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ABSTRACT: Structural aspects of molnupiravir complexed with
the RNA of the SARS-CoV-2 virus have been recently resolved
inside the RNA-dependent RNA polymerase (RdRp), demonstrat-
ing the interactions of molnupiravir with purine nucleosides.
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were minutely scrutinized. The relative energy findings outlined
the favorability of amino-molnupiravir---keto-amino-guanosine and
imino-molnupiravir---amino-adenosine optimized complexes. According to the interaction (E;,) and binding (E,;,4) energy values,
higher preferential base-pairing of molnupiravir with guanosine over the adenosine one was recognized with E;,/E.;,q values of
—31.16/-21.81 and —13.93/—12.83 kcal/mol, respectively. This could be interpreted by the presence of three and two hydrogen
bonds within the former and latter complexes, respectively. Observable changes in the electronic properties and global indices of
reactivity of the studied complexes also confirmed the preferential binding within the studied complexes. The findings from the
quantum theory of atoms in molecules and the noncovalent interaction index also support the partially covalent nature of the
investigated interactions. For both complexes, changes in thermodynamic parameters outlined the spontaneous, exothermic, and
nonrandom states of the inspected interactions. Inspecting the solvent effect on the studied interactions outlined more observable
amelioration within the water medium compared with the gas one. These results would be a durable ground for the forthcoming
studies concerned with the interactions of the molnupiravir drug with purine nucleosides.

SAPTO Energies (kcal/mol)

B INTRODUCTION

In December 2019, the novel coronavirus disease (COVID-
19) first emerged in Wuhan, China.' Owing to its severe
symptoms and the catastrophic number of deaths, COVID-19
was declared as a significant public health concern by the
World Health Organization (WHO).” COVID-19 viral patho-
genesis was determined to be triggered via exposure to severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).>*
SARS-CoV-2 is a positive-stranded RNA virus belonging to the
betacoronavirus genus.”® Prospective druggable targets in the
SARS-CoV-2 virus include the main protease (MP®), the
papain-like protease (PLP™), the spike protein (S-protein), and
the RNA-dependent RNA polymerase (RdRp). In addition,
possible host targets, including the angiotensin-converting
enzyme (ACE2) and the transmembrane protease serine 2
(TMPRSS2), are druggable toward COVID-19 treatment.””*
Targeting PLP™ and 3-chymotrypsin-like protease (3CLP*)
enzymes would inhibit the reproduction and transcription of
SARS-CoV-2.”"" The S-proteins bind to the ACE2 targets and

are a prerequisite for the appearance of COVID-19
infection.'"'> Alternatively, the TMPRSS2 is included in
preparing S-proteins, enabling viral entrance into the host
cells."” The RdRp is in charge of transcription and replication
of the viral genome, making it an essential player in the SARS-
CoV-2 lifecycle."***

Structural aspects of RdRp complexed with RNA have
recently been released, providing promising mechanistic
insights.">"? In addition, clarification of the inhibitory
mechanism of the RdRp by nucleoside analogues has been
demonstrated,”* ™ providing a structural template for
developing effective antiviral medications against COVID-19.
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Figure 1. Biostructural models of SARS-CoV-2 RdRp with molnupiravir in the template strand base-paired with guanosine (PDB code: 70ZV>")

and adenosine (PDB code: 70ZU”").

Among nucleoside analogues, molnupiravir has recently
been authorized for emergency use by the Food and Drug
Administration (FDA) for the remediation of COVID-19
infections for both hospitalized and nonhospitalized pa-
tients.”> > Molnupiravir was first recognized as a promising
drug candidate against several viruses, including the respiratory
syncytial virus (RSV), the influenza A virus, and the middle
east respiratory syndrome coronavirus (MERS-CoV). Detail-
edly, molnupiravir is an isopropyl ester prodrug of f-p-N*-
hydroxycytidine (NHC) and the first mutagenic nucleoside
analogue established to circumvent proofreading.”®

Principally, the proposed model for the molnupiravir-
induced coronavirus RNA mutagenesis mechanism was
previously suggested to be accommodated within two
steps.”” The first step involves the synthesis of negative-strand
genomic RNA (—gRNA) from the analogue template coined
positive-strand genomic RNA (+gRNA). In this step, the
diverse tautomeric structures of the molnupiravir drug,
especially the amino and imino forms, enable it to be
frequently incorporated in the RdRp instead of cytidine and
uridine, respectively. Accordingly, the amino and imino forms
of the molnupiravir drug behave as pyrimidine nucleosides, and
hence, they were allowed for base-pairing, in succession, with
the guanine and adenine purine nucleosides, respectively. The
second step involves using the resulting molnupiravir-
containing RNA for the synthesis of the +gRNA. In turn, the
viral propagation is prevented by fostering the error
accumulation on the +gRNA (i.e., lethal base-pair mutations)
by molnupiravir-containing RNA. Such behavior has been
found to be in line with the error catastrophe model.”**'
Succinctly, the antiviral character of the molnupiravir drug is
ascribed to the base-pair mutations.””

