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Abstract⎯The COVID-19 pandemic has made it necessary to create antivirals active against the SARS-CoV-2
coronavirus. One of the widely used strategies to fight off viral infections is the use of modified nucleoside
analogues that inhibit viral replication by incorporating DNA or RNA into the growing chain, thus stopping
its synthesis. The difficulty of using this method of treatment in the case of SARS-CoV-2 is that coronaviruses
have an effective mechanism for maintaining genome stability. Its central element is the nsp14 protein, which
is characterized by exonuclease activity, due to which incorrectly included and noncanonical nucleotides are
removed from the 3' end of the growing RNA chain. Inhibitors of nsp14 exonuclease and nucleoside ana-
logues resistant to its action are viewed as potential targets for anticoronavirus therapy.
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Throughout its history, humanity has repeatedly
encountered dangerous viruses causing serious dis-
eases. The current COVID-19 pandemic, caused by
the spread of the SARS-CoV-2 coronavirus, has led to
a global health crisis. Despite the success of immuno-
prophylaxis, the number of cases continues to grow.
Hence, there is an urgent need to create antiviral drugs
that could facilitate the course of coronavirus infec-
tion and prevent the development of complications.

According to the latest classification of the Interna-
tional Committee on Taxonomy of Viruses [1], coro-
naviruses belong to the subfamily Orthocoronavirinae
of the family Coronaviridae of the order Nidovirales.
This subfamily consists of four genera—alpha-, beta-,
gamma-, and deltacoronaviruses; representatives of
the first two genera mainly affect mammals, while
viruses of the other two infect birds. The highly patho-
genic betacoronaviruses SARS-CoV, SARS-CoV-2,
and MERS-CoV cause severe respiratory syndromes
in humans, while the other four coronaviruses found

in the human population (alphacoronaviruses
HCoV-NL63 and HCoV-229E and betacoronaviruses
HCoV-OC43 and HCoV- HKU1) usually cause only
relatively mild upper respiratory disease; however,
infants, young children, and the elderly can be
infected much more severely [2].

Genomic sequence studies show that all human
coronaviruses originally had wild mammalian hosts as
natural ones: SARS-CoV, SARS-CoV-2, MERS-CoV,
HCoV-NL63, and HCoV-229E most likely passed to
humans from bats, while HCoV-OC43 and HKU1
came from rodents [2, 3]. In addition to human
viruses, important and relatively well-studied repre-
sentatives of coronaviruses include porcine transmis-
sible gastroenteritis virus and some other viruses that
infect farm animals and birds; feline enteritis/infec-
tious peritonitis virus; and murine hepatitis virus
(MHV), which is often used as a safe laboratory model
of coronavirus biology. In contrast to the species-spe-
cific interaction of the virus with the surface receptors
of infected cells and with the body’s immune system,
the processes of actualizing genetic information inside
the cell are almost identical for all coronaviruses, and
the current state of knowledge about coronavirus rep-
lication mainly relies on the study of MHV, SARS-CoV,
and SARS-CoV-2.
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Fig. 1. SARS-CoV-2 genome organization scheme.
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The genome of coronaviruses is a single-stranded
polycistronic (+)-RNA 26–32 kb long, encoding 14 over-
lapping open reading frames [4, 5]. The genomic RNA
contains a cap at the 5' end, a poly(A) tail at the 3' end,
and short 5' and 3' untranslated regions forming hair-
pins with regulatory functions. Two large reading
frames, ORF1a and ORF1b, occupying in total
approximately two-thirds of the genome, are trans-
lated to form two polyproteins: pp1a and pp1ab, the
latter being formed upon a shift in the reading frame
by one nucleotide [6]. They are in turn cleaved into
16 nonstructural proteins (nsp) by ORF1a-encoded
proteases: nsp5 chymotrypsin-like protease and nsp3
papain-like protease. In addition to protease activity,
nonstructural proteins are involved in the modifica-
tion of the internal environment of the host cell; fix the
virus replication complexes on subcellular structures;
and control the processes of RNA replication, tran-
scription, and processing. The remaining third of the
genome contains the genes for the viral spike, enve-
lope, membrane, and nucleocapsid structural proteins
and includes several ORFs encoding additional pro-
teins (Fig. 1).

