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Abstract—A model of a multidomain complex is constructed using molecular modeling methods to explain
the mechanism of the inhibitory effect of favipiravir on RNA-dependent RNA polymerase (RdRp) of the
SARS-CoV-2 coronavirus. As the initial atomic coordinates, we use cryoelectron microscopy data for the apo
form of RdRp of the SARS-CoV-2 virus and data on the structure of RdRp of the hepatitis C virus. After
appropriate substitutions, an RdRp complex containing RNA chains and a potential enzyme inhibitor, favi-
piravir in the form of ribosatriphosphate, are constructed. The structure of the complex in aqueous shells,
which includes more than 100 000 atoms, is optimized by molecular dynamics methods. Analysis of the active
site with the incorporated favipiravir molecule makes it possible to explain the chemical reaction of the
enzyme with the inhibitor.
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INTRODUCTION
The COVID-19 coronavirus pandemic has stimu-

lated research on the molecular processes occurring in
all components of the SARS-CoV-2 virus, including
its most important part, RNA-dependent RNA poly-
merase (RdRp), which is responsible for the replica-
tion and transcription of genetic information [1].
Potential RdRp inhibitors are considered promising
drugs for the treatment of the disease, and favipiravir
is one of the most interesting candidates [2]. It should
be noted that at the time of writing, the corresponding
drug was approved by the Ministry of Health of the
Russian Federation for the treatment of COVID-19.

Figure 1 schematically shows the mechanism of
chemical transformations in the active site of RNA
polymerase. Upon the deprotonation of ribose O3' of the
terminal nucleotide in the NB(i) (left part of Fig. 1), a
nucleophilic attack occurs of O3' on the PA atom of the
free nucleotide NB(i + 1) (central part of Fig. 1),
which leads to the breaking of the PA–O3A bond,
cleavage of pyrophosphate, and extension of the RNA
chain (right side of Fig. 1). The amino acid residue of
aspartic acid can act as a generalized base (B) at the
deprotonation step. The active center contains metal
ions  and  where M is magnesium or manga-
nese coordinating negatively charged groups of reac-
tants.

Disruption of the functioning of this molecular
machine leads to the blocking of the multiplication of
the virus. Figure 2 shows a molecule of favipiravir (in
conjunction with ribosatriphosphate (FRTP)), which
can compete with the native substrates of the enzyme
in the active site and stop unwanted synthesis of the
RNA virus.

This paper aims to study the physicochemical
aspects of biomolecular processes related to the inhi-
bition of the most important enzyme RdRp of the
SARS-CoV-2 virus. We use molecular modeling tools
to construct and analyze the active site of RNA poly-
merase including the favipiravir molecule. The cryo-
electron microscopy data obtained in 2020 for the
apo-form RdRp [3], as well as the known results on
the crystal structure of RdRp of the hepatitis C virus
[4], provide the initial structural information based on
which it is possible to extend the modeling to the anal-
ysis of molecular groups in the enzyme’s configuration
with a cofactor (favipiravir in the form of ribosatri-
phosphate), imitating an enzyme-substrate complex.
Information about the mechanism of the chemical
reaction in RNA polymerase [5] and the experience of
modeling enzyme-catalyzed reactions of nucleoside
triphosphate conversion by quantum mechan-
ics/molecular mechanics [6, 7] allow us to explain the
inhibitory effect of favipiravir.
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Fig. 1. The mechanism of chemical transformations in the active center of RNA polymerase.
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Fig. 2. Favipiravir ribosatriphosphate (FRTP) molecule.
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MODELS AND METHODS

Like all coronaviruses, SARS-CoV-2 uses a multi-
domain molecular machine architecture to replicate
and transcribe its RNA. After the cleavage of viral
polyproteins, a set of unstructured proteins (nsps) is
formed, three of which are included in the minimum
configuration that ensures the functioning of the com-
plex, namely, nsp12 (RdRp), nsp7, and nsp8. The
work [3] reported on the structure of the nsp12–
nsp7–nsp8 complex without RNA strands and cofac-
tors with a resolution of 2.9 Å (PDB ID: 6M71). As an
additional source of structural data, we used the
results of X-ray structural analysis [4] for the RdRp
enzyme of the hepatitis C virus. The corresponding
structure of PDB ID: 4WTG, together with nsp12–
nsp7–nsp8, contains RNA chains, cofactors (Mn2+),
RUSSIAN JOURNAL O
and the compound sofosbuvir (in the form of ribose
diphosphate). Using the alignment procedure allowed
us to compare the initial structure of the PDB ID:
6M71 and the active site of the enzyme in the structure
of PDB ID: 4WTG. Further, the Mn2+ ions were
replaced by Mg2+; and sofosbuvir, by FRTP (see Fig. 2);
the side chains of a number of residues of the active
site were rotated in accordance with the position of
their analogs in the structure of PDB ID: 4WTG.