Exploring the recently resolved structures of molnupiravir
complexed with RNA inside the RdRp of SARS-CoV-2
revealed the potential interaction of molnupiravir with
guanosine (PDB code: 70ZV) and adenosine (PDB code:
70ZU), as shown in Figure 1.”” However, the preference of
molnupiravir to interact with one purine nucleoside over
another has not been clearly investigated.

In this regard, interactions of the molnupiravir in its active
form with purine nucleosides were herein fully explored using

density functional theory (DFT) computations. Geometrical
optimization computations were conducted for the plausible
tautomeric structures of the molnupiravir drug in complex with
purine nucleosides. Upon the most favorable complexes,
frequency calculations were performed, and the interaction
(Eine)/binding (Ey;,q) energies were assessed. The physical
forces involved in the interactions within the studied
complexes were elucidated using the symmetry-adapted
perturbation theory (SAPT). Analyses of the quantum theory
of atoms in molecules (QTAIM) and noncovalent interaction
(NCI) index were subsequently performed. Further assessment
of several electronic parameters and global indices of reactivity
were established based on data obtained from the frontier
molecular orbitals (FMOs) theory. A thorough insight into the
thermodynamic features was also established. The solvent
effect on the interactions of the molnupiravir drug with the
purine nucleosides was also investigated. The obtained findings
could find potential use for designing potent nucleoside
analogues as inhibitors of viral RNA replication.

B COMPUTATIONAL METHODS

Interactions of molnupiravir in its active form with the purine
nucleosides, including guanosine and adenosine, were explored
using DFT calculations. Basically, the tautomerization effect on
the base-pairing efficiency was carefully scrutinized. First,
geometrical optimization computations were performed for the
plausible tautomeric structures of the molnupiravir drug in the
isolated form and the complexed one with the guanosine/
adenosine within the molnupiravir---guanosine/---adenosine
complexes using the MO06-2X/6-311++G(d,p) level of
computation.” Afterward, the relative energy (Eiepative)
calculations were conducted to determine their relative

stability (see eq 1).

Erelative = Etautomer - Etautomer in the most stable configuration (1)

where Etautomer and Etautomer in the most stable configuration rePresent the
energy of the tautomer and the energy of the tautomer in the
most stable configuration, respectively. Molecular electrostatic
potential (MEP) analysis was used to assign the relative
electrophilicity and nucleophilicity over the molecular entities
of the optimized monomers in forms involved within the
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selected complexes. Moreover, the local most positive and
most negative electrostatic potential values (V,,,, and V, ;)
were computed. MEP maps along with the V., and V.
values were subsequently generated using electron density
envelopes of 0.002 au.**

For the molnupiravir complexes with guanosine and
adenosine, the initial structures were truncated from their
respective PDB codes 70ZV>" and 70ZU" (see Figure 1).
Upon the most proficient complexes, frequency computations
were carried out at the same level of theory. The interaction
(Ey) and binding (E,,q) energies were then evaluated
considering the counterpoise corrections to eliminate the
basis set superposition error (BSSE),” via eqs 2 and 3,
respectively.

Eint =E Molnupiravir---Guanosine /Adenosine (E Molnupiravir in complex
+ EGuanosine/Adenosine in complex) + EBSSE (2)
Ebind = EMolnupiravir-~~Guanosine /Adenosine

- (EMolnupiravir + EGuanosine/Adenosine) + EBSSE (3)

where EMolnupiravir - - - Guanosine/Adenosine’ EMolnupiravir in complex/ and
EGuanosine/Adenosine in complex Tefer to, in consecutive, energies of
the complex, molnupiravir drug, and the guanosine/adenosine
pertinent to their coordinates in the optimized complexes.
EMolnupiravir and EGuanosine/Adenosine are energies of the isolated
molnupiravir drug and the isolated purine nucleosides,
respectively.

Symmetry-adapted perturbation theory (SAPT) calculations
were executed to investigate the forces involved in the
intermolecular interactions°® using the PSI4 program pack-
age’ at the SAPTO level of truncation.”®*” Within the SAPT
analysis, the energies of dispersion (Eg,), electrostatic (Eqq),
exchange (E,), and induction (E,q) were calculated. For the
most proficient complexes, total SAPTO energies were assessed
via the following equation (eq 4):*

Esapro = Eqy + Eing + Egigp + Eexan (4)
where

Edisp = c(lizs?)) + Ee(fcoh)-disp

Egq = E§Y

Een = e(icoh)

— (20 (20) ()
Eind - Eind,resp + Eexch—ind,resp + 5HF
The calculations of attractive force percent (Ejcive) Were
conducted to manifest the contribution of the attractive force
. . % .
(Eattractive component)) namelY) dlsperSK)n (Edisp)) electrostatic

(E%), and induction (E’;), to the total attractive forces

(Etotal attractive forces) via eq 5.

