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Abstract: It has been well-known that COVID-19 has serious negative impacts on all sides of human
life worldwide since the end of the year 2019, and exploring possible treatments for it is a must. To this
aim, this computer-based in silico work was performed to investigate the impact of structural
modification of Ribavirin (RBV) on its potential interaction with the COVID-19 main protease (MPO).
Fourteen RBV compounds, including the original RBV and thirteen modified structures regarding the
triazole ring, were investigated in this work based on quantum computations of structural chemistry
features and molecular docking simulations (MDs) of RBV...MPO complex formations. Interestingly,
six compounds were better than the original RBV for potent interaction with the MPO target, in which
RO8 (-NH2) was the best one among fourteen compounds. In conclusion, modification of RBV raised
binding affinity against the COVID-19 MPO target.
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1. Introduction

Chemistry is almost the main resource of food and drug development and provides
several other regular life needs. Among these, “structural chemistry” is one of the specified
branches for examining chemical compounds' structural features to predict or to evaluate novel
applications for different purposes [1]. For drug design and discovery purposes, structural
chemistry could help very much by careful development of chemical compounds for
pharmacotherapy treatments. Using computer-based methods could provide in silico
environment to achieve the purpose [2]. In emergency cases, in silico structural chemistry-
based protocols could help scientists evaluate the compounds for the targets in shorter times,
avoiding the complications of experiments [3]. The procedure might also be applicable for
exploring a possible treatment for the mysterious wide-spreading new corona-virus-disease
(COVID-19), in which the world has been confused about how to deal with it since the late
days of 2019 up to now [4]. In addition to prescribing self-care methods to prevent this
pandemic disease, considerable efforts have been dedicated toexploring the pharmaceutical
treatments for COVID-19 [5-8]. However, further investigations are still required for the
process of drug discovery for COVID-19 [9-13]. Examining the potency of available drugs
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regarding the structural chemistry features for the pharmacotherapy of this mysterious disease
is one way to find the lead compound among the already known hit compounds for such a
purpose [14]. In the case of COVID-19, already known antiviral agents against HIV and HCV
proteases have become as possible hit compounds to be examined against COVID-19 main
protease (MPO) [15-18]. Indeed, characterizing the crystalline structure of MPO in early 2020
helped researchers to focus on this topic; the efforts have not been finished yet. The pandemic
COVID-19 has made an emergency situation worldwide, and innovating an efficient
pharmacotherapy protocol is necessary [19].

By examining the available compounds, structural chemistry features of Ribavirin
(RBV) and its interaction with COVID-19 MPO have been investigated in this in silico work.
RBV (1,BD-ribofuranosyl-1,2,4-triazole-3-carboxamide) (Table 1) has already shown a variety
of therapeutic activity against diseases caused by DNA and RNA viruses such as HCV [20].
RBV has also been used to treat respiratory syncytial virus infections, influenza A and B
viruses, and Lassa fever virus [21]. Currently, RBV itself or in combination with other
counterparts could work in a broad spectrum of antiviral agents with acceptable success [22].
Such advantages have encouraged researchers to examine the function of RBV for the
treatment of COVID-19 [23]. The triazole part of RBV structure could be modified based on
the structural chemistry concepts by substituting the current carboxamide group as a proposed
site for a single-standing triazole structure [24]. In this case, such chemical modification could
be done to evaluate the structural features of available RBV for possible potent interaction
COVID-19 MPO target. To this aim, the formation and properties of a set of thirteen modified
structures of RBV in addition to the original one have been investigated in this work by
computer-based structural chemistry methods. Furthermore, functions of small RBV molecules
against COVID-19 have been investigated through interactions with macromolecule MPO
targets (Table 1 and 2, Figures 1 and 2). Hence, optimization of RBV for interacting with
COVID-19 MPO target was investigated in this in silico work by the advantages of employing
structural chemistry-based computational methods [25-30].

