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Abstract

We performed density functional theory (DFT) calculations for ribonucleo-
tides and active triphosphate metabolites of candidate drugs against Corona-
virus disease 2019 (Covid-19). Frontier orbitals (highest occupied molecular
orbital and lowest unoccupied molecular orbital) at optimized structure of
each molecule were obtained. T-705RTP (active triphosphate metabolite of
favipiravir) and cytidine triphosphate (CTP) have similar shapes of frontier
orbitals. We also obtained similar shapes of frontier orbitals among dihy-
droxy GS-441524 triphosphate (GS-441524 is an active triphosphate metabo-
lite of remdesivir) and adenosine triphosphate (ATP). From a theoretical
viewpoint, we suggest T-705RTP is a CTP analogue and dihydroxy GS-441524
triphosphate is an ATP analogue.
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1. Introduction

Corona Virus Disease 2019 (COVID-19) caused by a novel coronavirus (SARS-
CoV-2) [1] has become a pandemic worldwide. This outbreak of novel corona-
virus has infected more than ten millions of humans leading to several hundred
thousand deaths worldwide. Favipiravir (Avigan®) and remdesivir are candidate
drugs against Covid-19. Such antiviral drugs may inhibit the coronavirus repli-
cation/transcription mechanism [2]. Favipiravir (T-705) is an experimental anti-
viral drug developed by Toyama Chemical Co., Ltd., Japan which is active
against RNA viruses and an effective treatment for influenza viruses, West Nile
virus, yellow fever virus, and more [3]. The chemical formula of favipiravir
(T-705) is shown in Figure 1(a). It can be converted into T-705 ribosyl triphos-
phate (T-705RTP), which is a potent inhibitor of influenza viral polymerase [4].
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The chemical formula of T-705RTP is shown in Figure 1(b). Remdesivir is an
adenosine analogue that disrupts the activity of viral RNA-dependent
RNA-polymerases (RdRp). Remdesivir, developed by Gilead Sciences, is a the-
rapeutic agent for the Ebola virus disease [5] and other single-stranded RNA vi-
ruses. The chemical formula of remdesivir is shown in Figure 1(c). Remdesivir
converts to GS-441524 triphosphate (Figure 1(d)), which provides potent an-
ti-virus activity. Both favipiravir and remdesivir are thought to be candidate
drugs against Covid-19 [6] [7]. It is urgent to find therapies against Covid-19.
Computer-aided drug design helps to identify a drug to combat the coronavirus
[8]. Our method is a little different from the usual docking approach. Our ap-
proach is to make theoretical calculations of electronic states for antiviral drugs,
especially focusing on frontier orbitals. The term frontier orbitals include both
the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). Frontier orbitals play important roles in molecular
interactions and chemical reactivity [9]. Investigation of the characteristics and
patterns of frontier orbitals is useful to understand various properties of mole-
cules. We studied the toxicities of dioxins and classified frontier orbital patterns

by statistical analysis [10]. To develop antiviral drugs, a tentative study was

(c) (d)

Figure 1. (a) Favipiravir (Avigan®) (also known as T-705) (b) T-705RTP. Active triphos-
phate metabolite of T-705 (c) Remdesivir (d) GS-441524 triphosphate. Active triphos-
phate metabolite of remdesivir. (e) hydroxy GS-441524 triphosphate. (f) dihydroxy
GS-441524 triphosphate.
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performed on the Ebola virus disease [11]. Here, we investigated the frontier or-
bitals of nucleotide analogues of favipiravir and remdesivir and compared them

with the frontier orbitals of nucleotides.

2. Method

Density functional theory (DFT) calculations at the B3LYP/6-31G(d) level were
performed to obtain the optimized structures of nucleotides, T-705RTP and
GS-441524. DFT is one of the theoretical methods to calculate the energy and
other properties of atoms and molecules with high accuracy from the electron
density distribution. The calculated nucleotides include adenosine triphosphate
(ATP), cytidine triphosphate (CTP), guanosine triphosphate (GTP), and uridine
triphosphate (UTP). We also performed DFT calculations to obtain the opti-
mized structures of hydroxy remdesivir triphosphate and dihydroxy remdesivir
triphosphate, which are shown in Figure 1(e), Figure 1(f). DFT calculations
were performed using the Gaussian 09 program [12]. Orbital is a useful concept
in chemistry and physics. Especially, molecular orbitals provide a natural de-
scription of various properties of molecules. Although the concept of orbital ori-
ginates from a single configuration like Hartree-Fock (HF) theory, DFT theory
differs from a single configuration. However, DFT shares an orbital picture with
Kohn-Sham (KS) orbitals. Stowasser and Hoffmann [13] studied KS orbitals to
rationalize chemical phenomena. They showed that KS orbitals have the same
order, symmetry and shape as orbitals using HF theory. They concluded that one
may apply KS orbitals in a qualitative manner in MO arguments. We used con-
cept of frontier orbitals from KS orbitals. Frontier orbitals (HOMO and LUMO)

were calculated for the optimized structure of each molecule using DFT.