E%

attractive — (Eattractive component/ Etotal attractive forces)

X 100

©)

The QTAIM analyses accompanied by the NCI index were
performed to investigate the interaction nature within the
selected complexes. Regarding the QTAIM calculations, the
topological features were evaluated by generating bond paths
(BPs) and bond critical points (BCPs). The diversity of
topological features was also appraised. The NCI diagrams

were three-dimensionally plotted using sign(4,)p with values
ranging from —0.035 to 0.020 au (blue to red color coded).
The QTAIM and NCI index calculations were carried out
using Multiwfn 3.7 software,”" and their extracted diagrams
were visualized using the Visual Molecular Dynamics (VMD)
program.*”

The electronic parameters were obtained with the aid of the
FMOs theory. Diagrams of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) were visualized for the optimized monomers and
complexes. Moreover, the Fermi level (Ep ) energies and
LUMO-HOMO energy gaps (E,,,) were evaluated based on
the Eyomo and Epyyo values via eqs 6 and 7, respectively.

ELUMO B EHOMO
E, =E + M0 HOMO
FL HOMO 3 (6)

E;p = Erumo — Enomo (7)

Further, the electronic properties, comprising ionization
potentials (IP), chemical potentials (u), electron affinities
(EA), global softness (S), global hardness (7), electrophilicity
index (w), and work functions (®), were assessed for the
optimized monomers and complexes using eqs 8—14. In the
work function estimation, the vacuum-level electrostatic
potentials (V,;(+00)) were proposed to be nearly 0.

IP & —Eyomo (8)
EA & —E ymo 9)
y = E umo = Enomo
2 (10)
_ Erymo + Enomo
2 (11)
1
s= —
n (12)
oot
2n (13)
D = Vi (400) — EpL (14)

Changes in thermodynamic parameters (AM), namely,
Gibbs free energy (AG), enthalpy (AH), and entropy (AS),
were assessed for the selected complexes using eqs 15 and 16.

AM = MMolnupiravir-~~Guanosine/Adenosine

- (MMolnupiravir + MGuanosine/Adenosine) + EBSSE

(15)
AS = —(AG — AH)/T (16)

Where MMolnupiravir -+ - Guanosine/Adenosine’ MMolnupiravir) and
MG uanosine/Adenosine Tepresent the G/H values of the optimized

complexes, molnupiravir, and guanosine/adenosine, respec-
tively. The AS and T represent the entropy change and
temperature, respectively.

The polarizable continuum model (PCM)*’ and universal
solvation model density (SMD)** were utilized to reveal the
water solvation effect on the interactions of molnupiravir with
the purine nucleosides. The solvation (AE,) energy was
assessed for the optimized complexes as the difference between

https://doi.org/10.1021/acsomega.3c03215
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Figure 2. Plausible tautomeric structures for the optimized (a) molnupiravir drug, (b) guanosine nucleoside, and (c) adenosine nucleoside.
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Figure 3. Plausible tautomeric structures for the optimized (a) molnupiravir--guanosine (M-+G) and (b) molnupiravir---adenosine (M:-A)

complexes.
the total energies in the water (Eye,) and gas (Eg,) phases
according to eq 17.

AEsolv = Esolvent - Egas (17)

The Gaussian 09 package™ was utilized for performing all
the employed DFT calculations at the MO06-2X/6-311+
+G(d,p) level of theory.

B RESULTS AND DISCUSSION

Tautomeric Study. Toward further inspection for the
relative stability of the active form of the molnupiravir drug
and its propensity to participate in intermolecular interactions
with purine nucleosides, various tautomeric structures were
principally idealized. By dint of the presence of a hydroxyl-
amine group, the molnupiravir drug was subjected to amide-
iminol tautomerism. Three tautomeric structures, namely,

27556 https://doi.org/10.1021/acsomega.3c03215
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keto-oxime (T} imino-molnupiravir), hydroxyl-oxime (T5'),
and keto-hydroxylamine (T3%; amino-molnupiravir), were
accordingly obtained.** Geometrical optimization supple-
mented by the relative energy (E,qaive; in kcal/mol)
calculations for the plausible tautomeric structures of the
molnupiravir drug was performed (see Figure 2).

From Figure 2a, the tautomeric stability of the molnupiravir
drug increased according to the succeeding sequence T5' < T3
< T Energetically, the imino-molnupiravir (T}") was
preferred over the amino one (T3') by 5.07 kcal/mol.
Meanwhile, T>" exhibited E,q. with respect to T)' with a
value of 16.00 kcal/mol, which reflected the unfavorability of
the hydroxyl-oxime form compared with its analogues. These
findings were in coincidence with the beforehand claims.*

Regarding the guanosine nucleoside (Figure 2b), the
energetic features proclaimed the exaggerated stability of
keto-amino (T¥) and enol-amino (T$) forms. Notably, the
E,clative Values showed the unfavorability of keto-(T5 and T¥)
or enol-(T¢ and T§) imino forms compared to the amino ones
with values in the range of 15.64—40.16 kcal/mol. Similarly,
for adenosine nucleoside, the amino form (T%) exhibited
paramount stability in comparison to the imino forms (T2 <
T4) where their E,. recorded about 12.52—35.24 kcal/mol.

Afterward, the plausible tautomeric structures of the drug
and nucleosides within the molnupiravir---guanosine and
molnupiravir---adenosine complexes were adequately inves-
tigated (Figure 3). Geometrical optimization was first executed
for the proposed structures followed by the relative energy
calculations (Figure 3).