As with other (+)-single-stranded RNA viruses,
coronavirus genome replication begins with the syn-
thesis of the (–)-strand RNA, which is then copied to
form new (+)-RNA molecules. The main role in rep-
lication is played by the viral RNA-dependent RNA
polymerase (RDRP), the nsp12 protein [7, 8]. Virus
replication occurs in the cytoplasm of infected cells
and begins when the RDRP complex with a number of
other nonstructural proteins (the replicative-tran-
scriptional complex, RTC) binds to the 3' end of the
(+)-RNA. This process is stimulated by the secondary
structures of the 3'-untranslated region of RNA [9].
RTC binds to modified membranes derived from the
endoplasmic reticulum of the host cell, thereby form-
ing viral replication factories [10]. Anchoring of RTCs
to membranes is mediated by the nsp3 transmembrane
domain together with the transmembrane proteins
nsp4 and nsp6. In addition to RDRP, the central part
of RTC includes nsp13 RNA helicase, processivity
factors nsp7 and nsp8, and proteins nsp10 and nsp14
[9, 11–13]. The nsp13 protein can unwind double-
stranded RNA in the 5' → 3' direction, resulting in the
formation of a single-stranded template for RNA syn-
thesis. The activity of nsp13 is increased by the direct
protein–protein interaction with nsp12, suggesting
HERALD OF THE RUSSIAN ACADEMY OF SCIENCES 
that the efficiency of viral RNA synthesis is increased
when the two proteins interact in a functional RTC.

ANTIVIRAL NUCLEOSIDE INHIBITORS
The action of a large number of therapeutic ana-

logues of purine and pyrimidine nucleosides and
nitrogenous bases relies on their ability to be metabo-
lized in the cell to ribo- and deoxyribonucleoside tri-
phosphate derivatives and to incorporate into DNA
and RNA. Compounds of this class are widely used as
anticancer and immunosuppressive drugs, as well as
antiviral agents. When incorporated into genomic
DNA or RNA, these modified nucleotides distort its
structure or cause the termination of the chain to be
synthesized. They also often inhibit replicative poly-
merases, competing with canonical dNTPs and NTPs
for the active site of the enzyme. For example, the dG
analogue acyclovir is used to combat infections caused
by herpes viruses—simple and genital herpes, shingles,
severe forms of chicken pox. Once in an infected cell,
acyclovir is phosphorylated by viral thymidine kinase
and then converted to triphosphate under the action of
cellular nucleotide kinases. After the incorporation of
the acyclovir residue into the growing DNA chain, the
viral DNA polymerase binds the next dNTP but can-
not synthesize the phosphodiester bond because of the
absence of the 3′-OH group in acyclovir, and the
growing chain is terminated. Moreover, viral DNA
polymerase has a very high affinity for such a modified
3' end and forms a kind of dead-end complex with it,
from which it is released very slowly. Many nucleoside
inhibitors of RNA-dependent DNA polymerase
(reverse transcriptase)—azidothymidine, lamivudine,
adefovir, entecavir, etc.—have been developed for
therapy aimed at human immunodeficiency virus and
hepatitis B virus.

For viruses that contain an RNA genome and rep-
licate it using RDRP, there are quite few nucleoside
inhibitors (Fig. 2). Sofosbuvir, used in the treatment of
hepatitis C, is an analogue of uridine. Favipiravir,
which exhibits combined A and G matrix properties, is
approved in some countries for the treatment of influ-
enza and COVID-19 (in Russia, only for COVID-19).
Ribavirin also acts on many RNA viruses by inhibiting
RDRP and simultaneously suppressing the activity of
enzymes capping the 5' end of the viral RNA.

The two known nucleoside inhibitors active against
coronaviruses differ from the above-mentioned com-
pounds in their mechanism of action. Remdesivir, an
 Vol. 92  No. 4  2022
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Fig. 2. Structure of some nucleoside RDRP inhibitors: (a) sofosbuvir, (b) favipiravir, (c) ribavirin, (d) remdesivir, and (e) mol-
nupiravir.
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adenosine analogue, was developed as a broad-spec-
trum antiviral agent, was successfully used in the
experimental treatment of Ebola and Marburg hemor-
rhagic fevers, and was approved in 2020 for COVID-19
therapy. After activation in cells, remdesivir is incor-
porated into the growing RNA chain, but synthesis
does not stop immediately after that. After the remde-
sivir residue, RDRP incorporates another three nucle-
otides, moving one step down the template after each
inclusion. After that, the nitrile group at C1' of the
remdesivir molecule collides with the Ser861 RDRP
residue, and the reaction stops [14–16]. The nucleo-
side analogue molnupiravir, approved for COVID-19
therapy in late 2021, does not cause chain termination
at all and, after activation, is incorporated into viral
RNA with high efficiency [17, 18]. However, since the
molnupiravir molecule contains N4-hydroxycytosine
as a nitrogenous base, which easily pairs with A and G
in various tautomeric forms, many inactivating muta-
tions very quickly accumulate in the virus genome.
The lethal level of mutagenesis is also partly responsi-
ble for the antiviral activity of favipiravir [19].