2. Materials and Methods

This work has been done to evaluate structural chemistry features of RBV to interact
with COVID-19 MPO target based on the computer-based in silico approach. To this aim, the
original RBV (R01) and a set of thirteen modified structures (R02-R14), following earlier work
on the single-standing triazole [24], have been considered in this work (Table 1). As explained
in Table 1, the current carboxamide group of traizole part of RBV has been substituted by other
groups to generate new modified derivatives. Geometries of all fourteen RBV structures have
been first optimized using the standard B3LYP/6-31G* level of density functional theory [31,
32] as implemented in the Gaussian program [33]. By these processes, stabilized structures
with minimum energy have been obtained for further investigations. Moreover, single-point
calculations have been performed using the B3LYP/6-31+G* level of theory to evaluate
quantum descriptors for all stabilized structures. By these processes, properties such as molar
volume (MV), energies of the highest occupied and the lowest unoccupied molecular orbitals
(HOMO and LUMO), energy gap (EG), chemical potential (p), hardness (), softness (S), and
electrophilicity (m) have been evaluated (Table 1). Performing additional time-dependent and
natural bond orbital calculations helped to evaluate HOMO and LUMO distribution patterns
and molecular electrostatic potential (MEP) surfaces for the stabilized structures (Figure 1).
Subsequently, 3D structure of COVID-19 MPO (ID: 6XBG) has been obtained from the
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Protein Data Bank [34], and it has been prepared for the molecular docking simulation (MDs)
process using the SwissDock web server [35]. By performing blind MDs processes, the results,
including delta-G of binding (AG), root-mean-square (RMS) deviation, and interacting amino
acids (AA) have been evaluated for the interacting complexes of each of RBV compounds with
the MPO target (Table 2 and Figure 2). By the advantage of employed in a silico environment,
all of the required information for discussing the optimization of RBV for interacting with the
COVID-19 MPO target has been obtained in this work.

Table 1. Ribavirin molecular features.
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RO1 —CONH2 148.59 751 -7.33 -1.39 5.94 -4.36 2.97 0.17 3.20
R02 —COOH 191.95 4.96 -7.69 -1.72 5.97 -4.70 2.98 0.17 3.71
RO3 —CHO 152.31 6.12 -7.49 -2.11 5.38 -4.8 2.69 0.19 4.28
RO04 —CHs3 169.21 3.18 -7.31 -0.41 6.90 -3.86 3.45 0.14 2.16
RO5 —CN 168.27 5.51 -7.85 -1.72 6.13 -4.78 3.06 0.16 3.74
R06 —CFO 154.12 5.55 -7.85 -2.18 5.67 -5.02 2.84 0.18 4.44
RO7 —CFs3 149.97 4.34 -7.76 -1.12 6.64 -4.44 3.32 0.15 2.97
R0O8 —NH2 155.82 5.37 -6.34 -0.35 5.99 -3.34 2.99 0.17 1.87
R09 —NO2 154.87 5.69 -7.91 -2.98 4.93 -5.44 2.46 0.20 6.01
R10 —OH 155.38 3.88 -7.12 -0.68 6.44 -3.90 3.22 0.16 2.36
R11 —H 146.91 3.22 -7.51 -0.55 6.96 -4.03 3.48 0.14 2.33
R12 —F 145.35 3.57 -7.61 -0.81 6.80 -4.21 3.40 0.15 2.61
R13 —ClI 132.57 3.51 -7.49 -0.85 6.64 -4.17 3.32 0.15 2.62
R14 —Br 146.11 3.43 -7.35 -0.86 6.49 -4.10 3.24 0.15 2.60

MV {Molar Volume in cm3/mol}, DM {Dipole Moment in Debye}, HOMO and LUMO {The highest Occupied and the
Lowest Unoccupied Molecular Orbital in eV}, EG {Energy Gap=LUMO-HOMO in eV}, p {Chemical
Potential=(HOMO+LUMO)/2 in eV},  {Hardness=EG/2}, S {Softness=1/2y in eV-'}, w {Electrophilicity= p%2y in eV}.