Conspicuously, E v Values accentuated the inclination of
the purine bases to exist in the amino form within their
interactions (see Figure 3). On the other hand, inimical
tautomeric structures were perceived within the imino forms of
such bases with the molnupiravir drug. As seen in Figure 3a,
the amino and imino forms of the molnupiravir drug showed
to be more favorable toward interacting with the keto-amino
form (T " ¢) than the enol-amino one (T}' " ¢) of
guanosine by 2.50 kcal/mol. In parallel, among the
molnupiravir---adenosine tautomeric structures, T)" " was
announced as the most proficient one that involves the
interactions of the imino-molnupiravir drug with amino-
adenosine (see Figure 3b).

Succinctly, the energetic features outlined the most potent
complexes to comprise the interactions of amino- and imino-
molnupiravir with the keto-amino-guanosine (T}' ' ¢) and
amino-adenosine (T)' ~'#), respectively. Upon the most
proficient complexes, sundry DFT computations were
conducted to indicate and compare the interactions of the
molnupiravir drug with the guanosine and adenosine.

MEP Analysis. Graphing the molecular electrostatic
potential (MEP) maps offers a visual indication for the
distribution of charges over the molecular surfaces of the
chemical systems.”** As previously reported, the MEP
analysis was executed using an 0.002 au electron density
contour toward a good description for the surface of chemical
systems.”¥*” MEP maps along with the local most positive and
most negative electrostatic potential values (V,,, and V)
were generated for the preferable tautomeric forms of the
molnupiravir drug and the purine nucleosides (Figure 4).

As illustrated in Figure 4, the distribution of the electron
densities outlined the electrophilic and nucleophilic natures of
the studied molecules by the existence of the blue- and red-
colored regions, respectively. The most negative MEP spheres

-0.01 N (]
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Figure 4. MEP maps of the optimized (a) imino and amino forms of
the molnupiravir drug along with the (b) purine nucleosides,
including keto-amino-guanosine and amino-adenosine. These maps
were aligned within the —0.01 and +0.01 au ambit (red to blue
colors). The local most positive and most negative electrostatic
potential values (V, ., and V, ;) are in kcal/mol.

,max

were principally denoted around the surfaces of N and O
atoms with elevated sizes for the anterior atom. In contrast, the
most positive electrostatic potential was concentrated around
the H atoms, announcing the superb versatility toward
participating in the hydrogen bonding interactions.

Energetic Manifestations. The optimized geometrical
structures of the complexes of amino- and imino-molnupiravir
with the keto-amino-guanosine and amino-adenosine, respec-
tively, are shown in Figure S. Table 1 summarizes the values of
Einv Epingy and the intermolecular distances for the investigated
complexes.

As depicted in Figure 5, three and two hydrogen bonds
(HBs) were remarked within the amino-molnupiravir:-keto-
amino-guanosine (T} """ ¢) and imino-molnupiravir-+-amino-
adenosine (T)' ~'*) complexes, respectively. From Table 1,
the distances of the hydrogen bonds were in ranges of 1.75—
1.90 and 1.81—2.07 A within the former and latter complexes,
respectively.

Passing to the energetic perspective, higher negative values
of the E;/Ey;,q were divulged for the amino-molnupiravir---
keto-amino-guanosine (T}'"""¢) complex than the imino-
molnupiravir--amino-adenosine (T}'"""*) analogue. Numeri-
cally, E;/Eynq values were —31.16/—21.81 and —13.93/—
12.83 kcal/mol for the former and latter complexes,
respectively (Table 1). These observations ensured the higher
proficiency of the molnupiravir drug to bind with guanosine
compared with the adenosine one. This finding reflected the
favorability of the molnupiravir incorporation instead of the
cytidine over the uridine in the SARS-CoV-2’s RNA
replication, which was in line with the literature.”” Generally,
the DFT energetic computations highlighted the opulent
efficiency of the molnupiravir drug to interfere with the viral
replication, affirming its eminent role as a competitive
substrate for the SARS-CoV-2 RdRp.

SAPT Calculations. Symmetry-adapted perturbation
theory (SAPT) calculations were accomplished for the
optimized complexes of amino- and imino-molnupiravir with
keto-amino-guanosine and amino-adenosine, respectively,
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(b) Imino-Molnupiravir---Amino-Adenosine Complex

Figure 5. Optimized geometrical structures of the (a) amino-molnupiravir---keto-amino-guanosine (T} " ) and (b) imino-molnupiravir---amino-

adenosine (T """ *) complexes.