CORRECTION OF REPLICATION ERRORS 
IS A MECHANISM TO ENSURE GENOME 

STABILITY
Replication of viruses with RNA genomes is usu-

ally accompanied by numerous RDRP errors, which
HERALD OF THE RUSSIA
leads to their existence as populations of genomic
mutants, or quasi-species [20, 21]. Low replication
fidelity allows viruses with RNA genomes to adapt to
different environmental conditions owing to selection
pressure, but it also increases the likelihood of lethal
mutations. This leads to the need for a balance
between quasi-species diversity and replicative stabil-
ity [22, 23]. In coronaviruses, which have the longest
genome of all RNA viruses, replication fidelity is
much more critical.

The concept of exonucleolytic correction of erro-
neously incorporated nucleotides (proofreading) as a
general property of any replication complex was finally
formulated in the 1980s on the basis of biochemical
and genetic data for a number of bacterial and bacte-
riophage DNA polymerases [24, 25]. Many polypep-
tides that function as DNA polymerases also have 3' →
5'-exonuclease activity, which is more specific for
unpaired 3'-end nucleotides, and the introduction of
inactivating amino acid substitutions in the corre-
sponding regions of the protein leads to a sharp
increase in the overall level of mutagenesis. The most
studied in this regard are still the Klenow fragment of
E. coli DNA polymerase I and DNA polymerase of
bacteriophages T7 and RB69, for which the existence
of a separate 3′ → 5′-exonuclease domain in the poly-
merase structure has been shown. For them in addi-
tion, the kinetics of transfer of the primer end with
incorrectly inserted dNMP into the exonuclease cen-
N ACADEMY OF SCIENCES  Vol. 92  No. 4  2022
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ter and hydrolysis of its phosphodiester bond with
incorporation for corresponding to the dNMP tem-
plate and for not corresponding to it has been studied
in detail. In general, polymerase error correction
involving specific 3' → 5'-exonuclease activity is 5–
6 orders of magnitude more efficient than pyrophospho-
rolysis of the same erroneously incorporated nucleotide.

The expansion of the list of studied DNA poly-
merases and replication systems showed that the cor-
rective activity often does not belong to the DNA
polymerase itself (more precisely, not to the polypep-
tide in which the polymerase activity is localized) but
to a separate polypeptide. In some cases, for example,
for the ε subunit of E. coli DNA polymerase III (DnaQ
or MutD), it can be part of a strong replication com-
plex. In other replication systems, corrective exonu-
cleases exist as separate enzymes or as optional sub-
units of the replication complex and often perform
additional functions in the cell. Thus, in humans, 3′ →
5′ exonucleases TREX1 and TREX2 [26] and
exo/endonuclease APEX1 [27, 28] can perform cor-
rective functions. In one replication system, DNA
polymerases with corrective activity can coexist with
individual 3' → 5' exonucleases, which is observed, in
particular, in mammals since DNA polymerases δ and
ε themselves can correct errors [29]. In addition to
incorrectly inserted canonical nucleotides, corrective
exonuclease activities also remove from DNA many
3'-terminal residues of nucleoside inhibitors [30‒34];
it has been recently discovered that DNA repair exo-
nucleases CtIP and MRE11 from the pathway of non-
homologous reunion of the ends of double-strand
breaks also participate in this process [35].

As opposed to the replication systems of bacterio-
phages, bacteria, and eukaryotes, we know very little
about the possibility of error correction in viruses that
infect cells of higher eukaryotes, including humans. In
some DNA-containing viruses (adenoviruses, herpes-
viruses, orthopoxviruses), DNA polymerases have
their own corrective activity [36–39], but there is no
information about the participation of individual 3' →
5'-exonucleases in their replication. Regarding viruses
with an RNA genome, the prevailing opinion was that
they lack correction systems during replication, and
replication itself must balance in a rather narrow range
of accuracy between the generation of high genetic
quasi-species diversity, which is important for adapta-
tion to a changing environment, and lethal mutagene-
sis [20, 21, 40]. Extremely high mutation rates have
been recorded for RNA viruses with fundamentally
different life cycles—HIV, poliovirus, and influenza
virus [41–45]. For coronaviruses, however, the
observed level of mutagenesis is much lower than for
other viruses with an RNA genome [46].