3. Results and Discussion
3.1. Structural chemistry features.

Within this work, fourteen RBV structures (R01-R14) have been investigated based on
their traizole modification described in Table 1. Indeed, the carboxamide group of traizole, the
original RBV (R01) was substituted with other functional groups following earlier work [24]
to develop the modified structures. Such modification aimed to evaluate RBV for potent
interaction with the COVID-19 MPO, which will be described in the following discussion.
First, all the molecular structures were optimized to reach the minimum energy structure.
Subsequently, their structural chemistry features were evaluated and examined (Table 1 and
Figure 1). A quick look at the results of Table 1 could indicate that the RBV molecular features
detected significant changes in structural modifications. The magnitudes of changes are more
or less different for the modified compounds. The trend could show the importance of the
effects of structural modifications on the characteristic features of molecular systems, which
computer-based studies could very well recognize. RO1 is the original RBV compound, and
other modified compounds could be compared with this structure to evaluate the most potent
RBV compound for the mentioned interaction purpose. Molar volume (MV) is an important
parameter for the geometrical occupation of a molecule, and the results showed that such
occupation could be changed for the modified structures by the reconfiguration of RBV
according to the substituted group. The functional group size is important, in which sizes of
https://biointerfaceresearch.com/ 13926
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atomic or molecular functional groups are different; however, other characteristics such as
atomic electronegativity or molecular reconfiguration are also important for assigning the total
volume feature. We tried to examine both groups to see the effects of such substitutions on the
final behavior of interaction with the macromolecular target.

Among the structures, R02 (-COOH) had the highest MV, and R13 (—ClI) had the lowest
MV. Besides volume, electric charge distribution at the molecular site is also an important
parameter detected by dipole moment (DM). Different values of DM were obtained for the
RBV compounds showing the effects of substituting functional groups on the molecular
features, in which the effects were more or less significant regarding the original RBV structure
(RO1). Within the investigated RBV compounds, the maximum value of DM was obtained for
RO1, and the minimum value was obtained for R10 (—~OH). The trend could show that structural
analyses of chemical compounds are a multi-task work in which several parameters are
required for such a purpose. To this point, examining values of the highest occupied and the
lowest unoccupied molecular orbitals (HOMO and LUMO) and their corresponding parameters
could approve such trend for multi-task analyses of chemical compounds. Each of HOMO and
LUMO energy levels could work electron transfer parameters through ionization potential and
electron affinity concepts. , The energy of the occupied level of HOMO, could determine the
tendency of a molecule for electronic ionization, and energy of the unoccupied LUMO level
could determine the tendency of a molecule for electronic affinity, which are both important
parameters for assigning electronic reactivity for a molecular system. It was known that the
modified structures should show different energy levels for HOMO and LUMO; however, the
magnitudes of changes could be an important factor to assign the chemical features for each of
RBV derivatives. By examining such values for all of fourteen compounds, R0O8 (—NH2) was
obtained to be in the best status regarding the level of HOMO and LUMO compared with other
molecules. Energy values for HOMO and LUMO were almost in the steps of the best choice
for energy conversion to make possible electron transferring for this molecule easier than other
molecules and might increase its related reactivity. In addition to such quantitative analyses,
the graphical representation for frontier molecular orbitals distribution patterns (Figure 1) also
indicated that R0O8 had a typical shape, in which its HOMO and LUMO sites are apart from
each other, both available for accepting/donoring electrons. Distribution patterns for other RBV
compounds are similar to each other in graphical shapes but with a significant difference for
RO8. Furthermore, molecular electrostatic potential (MEP) surfaces also exhibited the charge
distributions for the molecular systems ranging from the most negative to the most positive by
Red, Yellow, Green, and Blue colors, respectively.

Besides the properties of pure HOMO and LUMO features, other properties such as
energy gap (EG), chemical potential (i), hardness (1), softness (S) and electrophilicity (®)
could be obtained to analyze the electronic properties of compounds following the structural
chemistry features. EG is the energy difference between the HOMO and LUMO levels, in
which its magnitude could help make judgments about the stability of a compound. p is the
tendency of the electronic system to escape from the equilibrium state. n and S indicate the
difficulty and ease of electronic allocation for a compound, both related to reactivity. @ implies
the tendency of a compound to receive electrons. By definitions of such parameters, it could
be mentioned that each of HOMO and LUMO-related parameters could describe different
aspects of the investigated chemical compounds. Indeed, frontier molecular orbitals could play
important roles in the electronic structure recognition of chemical compounds.
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Figure 1. HOMO, LUMO, and MEP representations.

