and hydrophobic interactions with G2 and G8,
respectively. It was also observed that these compounds interact with both the enzyme and
RNA, remaining well accommodated in the 3H5Y site. These intermolecular interactions
carried out by these compounds are important for the inhibition of this molecular target, and
this can be corroborated by the interactions performed by the co-crystallized ligand at the 3H5Y

site [59], as shown in Figure 6.

In relation to the SARS-CoV-2 RdRp site, the compounds 2-Br, 2-Cl and 2-F had the
same interaction energy value (-6.3 kcal mol), performing interactions with Arg182, Trp246,
Asn309, Asp343, G8 and G2 (Figure 7). In this case, the Favipiravir compound presented
energy of about -6.4 kcal mol™ and made interactions with Arg182, Trp246, Asn309, Asp343

and G8. A remarkable trend can be observed from these results, all tautomers (1-F, 1-Br and 1-
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Cl) showed better stability than their native forms (2-F, 2-Br and 2-Cl), that is, the tautomeric
form of these compounds is very reactive at the SARS-CoV-2 RdRp site. Also, note that all of
our drug candidates had key interactions for good affinity in the SARS-CoV-2 RdRp binding
pocket, so we can suggest that favipiravir and its derivatives can effectively inhibit RNA
polymerase, and in addition, being considered promising compounds for the treatment of
COVID-19.

Regarding interactions at MP™, it was observed that the compound favipiravir was the
one that best interacted with this enzyme, with an intermolecular interaction energy value of
around -4.8 kcal mol™. As such, this compound performed two hydrogen bonds with His164
and Arg188, Coulombian with Cys145 and hydrophobic interactions with Met165 and His41,
as well. It is worth mentioning, according to the literature [61], that these residues are
fundamental for inhibition of the viral MP™ (Figure 6 and 8). In the case of the 1-Br compound,
in particular, was the one that least interacted at the MP™ active site in relation to the other
compounds. According to our results, this compound performing interactions with Cys145,
His41l, Met49 and His154 (see Table 5). As shown in Figure 8, the other compounds also
performed interactions with the aforementioned residues. It was observed that the tautomerism
was not very significant for reactivity in this case. In general, our main objective was to
determine whether the studied inhibitors could target the MP™ enzyme. The molecular coupling
posture of each drug candidate indicated that they could, in fact, fit precisely in the substrate

binding pocket.

The ADMET profile (absorption, distribution, metabolism, excretion and toxicity) was
obtained, and the results for each compound are shown in Table 6. Lipinski's rule of 5 (RO5)
[62] was used to evaluate the potential of these favipiravir derivatives as orally active drugs in
humans, where it establishes that a molecule to be a good drug must present values for 4
parameters multiple of 5: log P greater than or equal to 5, Molecular Mass less than or equal to
500, hydrogen bond acceptors less than or equal to 10 and binding donors hydrogen less than
or equal to 5. We can note that the favipiravir derivatives violate the rules of maximum octhanol
/ water partition coefficient. In addition, these compounds in their native form are more toxic
than their tautomers and the halogens substitution have a significantly effect on the toxicity of

these studied compounds. Therefore, these compounds have considerable drug potential.



Table 6. ADMET profile of selected favipiravir derivatives.

Comp.

1-F
1-Cl
1-Br
2-F
2-Cl
2-Br

MW

157.10
173.56
218.01
157.10

173.56
218.01

logP

-0.99
-0.48
-0.37
-0.58

-0.06
0.04

D.H/
A.H

2/3
2/3
2/3
2/4

2/4
2/4

logS

-1.45
-1.94
-2.03
-1.88

-2.29
-2.36

Intestinal
Absortion (%)

86.80
87.00
86.95
86.04

86.59
86.53

CNS

-3.06
-3.07
-3.06
-3.12

-3.11
-3.11

Tox.
(LDso)
1.92
2.12
2.13
1.52

1.8
1.81

169

Comp = Compounds favipiravir derivatives. ADME parameters: MW = molecular weight, D.H = number of
Hbonds donors, A.B. = number of Hbonds acceptors, logP = partition coefficient, logS = predicted aqueous
solubility, CNS = predicted central nervous system, Tox= Oral Rat Acute Toxicity (mol Kg?).
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1-F-Favipiravir

SARS-CoV-2 RNA polymerase site. Image generated in the Discovery Studio Software 4.5

https://discover.3ds.com/discovery-studio-visualizer-download.
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Figure 8. Representation of the interactions performed by favipiravir and its derivatives in the
MP© active site. Image generated in the Discovery Studio Software 4.5

https://discover.3ds.com/discovery-studio-visualizer-download.
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CONCLUSIONS

In conclusion, we have studied the electronic structure and spectroscopic properties of
halogenated favipiravir tautomeric forms. These results are compatible with reported
theoretical-experimental data (when available), allowing for a complete distinction in both
tautomeric forms. Therefore, in this study, these effects were evaluated in order to consider
favipiravir and its metabolic derivatives, since this compound has recently been used for the
treatment of COVID-19. All halogenated favipiravir tautomeric forms were investigated against
the SARS-CoV-2 using both MP™ and RdRp sites as model systems. Since all molecules have
shown RNA-inhibiting properties, generating potential candidates for the COVID-19 treatment.
Hence, we strongly recommend that future in silico studies address both biological targets, what
could certainly contribute for the development of new therapies based on the combined use of

drugs.
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ABSTRACT

Understanding the effects of metabolism on the rational design of novel and more effective
drugs is still a considerable challenge. To the best of our knowledge, there are no entirely
computational strategies that make it possible to predict these effects. From this perspective,
the development of such methodologies could contribute to significantly reduce the side effects
of medicines, leading to the emergence of more effective and safer drugs. Thereby, in this study,
our strategy is based on simulating the electron ionization mass spectrometry (EI-MS)
fragmentation of the drug molecules and combined with molecular docking and ADMET
models in two different situations. In the first model, the drug is docked without considering
the possible metabolic effects. In the second model, each of the intermediates from the EI-MS
results is docked, and metabolism occurs before the drug accesses the biological target. As a
proof of concept, in this work, we investigate the main antiviral drugs used in clinical research
to treat COVID-19. As a result, our strategy made it possible to assess the biological activity
and toxicity of all potential by-products. We believed that our findings provide new chemical

insights that can benefit the rational development of novel drugs in the future.

Introduction

Since the start of the last year, the novel coronavirus SARS-CoV-2, which is responsible
for the disease designated like Coronavirus Disease 2019 (abbreviated as, COVID-19), has led
to the death of over 2.7 million peoples.**° Moreover, the pandemic significantly impacted
regular operations and economies of several countries, ultimately affecting millions of people
both directly and indirectly. To combat the disease, the scientific community is developing
vaccines and medicines; however, to date, there is no proven effective treatment for COVID-
19.1° Considering the increasing global caseload, there is substantial pressure to discover and
develop new antiviral drugs and vaccines to treat COVID-109.

Recent studies suggest that the structure of the SARS-CoV-2 virus is suitable for hosting
interactions between its active sites and other molecules. The current focus of new drug
treatments is to target the essential areas of the virus, including the Spike (S) protein, 3C-like
protease (3CLpro), papain-like protease (PLpro), RNA-dependent RNA polymerase (RdRp),
and also serine protease TMPRSS2.13" Molecules that show favourable interactions with the
active sites of these proteins may inhibit their enzymatic activities and hinder the essential
mechanism of viral pathogenicity. Possible candidates for the treatment of COVID-19 include
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the antiviral drugs Favipiravir, Galidesivir, Nitazoxanide, Remdesivir, Ribavirin, Chloroquine,

and Hydroxychloroquine due to their ability for the enzymatic inhibition of SARS-CoV-2." 1

In addition to the effectiveness of a particular drug in the treatment of a disease, drug
design must also consider xenobiotics, or the mechanism via which the by-products of a
medicine interact with and exit the human body.*1" As is well known, the general mechanism
of xenobiotics involves three main phases: Phase I, drug activation through oxidation,
reduction, and hydrolysis; Phase Il, drug inactivation by means of conjugation with proteins to
yield water-soluble metabolites that can be eliminated from the body; and Phase IlI,
biotransformation by enzymes before the waste leaves the body.'**” However, predicting the

details of this effect remains a challenge.