CORONAVIRUS EXONUCLEASE NSP14
Although the accuracy of nucleotide incorporation

of coronavirus RDRP is higher than that of poly-
HERALD OF THE RUSSIAN ACADEMY OF SCIENCES 
merases of other RNA viruses [47], it cannot ensure
the observed low level of mutagenesis. In 2006, it was
found that the SARS-CoV nonstructural protein
nsp14 (also called ExoN in the literature), which is
part of the RTC, is a 3' → 5' exonuclease, belonging to
the same DnaQ superfamily as the ε subunit of DNA
polymerase III and human TREX proteins and neces-
sary for virus replication [48]. The activity of nsp14
depends on the presence of divalent metal ions and
hydrolyzes single-stranded RNA and unpaired nucle-
otides of double-stranded RNA from the 3' end [48,
49]. In MHV, inactivation of the nsp14 exonuclease
function reduces the viability of the virus in cell cul-
ture and pathogenicity in mice [50–52] and causes a
sharp increase in the frequency of mutations during
replication [53, 54]. Similar consequences are
observed in the porcine transmissible gastroenteritis
virus model [55]. The exonuclease activity of nsp14
is stimulated by the small viral nonstructural pro-
tein nsp10 [49, 56, 57], but in vitro nsp14 can also
function as an isolated recombinant protein produced
in E. coli [48].

In addition to its exonuclease function, the nsp14
protein has the activity of guanine-N7 methyltransfer-
ase and initiates the capping process of viral mRNAs
[58, 59]. Interestingly, despite the physical separation
of the centers of the two activities, the presence of an
exonuclease domain (even a catalytically inactive one)
is necessary for the manifestation of the methyltrans-
ferase function [58, 60]. Presumably, the methyltrans-
ferase function and capping are important for prevent-
ing the cellular interferon response to the appearance
of coronavirus RNAs, but data on the need for exonu-
clease activity for this remain contradictory [55, 61, 62].

The spatial structure of the nsp14/nsp10 SARS-CoV
complex, established in 2015 by X-ray diffraction anal-
ysis [63] (Fig. 3), revealed certain unique features of
the exonuclease function of nsp14. Although the gen-
eral structure of the exonuclease domain is similar to
that of other exonucleases of the DnaQ family, includ-
ing the DEEDh catalytic motif, the nsp14 protein
additionally carries two Cys3His- and Cys2His2-type
zinc fingers, important for its activity. The exonucle-
ase and methyltransferase domains are connected by
a linker without a pronounced secondary structure.
The nsp10 protein is associated with the exonuclease
domain of nsp14 and does not form contacts with the
methyltransferase domain. In 2018, another structure
of the same complex was published [64] with a signifi-
cantly different mutual arrangement of the exonucle-
ase and methyltransferase domains, which indicates
the significant f lexibility of the interdomain linker and
conformational polymorphism of nsp14. In the absence
of nsp10, the catalytic exonuclease center is partially
disorganized, which explains the decrease in the activ-
ity of the isolated nsp14 protein.

In 2021, several structures of the SARS-CoV-2
nsp14/nsp10 heterodimer were published and depos-
 Vol. 92  No. 4  2022
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Fig. 3. Structure of the SARS-CoV nsp14/nsp10 complex (no. 5C8U in the Protein Databank [63]).
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ited, as determined by X-ray diffraction analysis and
cryoelectron microscopy [65–67]. In particular, the
nsp14/nsp10 structure was obtained for the first time
in a complex with substrate RNA, which made it pos-
sible to analyze the structural aspects of the mecha-
nism of the phosphodiester bond hydrolysis reaction
[66]. The enzyme inverts the unpaired 3′-terminal
ribonucleotide into its active center and introduces the
Phe146 residue in its place, which forms stacking
interactions with the penultimate nitrogenous base of
the RNA primer. Unlike many RNases, hydrolysis of
the phosphodiester bond by the nsp14 enzyme pro-
ceeds without involvement of the hydroxyl group at
position 2'. The active center contains two well-coor-
dinated divalent cations, one of which activates the
water molecule for nucleophilic attack on the phos-
phorus atom, and the other of which stabilizes the O3′
leaving group.