Specifically for R08, as the -supposed candidate of RBV compounds for interacting
with the macromolecular target, the value o of was very significant among the other
compounds. Moreover, the values of 1 and S were also proper for such expected behavior.
Values of EG and p also supported the predictions. As concluding remarks of structural
chemistry features. It could be mentioned that the molecular properties as very much important
for characterizing the compounds for specific purposes. As discussed for fourteen RBV
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compounds, R0O8 was recommended as a distinguished compound for possible potent
interaction with the macromolecular target. Indeed, such molecular features could provide
potent ligands for the formation of ligand-target complex systems.

Table 2. Ribavirin models binding affinity.”
Model AG kcal/mol Rank RMS AA
RO1 -6.30 7 2412 HSD41, MET49, PHE140, LEU141, ASN142, GLY143,
SER144, CYS145, HSD163, HSE164, MET165, GLU166,
HSE172, ASP187, GLN189
R02 -6.78 4 23.11 HSD41, MET49, PHE140, LEU141, ASN142, GLY143,
SER144, CYS145, HSD163, HSE164, MET165, GLU166,
HSE172, GLN189

RO3 -5.85 13 23.34 PHE140, LEU141, ASN142, GLY143, SER144, CYS145,
HSD163, HSE164, MET165, GLU166, HSE172, GLN189

R04 -6.02 10 25.29 THR25, HSD41, SER46, MET49, ASN142, GLY143,
CYS145, HSE164, MET165, GLU166, GLN189

R05 -6.06 9 22.13 PHE140, LEU141, ASN142, GLY143, SER144, CYS145,
HSD163, HSE164, MET165, GLU166, HSE172, GLN189

R06 -6.91 3 24.67 GLU14, GLY15, MET17, VAL18, TRP31, ALAT0,
GLY71, ASN95, LYS97, GLY120, SER121, PRO122

RO7 -5.99 12 26.56 THR24, THR25, TGR26, LEU27, HSD41, SER46, META49,
ASN142, GLY143, CYS145

R08 -7.89 1 28.98 GLU14 , GLY15, CYS16, MET17, VAL18, TRP31,
ALA70, GLY71, LYS97, GLY120, SER121, PRO122

R09 -6.69 5 25.12 HSD41, MET49, PHE140, LEU141, ASN142, GLY143,

SER144, CYS145, HSD163, HSE164, MET165, GLU166,
HSE172, GLN189

R10 -5.99 11 25.44 THR25, THR26, LEU27, HSD41, MET49, ASN142,
GLY143, CYS145, GLN189

R11 -6.48 6 33.81 ULE152, ASP153, TYR154, PHE294, VAL297, ARG298,
VAL303, PHE305

R12 -5.71 14 26.45 THR24, THR25, THR26, LEU27, HSD41, META49,
ASN142, GLY143, CYS145, GLN189

R13 -7.06 2 29.21 GLU14, MET17, VAL18, TRP31, GLY15, ALA70,
GLY71, LYS97

R14 -6.11 8 24.59 THR24, THR25, THR26, TYR118, ASN119, ASN142,
GLY143

* Interacting complexes are represented in Figure 2.