The present work proposes a theoretical methodology to predict the potential by-
products of the abovementioned drugs used to treat COVID-19. This novel method simulates
the electron ionization mass spectrometry (EI-MS) fragmentation of the drug molecules used
to treat COVID-19 and evaluates the structures of the intermediates to explain the possible
xenobiotic metabolism for each species. These results revealed two different molecular docking
models to inhibit the main protease (MP") and RdRp of the SARS-CoV-2 virus. In the first
model, the drug is docked without considering the possible metabolic effects. In the second
model, each of the intermediates from the EI-MS results is docked, and metabolism occurs
before the drug accesses the biological target. To the best of our knowledge, this is the first
study to present an entirely theoretical approach for modelling drug metabolism in the treatment
of COVID-19. Therefore, we present a novel methodology that may contribute to the design of

new drugs.

Computational models and methods

All structures were fully optimized and confirmed as a minimum of potential energy by
means of the Density Functional Theory (DFT) method at the B3LYP level with the 6-
31+G(d,p) basis set. These optimized structures were then used in all subsequent calculations,
including energy calculations were carried out through Time-Dependent DFT (TD-DFT). All
of DFT and TDDFT calculations were performed on Gaussian 09 package.'® Then, the
trajectories of fragmentation and computed EI-MS spectrum for the main antiviral drugs used
in COVID-19 treatment were predicted by the QCEIMS program,'®2° and these results were

visualized in Grace software (https://plasma-gate.weizmann.ac.il/Grace/). For these
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simulations, two semiempirical methods (GFN1-xTB and GFN2-xTB) were initially
considered for the Chloroquine and Hydroxychloroquine drugs and compared with
experimental data.?° In both cases, the GFN2-xTB method better reproduces experimental data,
as shown in Figure S1 of supplementary material, being therefore chosen for the calculations
of all compounds investigated in this study. In all cases, the total simulation time was 5 ps,
initial temperature of the vaporized substract of 500 K, and impact excess energy of 0.6 eV
atom™.1°2% From the computed EI-MS spectrum were identified the intermediaries’ structures
and plotted in the Avogadro code.?! All 2D structures were draw in the MarvinSketch 20.10

software (https://chemaxon.com/products/marvin).

Three different molecular docking models were prepared in this study as strategy to
investigate the possible metabolic effects, as shown in Figure 1, and all these calculations were
performed with the tool AutoDock Vina (version 1.1.2),%% as implemented in the MolAr
(Molecular Architecture) software.?® The crystallographic MPand RdRp structures used in this
simulations were prepared according to our previous studies.'>'*?* Based on this strategy, we
also investigate the absorption, distribution, mechanism, excretion, and toxicity (ADMET)
properties for antiviral target drugs and their by-products metabolic. Thereby, the acute toxicity
and other relevant pharmacokinetics parameters can easily be obtained from a rat model-based
admetSAR predictor (http://biosig.unimelb.edu.au/pkcsm/prediction). This ADMET procedure

has been used previously in similar systems with large success.*?132
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Figure 1. Schematic representation of computational strategy proposed in this study to the
investigation of the metabolism effect in drug design. The strategy used to build these models
have based on three different situations: (a) no previous metabolism and (b) prior effect of

metabolism to the inhibitory process.

Results and discussions

In this work, we proposed a novel strategy to predict the metabolism of the possible by-

products of the drugs cited in the introduction session.

As seen in the Figure S5 (a), the EI-MS diagram from the GFN2-xTB method, in
principle, presented most of the intermediaries of the Chloroquine molecule, in agreement with
the experimental data profile (NIST MS 42361), with slight deviation of intensity. The most
intense signal 86 m/z and its respective intermediary are also identified in the theoretical plot
and the resultant trajectory described. As for the Hydroxychloroquine spectra in Figure S5 (b),
the most intense peaks from the experimental data (NIST MS 246973) are not identified in the
theoretical data, still, some of the signals are found with distinct intensity from the experimental
spectra. In order to evaluate the results between the theoretical methods, Figure S5 (c) shows
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the EI-MS spectra of the Chloroquine obtained using the GFN1-xTB method in comparison
with the same experimental profile. In this manner, the spectra from the GFN1-xTB did not
match the intermediaries mass/charge rate and intensity as well as its analog method, reveling
that the GFN2-xTB is the best option for this calculation. Transitioning to the
Hydroxychloroquine in Figure S5 (d), the spectra acquired from the GFN1-xTB approach did
not show significant improvements over the GFN2-xTB, and the most intense signals of the
NIST profile are not identified as well. In general, an increasing on the molecular dynamics
parameters could lead to a better prediction of the EI-MS spectra and its intermediaries in
exchange of meaningful computational cost, however, as the current methodology with GFN2-
XTB provided satisfactory results for the Chloroquine drug, it has been chosen as the default

semiempirical method to the study of the other drugs.

Henceforth, the discussion of the EI-MS spectra and trajectories will be done in the
context of xenobiotics metabolism, evaluating the obtained intermediaries as drug by-products,
their metabolism and toxicity when possible. Thus, returning to the Chloroquine drug, the
spectra and trajectories are shown in Figure S5 (a). The Chloroguine molecule contains polar
amine and chloride groups in its structure, showing an aromatic region with more polar
character than the other extremity. The first trajectory showed the fragmentation of Chloroquine
around the amine that bond the aromatic and the alkane regions, leading to the following
intermediaries: the 1-177 m/z 7-chloro-4-aminoquinoline, containg the aromatic region,
deprotonated amine and chloride polar groups, is a toxic and major metabolite from the
oxidation of Chloroquine by the cytochrome P-450 enzyme;?%?’ the deprotonated 1-57 m/z
butane and 1-29 m/z ethane, both nonpolar hydrocarbons which can be oxidized into polar
species in Phase | of metabolism; and the 1-56 m/z deprotonated amine, a polar and likely water-
soluble molecule that may metabolize directly in Phase Il. The trajectory Il leads to the high
molecular mass fragment 11-233 m/z similar to the 1-177 m/z, with an alkane extremity that may
be target of oxidation in Phase I; and the 11-86 m/z, the specie also identified in the experimental
spectra, show very low polar character and may be almost insoluble in water, possible target of
oxidative reactions in Phase | metabolism before conjugation in Phase 1. The last trajectory for
Chloroquine gives the following intermediaries: the 111-205 m/z, a specie like the 1-177 m/z and
11-233 m/z, with a shorter alkane segment which may be oxidized in Phase I, and share the
behavior of its analog molecules; the deprotonated organic molecules 111-29 m/z ethane and I11-
28 m/z ethene, both nonpolar and likely targets to oxidizing reactions in Phase I, leading to

polar conjugates to metabolize in Phase II; and the protonated form of 1-56 m/z.
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The Figure S5 (b) shows the EI-MS spectra and unique trajectory of the
Hydroxychloroquine drug. The molecular structure of this drug is a more polar analog of the
Chloroquine due to the addition of a hydroxide group. The calculations for the
Hydroxychloroquine resulted in a single trajectory: the 1-142 m/z, a deprotonated
aminoquinoline similar to the 7-chloro-4-aminoquinoline from the metabolization of Quinoline,
which is a metabolite from the Hydroxychloroquine;? the 1-35 m/z chloride ion; and the 1-144
m/z, with polar amine and alcohol groups, and the nonpolar extremities likely submitted to
oxidative reactions in Phase | that may lead to smaller and polar fragments. This last fragment
is further cleaved into two more species: the 1-1-31 m/z molecule, which is deprotonated into a
highly water-soluble and toxic formaldehyde form, being rapidly metabolized into formate by
the alcohol dehydrogenase enzyme;?®3° and the I-1-113 m/z, an amine with pentane and ethane
extremities, and a possible target for Phase | oxidative reactions that have as products smaller

and polar molecules, further being transformed into metabolites in Phase II.
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Figure 2. EI-MS fragmentation spectra and trajectories of a) Favipiravir, b) Galidesivir, ¢)

Nitazoxanide, d) Remdesivir and e) Ribavirin.