Table 1. Interaction (E,,,) and Binding (E,;,q) Energies (in
kcal/mol) of (a) Amino-Molnupiravir-Keto-Amino-
Guanosine (T} """ €) and (b) Imino-Molnupiravir+*Amino-
Adenosine (T} "*) Complexes”

(a) Amino-molnupiravir:-keto-amino-guanosine (T} """ ¢) complex

HB type distance (A) E,, (kcal/mol) Eping (kcal/mol)
O--H 1.89 -31.16 —21.81
N---H 1.90
H---O 1.75

(b) Imino-molnupiravir--amino-adenosine (TT " *) complex

HB type distance (A) E,, (kcal/mol) Eyina (kcal/mol)
H--N 1.81 —13.93 —-12.83
N--H 2.07

“Intermolecular distances of the obtained hydrogen bonds (HBs) are
given in A

using the PSI4 code.’® Within SAPT analysis, the total
interaction energy was dissected into its main energetic
components, dubbed dispersion (Eg,), electrostatic (E,q),
exchange (E.), and induction (E;,4) forces at the SAPTO
level of truncation. The obtained attractive and repulsive
components are correlated in bar charts (Figure 6). In
addition, the calculations of attractive force percent (Elacive)
were performed to illustrate the contributions of the obtained
attractive components, namely, EZ{}SP, E%., and EP,, to the total
attractive forces and are graphed in Figure 6.

The bar charts shown in Figure 6 announced negative
energetic values for the dispersion (Edisp), electrostatic (E,,),
and induction (E,4) forces, shedding light on their role in
stabilizing the investigated molnupiravir---purine nucleoside
complexes. Further, bar charts outlined the prevalence of the
interactions of the molnupiravir drug with guanosine and
adenosine by the E. Conspicuously, a more negative value
for such predominant E., was registered for the amino-
molnupiravir---keto-amino-guanosine (Tlf/I o G) over the
imino-molnupiravir---amino-adenosine (T} "'*) analogue
that coincided with E,/Ey;.4 results (Table 1). Illustratively,
for the former and latter complexes, E,, were —45.65 and
—26.99 kcal/mol, along with E,/E,; 4 of —31.16/—21.81 and
—13.93/—-12.83 kcal/mol, respectively. In addition, elevated
negative Eg,, and E,4 were disclosed, enlightening their
reputable contributions to the stabilization of the molnupir-
avir---purine nucleoside complexes. On the contrary, unfavor-
able repulsive contributions to the total SAPTO energy were
recorded for the E.., component of the investigated
complexes. For example, values of Egy, Eing, and E,,q, of the
amino-molnupiravir---keto-amino-guanosine (T}' " ¢) com-
plex were —12.35, —19.60, and 40.23 kcal/mol, respectively.

Moreover, the pie chart shown in Figure 6 demonstrates the
supreme contribution of the electrostatic component to the
total attractive forces. Numerically, the Elj recorded about 59
and 57% of the total attractive forces of the amino-
molnupiravir--keto-amino-guanosine (T} "~ ¢) and imino-
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(a) Amino-Molnupiravir--Keto-Amino-Guanosine Complex
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(b) Imino-Molnupiravir--Amino-Adenosine Complex

Figure 6. Bar charts of the principal energetic components of total SAPTO energy, namely, dispersion (Edisp), electrostatic (E,y), exchange (Eqq,),
and induction (E;4) forces for the (a) amino-molnupiravir--keto-amino-guanosine (T} ~*¢) and (b) imino-molnupiravir---amino-adenosine
(T *) complexes. The pie chart of the attractive force percent with respect to the total attractive forces.

(a) Quantum Theory of Atoms in Molecules (QTAIM)

(i) Amino-Molnupiravir--Keto-Amino-Guanosine Complex

(ii) Imino-Molnupiravir--Amino-Adenosine Complex

(b) Noncovalent Interactions (NCI) Index

(i) Amino-Molnupiravir--Keto-Amino-Guanosine Complex

(ii) Imino-Molnupiravir-*Amino-Adenosine Complex

Figure 7. (a) QTAIM and (b) 3D NCI schemes of the amino-molnupiravir:-keto-amino-guanosine (T}** " €) and the imino-molnupiravir---
amino-adenosine (T)' " '*) optimized complexes. Red dots indicate the location of BCPs and BPs. Isosurfaces of NCI plots are shown with a
reduced density gradient value of 0.50 au. The color range is set with respect to the sign(4,)p from blue (—0.035) to red (0.020) au.

molnupiravir---amino-adenosine (T8 complexes, respec-
tively. For both complexes, the attractive force percent (E”)
manifestations proclaimed the contributions of the considered
attractive forces according to the successive order EZZSP <El <
EZ%.. For instance, Eﬁs/Eﬁd/ E%, were about 16/25/59 and 21/
23/57% of the total attractive forces within amino-molnupir-
avir-+-keto-amino-guanosine (T}" """ ) and the imino-molnu-
piravir---amino-adenosine (T)" ~"*) complexes, respectively.
Overall, these findings principally outlined the electrostatic
nature of the scouted interactions of the molnupiravir drug
with the purine nucleosides.