The resulting model system was completely sol-
vated by water molecules; sodium and chlorine ions
were added to neutralize the charge and ensure the
physiological concentration of NaCl: 0.15 mol/L.
Molecular dynamic calculations were carried out
using the NAMD program [8]; and trajectory analysis,
using the VMD program [9]. The conditions of the
F PHYSICAL CHEMISTRY B  Vol. 15  No. 1  2021



MODEL OF THE RNA POLYMERASE COMPLEX 105

Fig. 3. General view of the model system without solvation shells.
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NTP ensemble with periodic boundary conditions
were used; the integration step was 2 fs, and all bonds
of heavy atoms with hydrogen atoms were fixed
(SHAKE/SETTLE algorithms). The interaction’s
potentials corresponded to the CHARMM36 force
field [10]. The custom topology and parameters of the
FRTP remainder were described by the CGenFF
parameters [11]. The length of the trajectories was at
least 40 ns, and the trajectory frames were recorded in
intervals of 200 ps.

RESULTS AND DISCUSSION
Figure 3 shows a complex without solvating shells

of water molecules. The nsp7 and nsp8 proteins are
important for maintaining the structure but are not
involved in chemical transformations.

The center of Fig. 3 shows the phosphate groups of
the FRTP molecule shown by the rods. The arrows
indicate the RNA chains containing guanine (Gua),
adenine (Ade), and uracil (Ura) nucleotides.

Figure 4 shows how stable the model system is
along the molecular dynamic trajectory. After the ini-
tial section (about 10 ns), the whole structure is quite
stable (Fig. 4a). The analysis shows that the most
mobile regions in nsp12 belong to loops far from the
active site of the enzyme.

It takes more time to equilibrate the FRTP posi-
tion—approximately 20 ns. This is explained by the
fact that the FRTP molecule is not a native substrate
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
of the enzyme and by the features of the initial stage of
constructing the model system: FRTP groups replaced
another compound in the crystal structure of PDB ID:
4WTG.

Figure 5 shows that the favipiravir molecule is quite
successfully incorporated into the complex. The
FRTP “head” is structurally similar to adenine and
pairs with the nearest base, Gua. Figure 6 shows the
structure of the active site of the RdRp enzyme.

The favipiravir is attached to the terminal Ura
nucleotide according to the chemical reaction shown
in Fig. 1. At the first stage, the O3'H3' ribose group is
deprotonated of uracil, and the obvious generalized
base is the side chain Asp760—the distance between
the oxygen atom O3’ and the oxygen atom of the car-
boxyl group of aspartic acid is 2.8 Å, providing effi-
cient proton transfer. The distance from O3' to the
phosphorus atom PA, equal to 3.3 Å, also favors nuc-
leophilic attack with the formation of the O3'–PA bond
and breaking of the PA–O3A bond. Figure 6 does not
show the side chains of the amino acid residues
Asp761 and Asp618 included in the coordination
spheres of the magnesium ions or the positively
charged residues Arg553, Arg555, and Lys551, which
bind and orient the triphosphate site of the FRTP
molecule.

This study confirms the modern achievements of
computer modeling of biomolecular processes [12,
13]. In this case, the constructed active center of the
enzyme is fully consistent with the concept of catalytic
l. 15  No. 1  2021
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Fig. 4. Root mean square deviations (RMSD) of heavy protein atoms (a) and FRTP molecules (b).
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Fig. 5. RNA chains and favipiravir in a complex.
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processes involving nucleoside triphosphates. A simi-
lar active site is formed in the case of the enzyme ade-
nylate cyclase, which catalyzes the conversion of ade-
nosine triphosphate to cyclic adenosine monophos-
phate. The elementary stages of this process also
include deprotonation of the O3'H3' groups of ribose,
nucleophilic attack of O3’ on the phosphorus atom PA

of the α-phosphate group of nucleoside triphosphate
RUSSIAN JOURNAL O
and cleavage of the PA–O3A bond. The recent calcula-
tions using the combined method of quantum
mechanics/molecular mechanics [6] showed that the
energy profile of this reaction has a barrier for the lim-
iting stage of the order of 16 kcal/mol. We expect that
in the case of the reaction of SARS-CoV-2 RNA poly-
merase with FRTP, the energy profile will be similar,
which is consistent with the efficient incorporation of
favipiravir in the RNA chain. The blockade of RNA
F PHYSICAL CHEMISTRY B  Vol. 15  No. 1  2021
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Fig. 6. Molecular groups in the active site of RNA polymerase with favipiravir.
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synthesis after the capture of this compound is most
likely related to a violation of the structure of the form-
ing chain.

CONCLUSIONS
A model of the multidomain RNA polymerase

complex of the SARS-CoV-2 coronavirus constructed by
molecular modeling methods explains the mechanism of
favipiravir’s effect on the replication process. The analy-
sis of the obtained structure and the active center of the
enzyme shows that favipiravir in the form of ribosatri-
phosphate can integrate into the nsp12–nsp7–nsp8
complex with RNA chains and compete with the natural
nucleotides in the chain extension reaction.
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