As shown for the Chloroquine and Hydroxychloroquine, the theoretical EI-MS

calculations done with our methodology were able to predict the main metabolites of these

drugs, the 7-chloro-4-aminoquinoline and aminoquinoline, respectively. In this framework, we
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suggest a possible metabolism pathway for the Favipiravir, Galidesivir, Nitazoxanide,
Remdesivir, and Ribavirin drugs, as they are receiving substantial attention due to the SARS-
CoV-2 outbreak. In our previous work, we estimated the EI-MS spectra and identified the
possible trajectories for the Favipiravir molecule and its tautomers.*? In the current work, we
expanded our analysis to evaluate each intermediary species' biochemical activity. The
computed EI-MS spectrum of Favipiravir has two main trajectories that yield similar species
(Figure 2 (a)). The fragments shown in Trajectory | are the unstable analogues of Trajectory
I1; thus, the existence of the 11-43 m/z and 11-114 m/z species is the most probable mechanism.
The fragments in Trajectory | are easily transformed into Trajectory Il via the exchange of
protons between the molecules due to the difference in charge. Both fragments obtained in
Trajectory Il are polar and water-soluble due to hydrogen bonds in the C=0, N-H, and C=N
groups, respectively.3'*? Therefore, the Favipiravir waste molecules can be directly

transformed into metabolites through conjugation with proteins in Phase 11 of the metabolism.

Figure 2 (b) shows three trajectories for Galidesivir. The structure of Galidesivir
includes several polar groups showing two extremities with alcohol and amine groups.
Consequently, the molecular structure is fragmented around the alcohol extremity, resulting in
a main cyclic molecule, including the amine extremity and other smaller linear by-products
with hydroxide groups. The heavier fragments 1-206 m/z, 11-234 m/z, and 111-163 m/z consist
of several polar groups, including O-H, N-H, N-Hz, and C=N. These are soluble in water due
to hydrogen bonds and are efficiently metabolized in Phase II. It is possible that Phase |
hydrolysation can also occur in the O-H and N-H groups, leading to smaller polar fragments.
Regarding the smaller by-products of Galidesivir, the 1-59 m/z fragment is easily transformed
into a metabolite due to its polar O-H and N-H groups. The 11-31 m/z fragment is unstable in
its present form, and it transfers a proton to its main molecule to adopt a formaldehyde form.
The 111-74 m/z fragment is stable and water-soluble due to the diol group in its extremity.
However, the 111-27 m/z fragment is hydrogen cyanide, a water-soluble and extremely
poisonous molecule. It is well known for its inhibition of oxidative phosphorylation through
binding with the cytochrome enzyme, halting the aerobic metabolism.3 The I11-1 m/z fragment
is a proton, which is unlikely to exist in this form and may bond to its respective 111-163 m/z
molecule. The results show that all the waste molecules from the alcohol extremity of
Galidesivir are directly metabolised in Phase 11, without the need for Phase | transformations.
However, due to the possible toxic by-products, we encourage further studies of this molecule

from an experimental perspective.
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The computed EI-MS spectra and trajectories for Nitazoxanide are shown in Figure 2
(c). The molecular structure of this drug includes multiple polar functional groups, such as nitro,
sulphide, amine, amide, and ester. Nitazoxanide fragmentation predominantly occurs at the
amide carbonyl, pentacyclic carbon, and nitro groups, resulting in three main species. The I-
163 m/z fragment is polar (due to the ester and carbonyl groups) and highly nucleophilic due
to the carbonyl group, and it most probably exists in a protonated form, and hence expected to
be oxidized in Phase | of metabolism. The 1-98 m/z fragment is nucleophilic (due to two amines
and one sulphide groups) and probably exists in an isomer form due to proton transfer among
the N-H and the C-S extremity, both with significant polarity. The 1-46 m/z fragment is a polar
and highly reactive nitro radical that quickly transforms into other species. The 1-163 m/z
fragment may separate into two nucleophilic by-products, the 1-1-120 m/z and 1-1-43 m/z
fragments, both of which are polar and easily protonated. In particular, the I-1-120 m/z fragment
stabilization through proton acceptance, likely to be moderately water-soluble due to its polar
carbonyl and ketone groups, and may suffer oxidative reactions in Phase | metabolism before
its synthesis step. This results in alcohol in the case of the 1-1-120 m/z fragment. While the I-
1-43 m/z fragment, is protonated into the water-soluble and toxic acetaldehyde in an acid
environment, further metabolized into acetic acid by the aldehyde dehydrogenases enzyme.3*
The by-products are the same for Trajectory I1. All the waste products attributed to nitazoxanide
have significant polarity. Therefore, they can easily transform into metabolites during the

xenobiotic metabolism processes.

The computed EI-MS spectrum and trajectories for Remdesivir are illustrated in Figure
2 (d). The molecular structure of this drug is large and contains amine, alcohol, ether, ester, and
diazo groups. Hence, Remdesivir is cleaved around the sulfur centre, leading to two major
molecules, the 1-218 m/z fragment (similar to the 11-201 m/z fragment), 1-328 m/z fragment
(related to the 11-219 m/z fragment), and other smaller fragments. Trajectory | resulted in three
molecules: an 1-218 m/z fragment with most of the amine, carbonyl, aldehyde (previously
alcohol), and diazo polar groups; an 1-328 m/z fragment with a polar PNO>" centre, and ester
groups and nonpolar extremities; and an 1-56 m/z alcohol fragment, being directly metabolized
in Phase 1l by synthesis with glutathione enzyme.3> All these species are deprotonated during
fragmentation and may be re-protonated in an acidic environment. In Trajectory I, the 1-218
m/z can be further separated into two other polar molecules: the 1-1-57 m/z fragment, which
can be stabilized into an ethylene dione by means of deprotonation; however, experimental and

theoretical studies suggest that this molecule is extremely short-lived and quickly dissociated
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into two CO molecules,® and the 1-1-161 m/z fragment, which contains only amine groups due
to the cleavage of the diazo group. As such, the 1-2-160 m/z fragment is unlikely to exist.
Instead, the 1-1-161 m/z can be stabilized through intramolecular proton transfer, showing the
possibility of hydrolyzation through these sites or direct metabolization in Phase Il. The
intermediates in Trajectory Il are structurally similar to those of Trajectory I, resulting in the
following deprotonated fragments: the 11-201 m/z fragment, an analogue to the 1-218 m/z
fragment with polar amine, diazo, and alcohol groups; 11-59 m/z fragment, a polar deprotonated
diol; the 11-30 m/z fragment, a polar and toxic formaldehyde; the 11-219 m/z fragment, an
unstable molecule similar to the 1-328 m/z fragment without the phenolate ring and containing
PON? and ester groups at its polar extremities; and the 11-93 m/z fragment, a phenolate that
may exist in a barely water-soluble and toxic phenol form.3” Then, the 11-219 m/z intermediary
is posteriorly cleaved into three other by-products: the nonpolar 11-1-85 m/z alkene, the
nonpolar 11-1-44 m/z carbon dioxide, and the polar and unstable 11-1-90 m/z fragment with the
PON? group. From these results, we can infer that most of the waste by-products of Remdesivir
are polar species and can be transformed into metabolites via conjugation with the metabolism
proteins. The 11-93 m/z and 11-1-85 m/z fragments, which are nonpolar or barely polar, are
targets of oxidative reactions in Phase I, leading to water-soluble polar products that can be
further transformed into metabolites in Phase II.