3.2. RBV...MPO interacting complexes.

To this point, no real therapeutic protocol has been found for the treatment of pandemic
COVID-19, and it still has serious negative impacts on all parts of human life all around the
world. Therefore, systematic investigations must innovate an efficient methodology for this
mysterious disaster to human health quality. Earlier works proposed that RBV might be
considered for the case of COVID-19 treatment [23]. To this aim, fourteen RBV derivatives
(RO1-R14) structures were investigated in this work to explore RBV...MPO interacting
complex formations (Figure 2). Quantities and qualities of binding affinity of each of ligands
against the macromolecular target were investigated using molecular docking simulation
(MDs) processes to evaluate delta-G of binding (AG) and root-mean-square (RMS) in addition
to interacting amino acids (AA) (Table 2 and Figure 2). The values of AG were used to rank
the complexes based on the most negative value for the best complex formation. RMS values
were used to show the conformational variation of ligands to find the best position toward the
target structure, in which a smaller value could refer to a smaller magnitude of variation for the
conformational change of ligand. In addition, the quality of interactions could be followed by
assigning interacting AA with the located ligand inside the RBV...MPO complexes.
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Figure 2. Interacting RBV...MPO complexes representations.
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It is worth noting that the mechanism of interactions could also be found by the results
of the MDs processes.

The strength of interactions and types of interacting AA could be detected by the results
at the molecular scale. A quick analysis of the results of Table 2 could show that the original
RBV (R01) was not the most suitable one among the investigated ligands for potent interaction
with the MPO target, placed at the Rank 7 of 14. Six of the other modified compounds could
work better than RO1 for contributing to potent interactions with the MPO target. RO8 was
placed at Rank 1 with the most suitable value of obtained AG for RBV...MPO interacting
complex systems. Remembering from the structural features, RO8 was distinguished by the
typical values of HOMO and LUMO and also their corresponding distribution patterns (Table
1 and Figure 1). The typical interacting features were also repeated for interacting R0OS...MPO
complex formation. Other RBV compounds with a better tendency to interact with the target
than the original compound were found: R13, R06, R02, R09, and R11 in the Ranks 2-6,
respectively. The impact of modification of RBV on the interaction behavior was seen here by
introducing RO8 and five other ligands as better compounds for more potent interaction with
the MPO target in comparison with the original RBV. Although AG is an important factor for
the strength of the complex formation, other parameters such as RMS are also important for
the purpose. Examining RMS values for RBV compounds during the complex formation
indicated that the structural modification also impacted conformational changes. The
compounds showed different changes in this case. Sometimes, the functional groups of ligands
could help the compound interact with different situations, which impacts structure on the
corresponding function.

In the case of RBV compounds, those ligands with better values of AG regarding the
original RBV interacted with different sites of a macromolecular target, whereas those ligands
with worse values of AG regarding the original RBV interacted almost with more similar AAs.
Interestingly, the lower values of RMS were obtained for worse ligands, but higher values of
RMS were obtained for better ligands in comparison with the original RBV. To this point, the
types and numbers of AAs were generally different for various interacting RBV...MPO
complexes showing the importance of structural features on the activity of a compound. Such
molecular scale results and graphical representations (Figure 2) could help make better
judgments for the features and activity of the compound. As shown in Figure 2, R0O8 could
interact with MPO through hydrogen bond and non-hydrogen bond interactions, in which the
triazole ring also contributed to interactions in a very much better situation regarding the
situation of original RBV (R01). Structural modification of RBV helped for the formation of
complexes with more potent RBV...MPO interactions.

4. Conclusions

This computer-based in silico work was done to investigate the impact of RBV
modifications on potent interaction with the COVID-19 MPO target. Based on the obtained
structural chemistry features, RO8 was distinguished regarding the values of HOMO and
LUMO energy levels as dominant factors for ionization potential and electron affinity
properties. Moreover, frontier molecular orbital distribution patterns proposed R08 as a typical
ligand for complex formation with the MPO target. In addition to structural chemistry features,
molecular docking results indicated that the original RBV was not so much suitable for
complex formation with the target, whereas six modified compounds could work better than it

for the purpose. Among which, R0O8 stood at the Rank 1 of RBV compounds for potent
https://biointerfaceresearch.com/ 13931
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interaction with the MPO target to form the most stable interacting RBV...MPO complex
system. Furthermore, RMS's values indicated that RO8 had more conformational change than
the original RBV for interaction with the target. Very much important to say that the interacting
sites of MPO were different for R08 and the original RBV. Finally, structural modifications
yielded R0O8 (—-NH2) as a compound with more potent interaction with the MPO target than the
original RBV, R0O1 (-CONHy).
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