27559

QTAIM and NCI Analyses. Quantum theory of atoms in
molecules (QTAIM) and noncovalent interaction (NCI) index
analyses were earlier authenticated to be a trusty appliance to
inspect the intra- and inter-molecular interactions.”’™>* In
accordance, the interactions of the molnupiravir drug with the
purine nucleosides were elucidated from the QTAIM and NCI
viewpoints in reliance on the electron density features. Figure 7
involves QTAIM and NCI diagrams for the optimized
complexes of amino- and imino-molnupiravir with keto-
amino-guanosine and amino-adenosine, respectively. Table 2
enrolls the QTAIM topological parameters, including total
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Table 2. Topological Parameters of the (a) Amino-
Molnupiravir-*Keto-Amino-Guanosine (T} """ €) and the
(b) Imino-Molnupiravir-*Amino-Adenosine (T}' " *)
Optimized Complexes”

(a) Amino-molnupiravir:-keto-amino-guanosine (TT """ #) complex

HB

type Py H, Vs Gy Vi —Gp/Vy
O-H 0.0270 0.0022 0.1058 0.0242 —0.0220 1.1016
N---H 0.0327 —0.0006 0.0966 0.0248 —0.0255 0.9745

H--O  0.0383 —0.0011 0.1321 0.0341 —0.0352 0.9693
(b) Imino-molnupiravir---amino-adenosine (TT " *) complex
HB 5
type Po Hy Vpy Gy W =G/ Vs,
H-N 0.0416 —0.0049 0.1024 0.0305 —0.0355 0.8609

N--H 0.0220  0.0021 0.0746 0.0165 —0.0144  1.14S5S

“All parameters are in au.

energy density (H,), electron density (p,), Laplacian (V?p,),
local potential electron energy density (V3,), kinetic electron
density (Gy), and the negative ratio of kinetic and potential
electron energy density (—G,/V;).

From QTAIM schemes in Figure 7a, the intermolecular
space between the molnupiravir drug and the purine
nucleosides was characterized by the presence of a set of
BCPs and BPs. This observation demonstrated the occurrence
of favorable interactions within the investigated complexes.
Further, QTAIM schemes illustrated the favorability of the
molnupiravir drug to bind with the guanosine over the
adenosine analogue, through the existence of three and two
main BCPs and BPs (i.e, hydrogen bonds), respectively.
Astonishingly, the QTAIM scheme disclosed the presence of
the C—H--O hydrogen bond for the imino-molnupiravir:--
amino-adenosine (T)' " "*) complex; in turn, it participated in
stabilizing such complex, albeit within weaker contributions.
This opulent contributing role for the structural stability
relevant to this unconventional hydrogen bond was previously
outlined in literature.>”

Quantitively, the successive findings were perceived for
almost all the intermolecular interactions within the inves-
tigated complexes: negative H, values, positive V>p, values,
and —G,/Vj, values less than the unity, outlining the partially
covalent nature of the interactions involved between the
molnupiravir drug and purine nucleosides (Table 2). For
example, values of H,, V?p,, and —G,/V, were —0.0011,
0.1321, and 0.9693 au, respectively, for the N---H bond within
the amino-molnupiravir---keto-amino-guanosine (T} " €)
complex.

According to Figure 7b, three and two blue-colored surfaces
(i.e., maximal attractive forces) within the amino-molnupir-
avir-+-keto-amino-guanosine (T} "~ ¢) and imino-molnupira-
vir--amino-adenosine (T} " '*) optimized complexes were
disclosed, respectively. Accordingly, the NCI schemes also
reflected the versatility of the molnupiravir drug toward
interacting with purine nucleosides. Evidently, in synchrony
with the QTAIM claims, NCI schemes assured the weak
contributions of the unconventional C—H:--O hydrogen bond
into stabilizing the imino-molnupiravir---amino-adenosine
(T} %) complex via the presence of a green-colored surface.

Electronic Parameters. In the current study, FMOs
theory was devoted to elucidating the electronic structure
changes in the interaction of molnupiravir with the purine
nucleosides. Quantitatively, energies of the highest occupied

molecular orbital (Eyomo) and the lowest unoccupied
molecular orbital (Eyyo) along with the Fermi level (Eg;)
and energy gap (Egap) were calculated for the amino-
molnupiravir--keto-amino-guanosine (T} ""¢) and imino-
molnupiravir---amino-adenosine (T} ""*) complexes and
their isolated systems (Table 3). Figure S1 and Figure 8
display the HOMO/LUMO electron densities for the isolated
systems and complexes, respectively. Table 3 involves the
Enomor Erumor Erw and Eg,, values.

Table 3. (a, b) Electronic Parameters for the Imino and
Amino Forms of the Molnupiravir Drug along with the
Keto-Amino-Guanosine and Amino-Adenosine before and
after Interaction within the Amino-Molnupiravir--Keto-
Amino-Guanosine (T)' """ ¢) and Imino-Molnupiravir-
Amino-Adenosine (T)' "**) Complexes (in eV)

(a) Systems

Enomo (eV) Erumo (ev) Epy (eV) Egap (eV)
(i) Imino-molnupiravir
=7.177 —-0.570 —-3.873 6.608
(ii) Amino-molnupiravir
—7.801 —-0.570 —4.186 7.231
(iii) Keto-amino-guanosine
—7.260 —0.670 —3.965 6.589
(iv) Amino-adenosine
—7.480 —0.294 —3.887 7.186
(b) Complex
Enowmo (eV) Erpmo (eV) Epy (eV) Egap (eV)
(i) Amino-molnupiravir-+keto-amino-Guanosine (T} " ¢) complex
—6.678 —0.665 —3.672 6.013
(ii) Imino-molnupiravir---amino-adenosine (T}" " *) complex
=7.075 —-0.509 —3.792 6.566

As shown in Figure S1, the distributions of HOMO were
noticed over the ring of the molnupiravir drug and purine
nucleosides. In comparison, the LUMO levels surrounded the
other part of the studied isolated systems. Turning to the
amino-molnupiravir--keto-amino-guanosine (T} " ¢) and
imino-molnupiravir---amino-adenosine (T)' """ #), the distribu-
tions of HOMO and LUMO were dramatically changed,
compared to the isolated systems (see Figure 8). This finding
validated the prominent role of charge transfer beyond the
occurrence of the investigated interactions.