The data obtained in the EI-MS calculations of Ribavirin are shown by the Figure 2 (e).
The molecular structure of this drug contains alcohol, ether, diazo, amine, and amide groups
along the molecule. Trajectory I shows a more fragmented path resulted from the electron
ionization process than 1l: a 1-31 m/z specie, that similar to the case of Galidesivir, can be
further deprotonated into polar and toxic formaldehyde; the 1-142 m/z with polar aldehyde,
alcohol, and amine groups, which is unstable and may accept two protons, a likely water-soluble
specie that may directly synthesize metabolites in Phase 1l metabolism; the 1-27 m/z extremely
poison and polar hydrogen cyanide, as also shown for Galidesivir; and the 1-44 m/z, which can
be further protonated into water-soluble formamide, a very important specie with role in the
synthesis of nucleic bases, phosphorylation of nucleosides and other essential biological
mechanism.*84° The 1-142 m/z can be further dissociated into two more fragments: the 1-1-59
m/z, accepting a proton and transforming into the same diol as shown for Remdesivir 11-59 m/z;
and the 1-1-83 m/z, a deprotonated form with amine and alcohol groups and thus possibly water-
soluble, likely metabolized in Phase 1. Trajectory Il leads to the 11-111 m/z, a molecule with a

polar nitrogenous ring and amide extremity, and the 11-133 m/z, a polar oxygenated fragment
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with alcohol and ether groups, expecting appreciable water solubility and conjugation with
proteins in Phase Il of metabolism for both species. As such, the 11-133 m/z fragment can be
further cleaved, resulting in the 11-1-31 m/z, lately being deprotonated into formaldehyde, and
the 11-1-102 m/z, a deprotonated polar molecule and possibly water-soluble due to its alcohol
groups, also participating in Phase Il. Additionally, the 11-1-102 m/z fragment is after
dissociated into 11-2-42 m/z water-soluble and toxic ethenone,** and the 11-2-60 m/z molecule,

the same diol formed from Remdesivir 11-59 m/z.

As such, the metabolism process for some relatively large molecules, yet unexplored by
the literature, was predicted in this study and likely might be obtained by oxidation or hydrolysis
reactions in Phase | or directly in Phase Il. These results, however, showed various intermediary
molecules with different toxicity levels. Hence, the metabolism study may give insight into the
drug's possible counter-effects due to the metabolites' respective known reactions in the human

organism.

Docking results and ADMET

To investigate the interaction modes that our drug candidates performed with viral MP™
and RdRp of SARS-CoV-2 (PDB codes 5R82 and 3H5Y), respectively.*?*® In order to assess
the ability of the algorithm to predict likely ligand orientations, in particular, re-docking
calculations were then performed in this study using the MolAr software,?® with the
implementation of the AutoDock Vina program.?? As a result, it is important to note that the
values extracted from RMSD (5R82 = 0.94 A /3H5Y =155 A) showed that the program used
in this study is adequate for predicting the conformation that the co-crystallized ligands adopted
experimentally within the viral MP® and RdRp of SARS-CoV-2.1213%5 The re-docking
configurations were maintained to perform the docking calculations of the drugs investigated
as well as their metabolism fragments. All computed interaction energy results are exhibited in
Table 1.

Table 1. Interaction energy (in kcal mol™) of drugs and their metabolism fragments computed

through AutoDock Vina program.
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Drugs Metabolism Interaction Energy Interaction Energy
fragments (MPre/kcal molt)  (RdRp / kcal mol?)

Favipiravir -4.8 -6.5
44 m/z -1.9 -2.7

113 m/z -3.7 -4.8

43 m/z -2.0 -2.8

114 m/z -3.7 -4.9

Galidesivir -3.9 -8.1
59 m/z -2.4 -3.2

206 m/z -4.7 -7.1

31m/z -1.5 2.1

234 m/z -4.3 -1.7

27 m/z -1.1 -1.3

74 m/z -2.6 -3.5

163 m/z -4.6 -6.0

Nitazoxanide -5.6 -7.9
43 m/z -1.8 -2.4

120 m/z -4.0 -5.0

46 m/z -2.0 -3.1

98 m/z -2.8 -3.5

163 m/z -4.3 -5.9

Remdesivir -4.9 -9.9
57 m/z 2.1 -2.9

161 m/z -4.4 -6.2

160 m/z -4.6 -6.7

218 m/z -4.1 -7.4

56 m/z -2.3 -3.2

328 m/z -3.4 -7.6

85 m/z -2.8 -3.3

44 m/z -1.7 -2.6

90 m/z -2.5 -3.4

201 m/z -5.0 -6.8

59 m/z -2.3 -3.0

30 m/z -1.3 -1.8

219 m/z -4.1 -5.7

93 m/z -3.5 -4.5

Ribavirin -4.6 -1.7
59 m/z -2.3 -3.0

83 m/z -2.8 -3.9

31m/z -1.5 -2.1



Chloroquine

Hydroxychloroquine

142 m/z
27 m/z
44 m/z
60 m/z
111 m/z
133 m/z
102 m/z

29 m/z
56 m/z
57 m/z
177 m/z
86 m/z
233 m/z
28 m/z
205 m/z

142 m/z
144 m/z
113 m/z
31 m/z

-4.0
-1.1
-2.0
-2.4
-4.0
-3.7
-3.2
-2.9
-1.3
-2.0
-2.1
-4.5
-2.6
-3.2
-1.3
-4.2
-3.2
-4.6

-3.1
-1.5

-5.3
-1.3
-2.7
-3.1
-5.2
-5.1
-4.3
-6.9
-1.6
-2.5
-2.8
-6.3
-3.1
-6.3
-1.6
-6.5
-71.3
-6.2

-3.9
-2.1
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As shown in Table 1, all drugs investigated and their fragments stably interacted within

the viral MP™ (with interaction energy values in the range of 0 to -5.6 kcal mol™) and RdRp

sites (with interaction energy values in the range of 0 to -9.9 kcal mol™?). In addition, the
ADMET results are shown in Table 2.

Table 2. ADMET profile of diverse anti-viral drugs and their metabolism fragments.

Compounds MS

Fragments
Favipiravir
44 m/z
113 m/z
43 m/z
114 m/z

Galidesivir

Mole.cular logP
Weight

157.104 -0.992
47.057 -1.105
114.079 -0.091
43.025 -0.099
116.095 -0.517
267.289 -1.847

D.H/
AH

2/3
2/2

1/2
2/1
1/2

717

logS
(mol L)

-2.103
1.465

-0.781
0.747
-0.001

-2.467

Intestinal
Absortion
(%)
81.635

84.154

94.787

94.232
100

45.167

CNS

-3.111
-2.696

-2.932
-2.638
-2.996

-4.859

LDso
(mol Kg)

1.929
1.878

2.131
2.200
2.208

2.548



Nitazoxanide

Remdesivir

Ribavirin

59 m/z

206 m/z
31 m/z

234 m/z
27 m/z

74 m/z

163 m/z

43m/z |

120 m/z
46 m/z
98 m/z
163 m/z

43m/z Il

57 m/z
161 m/z
160 m/z

218 m/z
56 m/z

328 m/z
85 m/z
44 m/z
90 m/z
201 m/z
59 m/z
30 m/z

219 m/z
93 m/z

59 m/z
83 m/z
31m/zl

59.068
208.221
32.042
237.263
27.026
76.095
170.216
307.287
46.069
122.123
49.029
106.194
168.192
46.069
602.585
58.036
166.208
169.232
223.236
60.096
329.333
86.178
47.057