CORRECTIVE ACTIVITY OF NSP14 WITHIN 
THE REPLICATION‒TRANSCRIPTION 

COMPLEX

The structure of SARS-CoV-2 RNA-bound RTC,
established in 2021 by cryoelectron microscopy [68,
69], provides the most detailed picture of coronavirus
replication to date. The most complete of the com-
plexes studied contains the template and primer chains
of RNA and has a stoichiometry of protein subunits
1 molecule nsp12 (RDRP) : 1 nsp7 : 2 nsp8 (processiv-
ity factors) : 2 nsp13 (RNA helicase) : 1 nsp14 : 1 nsp10 :
1 nsp9 (single-stranded RNA binding protein). Note
that the complete complex exists as a dimer formed
due to the interaction of several subunits with each
other. Removal of nsp14/nsp10 leads to the transition
of RTC to a monomeric state, the organization of
which is compatible with RNA polymerization and
capping reactions.
HERALD OF THE RUSSIA
In the complete RTC, the active center of the nsp14
exonuclease domain is located at a significant distance
from the end of the RNA primer (~80 Å), which
makes it impossible for them to interact within one
RTC monomer. Yan et al. [69] proposed a model
(Fig. 4) in which the dimeric organization of RTC and
the “return” of RDRP about 6 nucleotides back are
necessary for the manifestation of exonuclease activ-
ity, which requires helicase activity of nsp13. In this
case, the end of the RNA primer in one RTC mono-
mer is within reach of the exonuclease subunit in the
other monomer, which makes it possible to hydrolyze
one or more 3'-terminal nucleotide(s). Such a mecha-
nism could explain the need for nsp14 for the resis-
tance of coronaviruses to remdesivir, which causes
chain synthesis termination not immediately after
incorporation but after completion of several RNA
units [70, 71]. On the other hand, the above-described
structure of the isolated nsp14/nsp10/RNA complex
has a completely different character of interactions
with RNA, and the dimeric organization of RTC in
vivo has not yet been confirmed. It is possible that, in
addition to the complexes studied, RTC may also exist
in other architectures with more convenient access of
nsp14 to the RNA primer.

CORONAVIRUS CORRECTIVE EXONUCLEASE 
AS A POTENTIAL PHARMACOLOGICAL 

TARGET
The importance of nsp14 in avoiding mutagenesis

during coronavirus replication has raised the question
of how much this protein can contribute to protecting
the virus from nucleoside inhibitors. MHV and
SARS-CoV lacking nsp14 exonuclease activity are
hypersensitive to 5-fluorouracil, azacitidine, and riba-
virin, and sensitivity to 5-fluorouracil is accompanied
in such strains by a lethal level of mutagenesis [47, 57,
72]. Disruption of the interaction between nsp14 and
the auxiliary protein nsp10 causes similar conse-
N ACADEMY OF SCIENCES  Vol. 92  No. 4  2022
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Fig. 4. Scheme of the actualization of the corrective activity of nsp14/nsp10 in the RTC dimer (according to [69]). When the
wrong nucleotide (a) is incorporated, the polarity of the movement of the nsp13 helicase is reversed, RDRP returns 6 positions
backward, and the 3'-terminal nucleotide enters the active site of nsp14 on another RTC complex.
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quences [57]. Long-term passaging of exonuclease-
deficient viruses causes the appearance of compensa-
tory mutations in RDRP, which increase its accuracy
and reduce sensitivity to nucleotide inhibitors; how-
ever, the spectrum of such mutations is very limited
[73, 74]. Deficiency in the corrective activity of nsp14
also causes hypersensitivity to remdesivir [70]. These
observations highlight the potential value of coronavi-
rus exoribonuclease inhibitors and nucleoside termi-
nators of RNA synthesis that are resistant to cleavage
by this enzyme. At present, molnupiravir is the only,
largely by chance, actualized example of such an
approach [75, 76], but its use is complicated by the sig-
nificant mutagenicity of this compound for human
cells.

The literature describes several recent attempts at
in silico and in vitro screening of low molecular weight
nonnucleoside compounds inhibiting the exonuclease
or methyltransferase function of the nsp14 protein
[77–81]. However, there are no reports on the search
for new nucleoside inhibitors that could not be
removed by exonuclease. Knowledge of the mecha-
nism of action of the nsp14 enzyme, based on struc-
tural data, may provide a basis for the rational design
of such compounds.
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