From Table 3, the Eyomor ELumos Ery and Eg,, values were
notably changed before and after interactions of the amino-
and imino-molnupiravir drug with the keto-amino-guanosine
and amino-adenosine, respectively. Numerically, the Eyoyno/
Eiumo/EpL/Egy values were —7.260/—0.670/—3.965/6.589
and —6.678/—0.665/—3.672/6.013 eV for the isolated keto-
amino-guanosine and the amino-molnupiravir---keto-amino-
guanosine (T}~ %) complex, respectively.

Global Indices of Reactivity. Global reactivity indices,
comprising ionization potentials (IP), electron affinities (EA),
chemical potentials (), global hardness (7), global softness
(S), electrophilicity index (@), and work functions (@), were
assessed to uncover the change in the electronic properties
resulting from the molnupiravir interactions with the purine
nucleosides (Table 4).

Upon the complexation of the molnupiravir drug with
purine nucleosides, remarkable changes in the studied
reactivity parameters were perceived (Table 4). Obviously,
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Figure 8. HOMO and LUMO plots of the (a) amino-molnupiravir--keto-amino-guanosine (T} "

adenosine (T *) optimized complexes.
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) and (b) imino-molnupiravir---amino-

Table 4. (a, b) Global Indices of Reactivity of the Optimized
Imino and Amino Forms of the Molnupiravir Drug along
with the Keto-Amino-Guanosine and Amino-Adenosine
before and after Interaction (in eV)

(a) Systems
IP (eV) EA (eV) u(eV) 75 (ev)

SV w(eV) @ (eV)

(i) Imino-molnupiravir

7.177 0.570 —3.873 3.304 0.303 2271 3.873
(ii) Amino-molnupiravir
7.801 0.570 —4.186 3.616 0.277 2423 4.186
(iii) Keto-amino-guanosine
7.260 0.670 —3.965 3.295 0.304 2.386 3.965
(iv) Amino-adenosine
7.480 0.294 —3.887 3.593 0.278 2.103 3.887

(b) Complex
IP (eV) EA (eV) u (eV) n (eV)

SV w(eV) @ (eV)

(i) Amino-molnupiravir--keto-amino-guanosine (T} """ ¢) complex
6.678 0.665 -3.672 3.007 0.333 2.242 3.672
(ii) Imino-molnupiravir--amino-adenosine (T}" " *) complex
7.075 0.509 —3.792 3.283 0.305 2.189 3.792

the IP, 4, 7, and ® values of the isolated systems were found to
decrease in the complexed forms, and vice versa was true for
the S values. Meanwhile, an irregular pattern was denoted for
the EA and w values. Illustratively, the IP value was 7.260 eV
for the keto-amino-guanosine and diminished to 6.678 eV after
its interactions with the amino-molnupiravir. The anomalous
behavior of EA and @ values might be explained as an upshot
to its dependence on the E; o value.

Thermodynamic Parameters. Interactions of the molnu-
piravir drug with the purine nucleosides were scrutinized from
a thermodynamic viewpoint. Figure 9 displays the changes in
thermodynamic quantities of the amino-molnupiravir---keto-
amino-guanosine (T} ¢) and imino-molnupiravir-+-amino-
adenosine (T)" ""*) optimized complexes.

As evident in Figure 9, negative AG and AH values were
recorded for the amino-molnupiravir---keto-amino-guanosine
(TY %) and imino-molnupiravir---amino-adenosine
(T} *) optimized complexes. This observation accordingly
demonstrated the spontaneous and exothermic nature of the
scouted interactions. In addition, both molnupiravir---purine

|l Gibbs Free Energy mEnthalpy mEntropy
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(a) Amino-Molnupiravir--Keto-Amino-Guanosine Complex
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Figure 9. Energetic change (in kcal/mol) of the thermodynamic
parameters for the (a) amino-molnupiravir:--keto-amino-guanosine
(T " S) and (b) imino-molnupiravir---amino-adenosine (T}" ")
optimized complexes.

nucleoside complexes exhibited small negative AS values that
suggested debilitating the randomness of the studied
interactions. In synchrony with the energetic observations
(Table 1), more favorable AG, AH, and AS considerations
with higher negative values were ascribed to the amino-
molnupiravir:--keto-amino-guanosine (T} "~ ¢) complex
against the imino-molnupiravir---amino-adenosine (T} " "#)
counterpart. This observation illustrated more proficiency of
the molnupiravir drug to interact with the keto-amino-
guanosine than the amino-adenosine. Illustratively, the AG/
AH/AS values of the amino-molnupiravir---keto-amino-
guanosine (7' ¢) and imino-molnupiravir---amino-adeno-
sine (T " 4) were —8.216/—20.500/—0.041 and —0.458/—
11.606/—0.037 kcal/mol.