93.066

203.205
62.068
30.026

219.221
98.145

166.208
60.052
90.126

32.042

-0.372
-0.755
-0.392
-1.208
0.140
-0.639
-2.148
2.229
-0.001
0.663
-0.646
-0.578
1.250
-0.001
2.312
-0.110
-2.321
-1.675
-2.129
0.389
3.123
2.442
-1.105
0.097
-0.089
-1.029
-0.185
2.151
1.520
-2.321
-0.882
-1.297

-0.392

212
5/5
11
6/6
1/0
2/2
4/5
1/7
1/1
0/2
3/3
3/3
0/3
11
13/13
2/1
8/4
4/5
3/7
11
2/4
0/0
2/2
2/2
2/6
2/2
1/0
1/3
1/0
4/3
2/1
3/3
1/1

0.967
-2.394
1.075
-2.626
0.162
0.973
-1.142
-3.826
0.782
-0.501
1.299
0.821
-0.868
0.782
-3.56
1.199
-1.112
-1.091
-1.957
0.360
-3.279
-2.547
1.465
0.311
-2.983
1.664
0.722
-1.619
-0.963
-1.112
1.156
0.140

1.075

85.397
65.857
98.165
58.026
100
84.782
65.04
79.029
98.262
100
77.865
81.893
100
98.262
43.813
95.919
56.409
54.990
63.682
96.667
89.124
95.502
84.154
93.366
76.079
86.716
100
92.118
97.244
56.409
95.474
80.546

98.165

-2.910
-3.948
-2.566
-4.036
-2.375
-2.841
-3.959
-2.979
-2.611
-2.681
-3.499
-2.996
-2.887
-2.611
-5.006
-2.705
-3.974
-4.000
-3.675
-2.537
-2.817
-2.113
-2.696
-2.994
-3.111
-2.932
-2.393
-2.947
-2.739
-3.974
-2.743
-2.923

-2.566

193

1.996
2.338
2.029
2.509
2.351
1.522
2.081
2.472
2.028
1.862
2.359
2.244
1.891
2.028
2.213
2.030
1.992
2.029
2.226
1.984
2511
1.944
1.878
2.169
2.222
1.857
2.040
3.026
2.040
1.996
1.846
1.765

2.029



142 m/z
27 mlz
44 m/z
60 m/z
111 m/z
133 m/z
31m/zll
102 m/z

Chloroquine
29 m/z

56 m/z
57 m/z
177 mi/z
86 m/z
233 m/z
28 m/z
205 m/z
Hydroxychloroquine
142 m/z
144 m/z
113 m/z
31 m/z

144.130
27.026
47.057
62.068

112.092

134.131
32.042

104.105

319.880
30.070

59.112
57.096
182.654
87.166
236.746
30.070
206.676
321.852
148.209
145.246
115.220

32.042

-1.406
0.140
-1.105
-1.029
-1.096
-1.553
-0.392
-1.071

4.811
1.026

0.226
0.707
2.155
0.958
3.875
1.026
3.320
3.740
1.502
1.488
1.786

-0.391

2/4
1/0
2/2
212
2/3
3/4
11
2/3

3/1
0/0

11
1/0
2/2
1/0
2/1
0/0
2/1
4/2
2/2
2/1
11

1/1

0.04
0.162
1.465
1.310
-1.065
-0.108
1.075
1.030

-4.014
-0.623

0.452
-0.156
-1.710
-0.303
-2.174
-0.623
-3.236
-3.347
-1.437
-0.765
-1.367

1.075

77.520
100
84.154
86.376
73.849
73.940
98.165
81.777

89.244
100

100
100
88.700
100
88.330
100
91.953
89.139
90.287
92.423
93.158

98.165

-3.167
-2.375
-2.696
-2.916
-3.903
-3.855
-2.566
-3.420

-2.963
-2.344

-2.673
-2.505
-2.218
-2.807
-2.294
-2.344
-2.331
-2.194
-2.172
-2.900
-2.545

-2.566
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*ADMET parameters: log P = partition coefficient, D.H/A.H. = number of hydrogen bonds

donors/acceptors, logS = predicted aqueous solubility, CNS = predicted central nervous system.

Our ADMET analysis (Table 2) shows that the drugs Favipiravir and Chloroquine are

more toxic than their main fragments. Remdesivir has a toxicity similar to its main fragments.

While the Hydroxychloroquine, Galidesivir, Nitazoxanide and Ribavirin are less toxic than

their fragments. Further, comparing the median lethal dose (LDsp) for all antiviral drugs studied,

which showed the following order for the acute toxicity data Favipiravir > Ribavirin >

Remdesivir > Nitazoxanide > Galidesivir > Hydroxychloroquine > Chloroquine. Thus, this

study points out the importance of verifying the effects of these pharmacophoric groups

1.914
2.351
1.878
1.570
1.900
1.215
2.029
1.378

2.982
2.182

2.198
2.277
3.261
2.173
3.332
2.182
2.516
2.770
3.233
2.123
2.334

2.029
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(fragments) for the contribution of developing new less toxic and more efficient drugs for the
COVID-19 treatment.

Favipiravir

According to our results, Favipiravir showed a more stabilizing interaction energy (-4.8
kcal mol™) in both SARS-CoV-2 MP® and RdRp binding sites, in comparison with its
fragments. From our results, we can also notice that Favipiravir and its fragments had more
stabilizing energies when docked in the RdRp binding site, in relation to our values found for
the MP® enzyme. This same trend can be observed for the other drugs investigated. Regarding
the intermolecular interactions in the RdRp binding site, Favipiravir performed hydrogen bonds
with the residues Asn309, Ser306, Asp343 and Arg182, and hydrophobic interaction with RNA
(Figure 3). In addition, in the MP™ binding site, there were interactions with the residues
Met165, His164, Cys145, His41 and Argl88 (Figure 4). In the RdRp binding site, as well as
in the MP™ site, the fragments 113 m/z (MP™: -3.7 kcal mol™, RdRp: -4.8 kcal mol™) and 114
m/z (MP: -3.7 kcal mol?, RdRp: -4.9 kcal mol™?) showed the most stabilizing interaction
energies in these target sites. These species also carried out the largest number of intermolecular
interactions, like hydrophobic interactions and hydrogen/halogen bonds, as can be observed in
Figures S.6.1 and S.6.2 of supplementary material. According to the pharmacophoric graphs,
the largest fragments of Favipiravir exhibited better interaction energies and a range of
intermolecular interactions, probably due to the presence of more pharmacophoric groups in
comparison with smaller fragments. In the RdRp site, it was observed different kinds of
interaction with RNA from the fragments, such as hydrophobic interactions (fragments 43 m/z
and 44 m/z), halogen bond (fragment 113 m/z) and hydrogen bond (fragment 114 m/z). From
these results, we can observe that the bulkier fragments of Favipiravir more strongly interacted
in the RARp binding site. On the other hand, in the MP™ site, only the fragment 44 m/z interacted
with both residues of the catalytic dyad (Cys145 and His41).