3. Results and Discussion

Optimized structures and frontier orbitals (HOMO and LUMO) of nucleotides
(Figure 2), T705-RTP (Figure 3), GS-441524 triphosphate (Figure 4(a)) are
shown. Results of related compounds with GS-441524 triphosphate (hydroxy
GS-441524 triphosphate and dihydroxy GS-441524 triphosphate) are also shown
(Figure 4(b) and Figure 4(c)). Colors of the atoms in the molecular models in-
dicate as follows: gray, carbon; white, hydrogen; red, oxygen; blue, nitrogen;
cyan, fluorine; and orange, phosphorus. According to the orbital phase, the lobe
of a molecular orbital is indicated by green and red in HOMO and LUMO. In
Figure 2, we see the HOMO and LUMO for ATP and GTP are localized in the
purine group and those for CTP and UTP are localized in the pyrimidine group.
However, each molecule has different HOMO and LUMO patterns. T-705RTP
has HOMO and LUMO in the favipiravir structure (Figure 3). From here, we
compare the shapes of electron clouds of HOMO and LUMO qualitatively. More
quantitative methods are currently under study. We can see that the HOMO and
LUMO patterns of T-705RTP are very similar to those of CTP. A shape similar
to the three main lobes of HOMO of CTP appears in HOMO of T705-RTP. A
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form like LUMO of CTP, localized to four atoms (nitrogen atoms at positions 1
and 3 and carbon atoms at positions 4 and 6) in pyrimidine of CTP, is found in
two carbon atoms and two nitrogen atoms in favipiravir structure of T705-RTP.
As frontier orbitals are related to chemical reactivity [9], these results indicate
that T-705RTP acts as a cytidine analogue in very early stage of interaction be-
tween ligand and receptor. Jin ef al evaluated the biochemical inhibition proper-
ties of T-705RTP and 2’-C-methyl-cytidine triphosphates (2CM-CTP) against
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Figure 2. Optimized structures and frontier orbitals (HOMO and LUMO) of nucleotides. (a) adenosine triphosphate (ATP) (b)
cytidine triphosphate (CTP) (c) guanosine triphosphate (GTP) (d) uridine triphosphate (UTP).
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Figure 3. Optimized structures and frontier orbitals (HOMO and LUMO) of T-705RTP. T-705RTP is the active triphosphate me-
tabolite of T-705 (Favipiravir, Avigan®) and has potent anti-influenza virus activity.
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Figure 4. Optimized structures and frontier orbitals (HOMO and LUMO) of GS-441524 triphosphate and related compounds.
GS-441524 triphosphate is the active triphosphate metabolite of remdesivir and has potent anti-virus activity. (a) GS-441524 tri-
phosphate. (b) hydroxy GS-441524 triphosphate. (c) dihydroxy GS-441524 triphosphate. (d) HOMO and LUMO of ATP are

shown for comparison.

human and mouse norovirus RNA polymerases [14]. It is known that the only two
nucleoside analogs to inhibit norovirus replication were 2’-C-methyl-cytidine
(2CM-C) and favipiravir (T-705), but their mechanism was unclear. They found
that T-705RTP and 2CM-C triphosphate equally inhibited norovirus replication
in human and mouse. 2CM-CTP inhibited the polymerases by competing di-
rectly with natural CTP during primer elongation, whereas T-705RTP competed
mostly with ATP and GTP at the initiation and elongation steps. So, they sug-
gested that 2CM-C inhibits replication of norovirus by acting as a cytidine ana-
logue to terminate polymerization, while T-705 may inhibit the virus by multiple
mechanisms. They suggested that T-705 RTP may be ambiguously recognized as
a guanosine and adenosine analog leading to the inhibition of RNA synthesis.
These experimental results do not match our theoretical results, which indicate
T-705 RTP may be a cytidine analogue. Inhibition of RNA polymerization in-
volves a complicated mechanism as not only electronic states, but also structural
features are important. We think T-705RTP has both the electronic features of
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cytidine and the structural features of adenosine and guanosine. Remdesivir is
effective against the Ebola virus disease [5]. Remdesivir converts to GS-441524
triphosphate which has potent anti-virus activity. GS-441524 triphosphate is
recognized as an ATP analogue. The HOMO and LUMO of GS-441524 triphos-
phate are shown in Figure 4(a). For comparison, the HOMO and LUMO of
ATP are shown in Figure 4(d). We can see the HOMO shape of GS-441524 tri-
phosphate is dissimilar to that of ATP. We may see the LUMO of GS-441524
triphosphate contains HOMO shapes of CTP in the center. We know that active
oxygen (O, and NO) production is elevated in inflamed tissues. High produc-
tion of O, is most clearly observed in murine pneumonia caused by influenza A
virus, Sendai virus and cytomegalovirus [15]. It is natural to assume that there is
much active oxygen production in lungs with pneumonia by SARS-CoV-2. Ac-
tive oxygen may oxidize GS-441524 triphosphate to add an OH group. We cal-
culated hydroxy GS-441524 triphosphate and dihydroxy GS-441524 triphos-
phate. The HOMO and LUMO of hydroxy GS-441524 triphosphate and dihy-
droxy GS-441524 triphosphate are shown in Figure 4(b) and Figure 4(c), re-
spectively. The HOMO of hydroxy GS-441524 triphosphate is a little similar to
that of ATP, whereas the HOMO of dihydroxy GS-441524 triphosphate is very
similar to that of ATP. The LUMO of both hydroxy GS-441524 triphosphate and
dihydroxy GS-441524 triphosphate have almost the same shape as that of
GS-441524 triphosphate. The resulting frontier orbital patterns indicate that di-
hydro GS-441524 triphosphate is the most suitable ATP analogue. Research for a
new drug, which converts directly to dihydro GS-441524 triphosphate, should be

conducted as soon as possible.
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