Solvent Effect. Using the polarizable continuum model
(PCM)* and universal solvation model density (SMD),** t
solvent effect on the interactions of the molnupiravir w1th
purine nucleosides was assessed and comparatively inves-
tigated. Geometrical optimization computations were first
carried out for the amino-molnupiravir---keto-amino-guanosine
(TY %) and imino-molnupiravir---amino-adenosine
(TY""*) complexes in a water medium. For the obtained
structures, the interaction (E,) and binding (E,;,4) energies
were calculated (Table S).
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Table $. Interaction (E,,,) and Binding (Ey;,q) for the (a) Amino-Molnupiravir-Keto-Amino-Guanosine (T}' """ ¢) and (b)
Imino-Molnupiravir*Amino-Adenosine (T}' "~ *) Optimized Complexes in the Water Medium®

(a) Amino-molnupiravir---keto-amino-guanosine (77 """ &) complex

PCM SMD
HB type distance Eine Eyind “ distance Eine Eyind AE "
O-H 1.87 —16.06 —13.63 —28.98 1.90 -9.20 —8.84 —53.38
N--H 1.90 1.95
H--O 1.84 1.88
(b) Imino-molnupiravir--amino-adenosine (T} """ %) complex
PCM SMD
HB type distance Eine Eping distance Eine Eiind AE "
H--N 1.84 -9.82 -9.12 1.88 —-5.92 —=5.40 —48.11
N--H 2.04 2.07

“Solvation energy (AE,,) was calculated according to eq 17 (i.e.,, AEy, = Eqgyene — E

«as)- Intermolecular distances of the obtained hydrogen bonds

(HBs) are given in A with the incorporation of the polarizable continuum model (PCM) and universal solvation model density (SMD).

As given in Table S, negative energetic values were denoted
for the optimized complexes in the presence of the water
solvent. In line with the gas phase, more negative E; /Ey;.q
values were perceived for the amino-molnupiravir:--keto-
amino-guanosine (T)' "~ S) than the imino-molnupiravir--
amino-adenosine (T}~ "*) optimized complexes in the water
medium. Ilustratively, with the incorporation of PCM, the
E.../Eping values were —16.06/—13.63 and —9.82/—9.12 kcal/
mol for amino-molnupiravir---keto-amino-guanosine (T} " )
and imino-molnupiravir---amino-adenosine (T)' ""*) opti-
mized complexes in the water medium, respectively.

Apparently, negative AE, values were observed, indicating
the opulent role of the water solvent in enhancing the studied
interactions compared to the gas phase. Conspicuously, the
utilization of SMD showed higher negative solvation energy in
comparison to the PCM counterpart, with more observable
negative values in the case of the amino-molnupiravir---keto-
amino-guanosine (T} ") complex. Quantitatively, with the
employment of the PCM/SMD, AE,, were —28.98/—53.38
and —24.67/—48.11 kcal/mol for the amino-molnupiravir--
keto-amino-guanosine (T}'" ") and imino-molnupiravir---
amino-adenosine (T)!"~"*) complexes, respectively.

B CONCLUSIONS

Herein, the preferability of the molnupiravir in its active form
toward interacting with the guanosine and adenosine nucleo-
sides was investigated using a broad set of DFT calculations.
Upon investigating the plausible tautomeric structures of the
scouted drug and purine nucleosides, the energetic stability
could be concluded as follows: (i) for the molnupiravir drug,
the imino (T}') form demonstrated more noticeable stability
compared with the amino (T3') one by 5.07 kcal/mol, (ii) for
guanosine, the energetic features proclaimed the exaggerated
stability of keto-amino and enol-amino forms, and (iii) for
adenosine, the amino form showed higher stability than the
imino forms where their E.q,. recorded in the range of
12.52—35.24 kcal/mol. Upon the obtained findings from the
tautomerization effect on the base-pairing efficiency, the most
potent complexes were ascribed to the interactions of amino-
and imino-molnupiravir with the keto-amino-guanosine and
amino-adenosine, respectively. Notable changes in the
electronic properties and global indices of reactivity were
observed for the most stable molnupiravir:--purine nucleoside
complexes in comparison to their isolated systems. Also, the
partially covalent nature of molnupiravir--purine interactions

was announced in terms of QTAIM and NCI observations.
Based on thermodynamic parameters, the spontaneous,
exothermic, and nonrandom states of the molnupiravir---purine
interactions were highlighted. Apparently, the eminent bias of
the molnupiravir drug to bind more favorably with the
guanosine over the adenosine one was assured, reflecting the
more efficient incorporation of molnupiravir instead of cytidine
than uridine in the SARS-CoV-2’s RNA replication. Favor-
ability of guanosine-based complexes over adenosine analogues
was also noticed in the water medium. The obtained
manifestations would be a plentiful reference to the incoming
research concerned with the interactions of the molnupiravir
drug with purine nucleosides.
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