Galidesivir

Regarding Galidesivir (MP: -3.9 kcal mol™), the docking of its fragments exhibited
three species with more stabilizing interaction energies in the MP binding site, in comparison

with the non-metabolized drug. These species were the fragments 206 m/z (MP™: -4.7 kcal mol
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! RdRp: -7.1 kcal mol?), 234 m/z (MP™: -4.3 kcal mol?, RdRp: -7.7 kcal mol™) and 163 m/z
(MP™: -4.6 kcal mol?, RdRp: -6.0 kcal mol™?) (Table 1). Our findings, however, indicate that
these fragments have a better affinity in the binding site of MP™ than Galidesivir. On the other
hand, in the RdRp, the non-metabolized drug showed a more stabilizing interaction energy than
its fragments. In general, Galidesivir and its fragments showed a more stabilizing interaction in
the RdRp binding site. By analysing the intermolecular interactions of Galidesivir in the RdRp
site, this drug performed hydrogen bonds with Glu168 and RNA, and hydrophobic interactions
with Argl182 and RNA (Figure 3). In the MP, Galidesivir carried out a hydrogen bond with
His164, in addition to hydrophobic interactions with Met49, Met165, His41 as well as His164
(Figure 4). The intermolecular interactions of its fragments can be observed in Figures S.6.3
and S.6.4. In the RdRp binding site, it is interesting to notice that most fragments presented
hydrophobic interactions with RNA. In addition, several fragments showed hydrophobic
interactions with the catalytic dyad in the MP™ enzyme. These interactions are important for
therapeutic activity.?*

Nitazoxanide

In this work, the interaction modes of a range of fragments of several drugs were
analyzed toward the viral MP™ enzyme and RdRp, and in the case of Nitazoxanide, differently
from Galidesivir, the non-metabolized drug showed more stabilizing interactions than all
fragments obtained through QCEIMS, being these values -5.6 kcal mol™* for MP™ and -7.9 kcall
mol for RARp. The species with lower energies, that is, with more stabilizing energies, are the
fragments 120 m/z (MP™: -4.0 kcal mol™, RdRp: -5.0 kcal mol™?) and 163 m/z (MP™: -4.3 kcall
mol™, RdRp: -5.9 kcal mol™). In general, when the non-metabolized drug is fragmented into
larger fragments, these bulkier fragments often interact better in the binding site. Probably, this
trend comes from the fact of these fragments present more pharmacophoric groups capable of
performing intermolecular interactions in the target site. Note that this trend does not apply to
all situations. For instance, another interesting fact is the possibility of some smaller fragments
interact in a more stabilizing form due to the formation of charged atoms, favoring a specific
kind of intermolecular interaction, that is, the well-known electrostatic interactions. This kind
of interaction contributes to the total interaction energy of the ligand, in addition to the
formation of stabilizing hydrogen bonds. Nitazoxanide performed hydrogen bonds with
Argl82, Trp246, Asp343, Asp242 and Arg392 in the RdRp site, with no interactions with RNA

(Figure 3). In the MP™ active site, it was observed hydrogen bond interactions with GIn189 and
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His164, and hydrophobic interactions with Cys145, Met49 and Met165 (Figure 4). According
to the pharmacophoric graphs, the fragments carried out diverse intermolecular interactions.
The fragments 43 m/z and 120 m/z interacted with RNA through hydrogen bonds, while the
fragments 98 m/z and 163 m/z interacted through hydrophobic interactions (Figures S.6.5). In
the viral MP™ site, e.g. only the fragment 163 m/z interacted with both residues of the catalytic
dyad (Figures S.6.6).

Remdesivir

For Remdesivir (MP®: -4.9 kcal mol™, RdRp: -9.9 kcal mol™), this antiviral resulted in
a big amount of fragments from the study of metabolism. Note that some of its fragments
showed interaction energies very close to that of the non-metabolized drug. These species were
the fragments 161 m/z (MP™: -4.4 kcal molt), 160 m/z (MP™: -4.6 kcal mol™) and 201 m/z
(MP: -5.0 kcal mol™), whose values highlighted here refer to the docking within the MP™
enzyme. In turn, Remdesivir was significantly more stabilized in the binding site of RdRp than
its fragments. Remdesivir and its fragments showed more stabilizing interaction energies in the
RdRp binding site, as can be observed in Table 1. Regarding the intermolecular interactions,
Remdesivir performed hydrogen bond interactions with the residues Asp343 and RNA, and
hydrophobic interactions with Lys174, Lys180, Phe70, Arg182 and RNA in the RdRp site
(Figure 3). As well, this drug interacted with Cys145, Met49 and Glul66 through hydrogen
bonds in the MP site, along with Coulombian interactions with Cys145 and Glul66, and
hydrophobic interaction with His41 (Figure 4). Most fragments of Remdesivir interacted with
RNA through hydrogen bonds and with some amino acid residues through hydrophobic
interactions (Figures S.6.7-a and S.6.7-b). These fragments also showed a range of
intermolecular interactions with diverse amino acid residues in the binding site. In the MP™ site,
a lot of fragments interacted with the catalytic dyad through hydrophobic interactions and
hydrogen bonds, they are the fragments 161 m/z, 160 m/z, 218 m/z, 56 m/z, 328 m/z, 201 m/z
and 219 m/z (Figures S.6.8-a and S.6.8-b).

Ribavirin
Another important antiviral investigated was Ribavirin. For this compound, the non-

metabolized drug presented a more stabilizing interaction energy (MP™: -4.6 kcal mol, RdRp:
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-7.7 kcal mol™) than its fragments. The species that best interacted with the biomacromolecules
were the fragments 142 m/z (MP™: -4.0 kcal mol™, RdRp: -5.3 kcal mol?), 111 m/z (MP™: -4.0
kcal mol?, RdRp: -5.2 kcal mol™?) and 133 m/z (MP™: -3.7 kcal mol?, RdRp: -5.1 kcal mol™).
In the RdRp site, Ribavirin carried out hydrogen bonds with RNA and the residues Trp246 and
Tyr243, in addition to hydrophobic interactions with RNA (Figure 3). On the other hand, this
drug interacted with only two residues in the MP™ binding site, being hydrogen bonds with
Glul66, and one residue of the catalytic dyad, the residue His41 (Figure 4). By analysing the
pharmacophoric maps of the fragments (Figure S.6.9 and Figure S.6.10), most fragments
stably interacted with RNA through hydrogen bonds. Furthermore, most fragments interacted
with the residues of the catalytic dyad. This is an important finding, keeping in mind that the

non-metabolized drug did not show interactions with the catalytic residue Cys145.

Chloroquine

Going deeper into this investigation, and based on the results computed for Chloroquine
with the viral MP enzyme, the fragments 177 m/z (MP™: -4.5 kcal mol™), 233 m/z (MP™: -3.2
kcal mol™?) and 205 m/z (MP™: -4.2 kcal mol™) showed interaction energies more stable than
that of the non-metabolized drug (MP™: -2.9 kcal mol™). Now taking into account the interaction
modes obtained for the docking in the RdRp binding site, Chloroquine (RdRp: -6.9 kcal mol™?)
showed more stabilizing interaction energy than its fragments. The fragments 177 m/z, 233 m/z
and 205 m/z exhibited interaction energy values close to that obtained for the non-metabolized
drug. In the RdRp binding site, Chloroquine carried out hydrogen bond only with RNA, as well
as hydrophobic interactions with RNA and the residue Arg182 (Figure 3). In turn, in the MP™
binding site, Chloroquine interacted of different ways, such as through halogen bond with
Met165, hydrogen bond with His41 and hydrophobic interactions with Cys145, Met165, Met49
and GIn189 (Figure 4). Almost all fragments in the RdRp binding site interacted with RNA,
except the fragments 28 m/z and 29 m/z (Figure S.6.11). From these results, we can observe
that the small fragments without hydrogen bond donor interacted less with DNA. In the MP™

binding site, most residues interacted with the residues of the catalytic dyad (Figure S.6.12).

Hydroxychloroquine
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For Hydroxychloroquine, the fragment 142 m/z (MP'™: -4.6 kcal mol™) was significantly
more stable than the non-metabolized drug (MP™: -3.2 kcal mol™?), based on the results acquired
from the docking with the viral MP™. On the other hand, like Chloroquine, Hydroxychloroquine
showed an interaction energy more stable in the RdRp binding site than those of its fragments.
The fragment 144 m/z did not present any results. In the target site of RdRp, the fragments
interacted with RNA through hydrophobic interactions, and only the fragment 142 m/z
performed hydrogen bond with RNA (Figure S.6.13). In the MP™ binding site, only the
fragment 142 m/z interacted with both residues of the catalytic dyad, through hydrophobic
interactions (Figure S.6.14). Our results show the potential of this fragment from
Hydroxychloroquine in the COVID-19 treatment. The non-metabolized Hydroxychloroquine
interacted with Arg182 and RNA through hydrophobic interactions and with the residue
Asp343 through hydrogen bond, in the RdRp binding site (Figure 3). In the MP™ site, it was
observed, from docking calculations, that only one type of intermolecular interaction occurred,
the hydrophobic one, with the catalytic residue His41, as well as with the residues Met165 and
Met49 (Figure 4).
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FAVIPIRAVIR GALIDESIVIR

Ser306

Glul68

NITAZOXANIDE REMDESIVIR

Trp246

RIBAVIRIN

- Hydrophobic Interactions
Hydrogen Bond

Figure 3. Intermolecular interactions of the drugs investigated in the RdRp binding site.



- Halogen
- Hydrophobic
Hydrogen

Coulombian

Figure 4. Intermolecular interactions of the drugs investigated in the MP™ binding site.
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Finals remarks

Herein, our main goal was to investigate the interaction modes of diverse drugs for the
COVID-19 treatment, as well as the interaction modes of their fragments formed in the study
of metabolism by using the tool QCEIMS. Our outcomes indicate that the fragments of these
drugs can also target the viral MP™ enzyme and RdRp polymerase. It is noteworthy that each
species' molecular docking pose showed that they could fit accurately within the substrate-
binding pocket. Thus, the analysis of the fragments generated from each drug is a crucial step
to better comprehend the action modes of these drugs toward two different important molecular
targets for COVID-19 treatment, that is, MP™ and RdRp. In this work, we noticed that the
fragments interacted with RNA of different ways, indeed the larger fragments as well as the
fragments with hydrogen bond donors contribute to more stabilized interactions with RNA.
This same trend can be observed for the interaction of these fragments in the MP binding site,
this is because larger fragments more often interact with both residues of the catalytic dyad,
Cys145 and His41. Among the compounds analyzed, Nitazoxanide was the one that provided
a more stable receptor-ligand complex (-5.6 kcal mol™?) within MP™ binding site. The amount
of energy required for a molecule to bind to a specific molecular target interferes with its
biological activity, because the more stable the complex formed, the less energy is required for
this interaction to occur. Therefore, when comparing the results obtained for all analyzed
ligands, it is clear that the ligands that presented binding energies lower than that of the natural
product, that is, those that presented lower energy values, in theory, are more active, as it will
bind more easily to the molecular target. Thus, it is expected that Nitazoxanide presents good
results of biological activity when performed experimental studies. In the RdRp binding site,
Remdesivir presented the lowest interaction energy (-9.9 kcal mol™), that is, this drug is more

stabilized in the target site than the other drugs investigated.

According to the metabolism study of the drugs approached in this work, these drugs
can generate more stabilizing or less stabilizing fragments, even with fragments interacting
better in the target site than the non-metabolized drug. These trends can vary according to the
drug investigated, as shown along of this theoretical study. Equally important is the formation
of more toxic or less toxic fragments. Some drugs, for example, revealed fragments less toxic
than the drugs themselves. The set of the analyses developed in this study can bring about great
contributions for the development of drugs for COVID-19 treatment, as well as for the
development of drugs for the treatment of other diseases.
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SUPPLEMENTARY MATERIAL

Effect of drug metabolism in the treatment of sars-cov-2 from an entirely

computational perspective



S.1-CARTESIAN COORDINATES OF THE OPTIMIZED STRUCTURES
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S.2 - OPTIMIZED STRUCTURES, BOND LENGTHS OF FUNCTIONAL GROUPS
AND ESP MAPS (WITH SURFACE ISOVALUE OF 0.0004) OF a) FAVIPIRAVIR, b)
GALIDESIVIR; c) NITAZOXANIDE, d) REMDESIVIR, AND e) RIBAVIRIN,
GENERATED IN THE GAUSSVIEW 6.0 HTTPS://GAUSSIAN.COM/GAUSSVIEWS6/
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In the figure above, it is illustrated the bond lengths of the functional groups that
compose the drugs’ structures and their ESP maps. In general, the electronic density is
distributed in a polar manner for all the molecules, in which the red areas show higher negative
potential (mostly due to electron acceptor oxygen-derivate groups such as nitro or hydroxide)
and the blue areas positive potential (mainly due to the electron-donor nitrogen atoms). In this
framework, the Favipiravir polar structure shows two regions suitable for interactions with
external molecules between the carbonyl groups and the neighbor amine. For the Galidesivir
drug, the charge is distributed moderately on the hydroxide groups and heavily on the outermost
amines, also it is worth notice that amine groups in the aromatic rings show electron-acceptor
character. The Nitazoxanide molecule is very polarized with many regions with positive
potential, showing the higher positive charge next to the ester group, and heavily negatively
charged in the nitro region. Due to the large molecular structure, the charge distribution of
Remdesivir is slightly more homogenous than the other drugs, having polar character in the
region containing the most functional groups, thus presenting a portion with high positive
potential that is close to an electron-acceptor area due to the hydroxide group. It is also noticed
that for the Remdesivir molecule, the sulfur center shows slightly intense negative potential

because of the oxygen-derivate groups. Lastly for the Ribavirin drug, the charge is distributed


https://gaussian.com/gaussview6/
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mostly homogenously around the structure body and shows two poles with high negative and

positive potentials, due to a hydroxide and amine groups, respectively.

S.3-ESTIMATED a) UV-VIS AND b) ECD SPECTRA OF THE DRUGS
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In the Figure S.3.A are shown the UV-Vis spectra of the drugs. The Nitazoxanide

molecule shows the most intense absorbance at 333 nm (HOMO — LUMO), followed by the

slightly minor absorbance of Ribavirin at 202 nm (HOMO-2 — LUMO), then moderate

intensities for Favipiravir and Galidesivir, respectively at 350 nm (HOMO — LUMO) and 257

nm (HOMO-3 — LUMO), and lastly the low intensity peaks of Remdesivir at 241 nm (HOMO
— LUMO+2) and 269 nm (HOMO — LUMO+1). From the ECD spectra shown in S.3.B, it is

observed that Favipiravir drug shows two negative signals at 241 nm and 350 nm, one positive

signal at 247 nm and one negative at 269 nm for the Galidesivir, the inverse for Nitazoxanide

with one negative at 287 nm and positive around 340 nm, a broad positive signal in the range

of 215-350 nm for Remdesivir and a single positive peak at 209 nm for Ribavirin. Information

regarding the electronic properties of the studied molecules are found in S.4.
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S.4 - ELECTRONIC PROPERTIES OF THE DRUGS.

LUMO - Mulliken L
Molecule HOMO Har(i;less Soft\r}ess Electronegativity EIECtmE/h'“C'ty

(eV) (eV) (eV) (&V) (eV)
Favipiravir 3.87 1.94 0.52 -5.02 50.40
Galidesivir 5.21 2.60 0.38 -3.69 27.24
Nitazoxanide 4.09 2.05 0.49 -5.12 52.54
Remdesivir 4.82 2.41 0.41 -3.92 30.74
Ribavirin 6.02 3.01 0.33 -4.14 34.21

The Table above organizes the electronic properties of the drugs, in which are in
agreement with the expected values for molecules. It is observed that the Favipiravir shows the
smallest LUMO-HOMO energy, followed by Nitazoxanide, Remdesivir, Galidesivir and then
Ribavirin, which these energies may in principle indicate the order of reactivity of these
molecules, being Favipiravir the most reactive and Ribavirin the lowest. As expected, the
hardness follows the same tendency and is inverse to the softness, indicating that the
calculations are in order. As for the electronegativity, it increases from Galidesivir to
Remdesivir, Ribavirin, Favipiravir and Nitazoxanide, which is the same tendency as the

electrophilicity.
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S.5- THEORETICAL (BLACK) AND EXPERIMENTAL (PINK) EI-MS SPECTRA OF
a) CHLOROQUINE AND b) HYDROXYCHLOROQUINE, AND THEIR
RESPECTIVE TRAJECTORIES, BY MEANS OF GFN2-XTB. THEORETICAL
(BLACK) AND EXPERIMENTAL (PINK) EI-MS SPECTRA OF c) CHLOROQUINE
AND d) HYDROXYCHLOROQUINE RESULTED FROM THE GFN1-XTB METHOD.
STRUCTURES. PLOTS GENERATED IN THE GRACE SOFTWARE
HTTPS://PLASMA-GATE.WEIZMANN.AC.IL/GRACE/
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As seen in the S.5.A above, the EI-MS diagram from the GFN2-xTB method, in
principle, presented most of the intermediaries of the Chloroquine molecule, in agreement with
the experimental data profile (NIST MS 42361), with slight deviation of intensity. The most
intense signal 86 m/z and its respective intermediary are also identified in the theoretical plot
and the resultant trajectory described. As for the Hydroxychloroquine spectra in S.5.B, the most
intense peaks from the experimental data (NIST MS 246973) are not identified in the theoretical
data, still, some of the signals are found with distinct intensity from the experimental spectra.
In order to evaluate the results between the theoretical methods, S.5.C shows the EI-MS spectra
of the Chloroquine obtained using the GFN1-xTB method in comparison with the same
experimental profile. In this manner, the spectra from the GFN1-xTB did not match the
intermediaries mass/charge rate and intensity as well as its analog method, reveling that the
GFN2-xTB is the best option for this calculation. Transitioning to the Hydroxychloroquine in
S.5.D, the spectra acquired from the GFN1-xTB approach did not show significant
improvements over the GFN2-xTB, and the most intense signals of the NIST profile are not
identified as well. In general, an increasing on the molecular dynamics parameters could lead
to a better prediction of the EI-MS spectra and its intermediaries in exchange of meaningful
computational cost, however, as the current methodology with GFN2-xTB provided
satisfactory results for the Chloroquine drug, it has been chosen as the default semiempirical
method to the study of the other drugs. For more information regarding the characterization and
details of Chloroquine and Hydroxychloroquine, please check our other works with these

drugs.?
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Henceforth, the discussion of the EI-MS spectra and trajectories will be done in the
context of xenobiotics metabolism, evaluating the obtained intermediaries as drug by-products,
their metabolism and toxicity when possible. Thus, returning to the Chloroquine drug, the
spectra and trajectories are shown in S.5.A. The Chloroquine molecule contains polar amine
and chloride groups in its structure, showing an aromatic region with more polar character than
the other extremity. The first trajectory showed the fragmentation of Chloroquine around the
amine that bond the aromatic and the alkane regions, leading to the following intermediaries:
the 1-177 m/z 7-chloro-4-aminoquinoline, containing the aromatic region, deprotonated amine
and chloride polar groups, is a toxic and major metabolite from the oxidation of Chloroquine
by the cytochrome P-450 enzyme;* the deprotonated I-57 m/z butane and 1-29 m/z ethane,
both nonpolar hydrocarbons which can be oxidized into polar species in Phase | of metabolism;
and the 1-56 m/z deprotonated amine, a polar and likely water-soluble molecule that may
metabolize directly in Phase 1. The trajectory Il leads to the high molecular mass fragment I1-
233 m/z similar to the 1-177 m/z, with an alkane extremity that may be target of oxidation in
Phase I; and the 11-86 m/z, the specie also identified in the experimental spectra, show very low
polar character and may be almost insoluble in water, possible target of oxidative reactions in
Phase | metabolism before conjugation in Phase Il. The last trajectory for Chloroquine gives
the following intermediaries: the 111-205 m/z, a specie like the 1-177 m/z and 11-233 m/z, with
a shorter alkane segment which may be oxidized in Phase I, and share the behavior of its analog
molecules; the deprotonated organic molecules 111-29 m/z ethane and 111-28 m/z ethene, both
nonpolar and likely targets to oxidizing reactions in Phase I, leading to polar conjugates to

metabolize in Phase II; and the protonated form of 1-56 m/z.

The S.5.B shows the EI-MS spectra and unique trajectory of the Hydroxychloroquine
drug. The molecular structure of this drug is a more polar analog of the Chloroquine due to the
addition of a hydroxide group. The calculations for the Hydroxychloroquine resulted in a single
trajectory: the 1-142 m/z, a deprotonated aminoquinoline similar to the 7-chloro-4-
aminoquinoline from the metabolization of Quinoline, which is a metabolite from the
Hydroxychloroquine;® the 1-35 m/z chloride ion; and the 1-144 m/z, with polar amine and
alcohol groups, and the nonpolar extremities likely submitted to oxidative reactions in Phase |
that may lead to smaller and polar fragments. This last fragment is further cleaved into two
more species: the 1-1-31 m/z molecule, which is deprotonated into a highly water-soluble and
toxic formaldehyde form, being rapidly metabolized into formate by the alcohol dehydrogenase

enzyme;®’ and the 1-1-113 m/z, an amine with pentane and ethane extremities, and a possible
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target for Phase | oxidative reactions that have as products smaller and polar molecules, further

being transformed into metabolites in Phase II.

S.6 — Pharmacophoric maps showing the intermolecular interactions of the fragments of
diverse drugs in the RdRp and MP" active site
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Figure S.6.1. Intermolecular interactions of the fragments of Favipiravir in the RdRp binding
site. Green = hydrogen bond, Orange = hydrophobic interaction, Blue = halogen bond.
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Figure S.6.2. Intermolecular interactions of the fragments of Favipiravir in the MP™ binding
site. Green = hydrogen bond, Orange = hydrophobic interaction, Blue = halogen bond.
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GENERAL CONCLUSIONS

A more aggressive strain of coronavirus, the so-called SARS-CoV-2, has spread across
the planet. Due to its high transmission rate and the significant time-space between infection
and manifestation of symptoms, the WHO recently declared this a pandemic. Because of the
exponentially growing number of new cases of both infections and deaths, the development of
new therapeutic options to help fight this pandemic is urgently needed. In this line, the
computational chemistry plays a crucial role in the processes of discovery and development of
new drugs for the COVID-19 treatment. From this thesis, we conclude that in silico studies can
bring about a great contribution toward the rational design of more efficient drugs. Through the
computational tools, we were able to investigate, at the atomic and molecular level, the
biochemical properties involving a range of drug candidates. In this case, the computational
drug repositioning showed itself as the fastest strategy to help in choosing the best candidates
for use in clinical trials, contributing to the emergence of new therapeutic options. It is essential
the development of ways to accelerate the development of novel therapies against SARS-CoV-
2. In this context, computational drug repositioning has intensively been explored as a solid
strategy in the search for an effective treatment protocol against SARS-CoV-2 infection,
capable of boosting and optimizing novel drug development and discovery. In this line, the
computational chemistry provides a range of methods capable of resulting in reduction of time
and research costs for researches. In this thesis, our findings are regarded as a promising
approach to help combat COVID-19, providing some therapeutic alternatives and

computational tools in computer-aided drug design.
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