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A B S T R A C T

SARS-CoV-2 emergence in late 2019 represented an incredible challenge for virological research and the development of novel as well as repurposed antiviral agents. 
Among the targeted viral proteins, one is nsp12 that carries the RNA-dependent RNA polymerase (RdRp) activity, essential for the viral replication. Together with 
nsp7 and nsp8 cofactors, having an essential role in aiding processivity and associated with several other nonstructural proteins such as helicase, methyltransferase, 
endo- and exonuclease, nsp12 forms the large viral replication and transcription complex (RTC). Within such RTC, nsp12 catalyzes the synthesis of one of the longest 
RNA genomes in the viral world, requiring exceptional speed, processivity and fidelity compared to other viral RdRps. Moreover, the peculiar replication cycle of 
coronaviruses requires nsp12 to perform less conventional functions in backtracking on the viral genome for proof-reading activity and “jumping” during discon
tinuous synthesis of subgenomic mRNAs. The structure of the minimal RTC was resolved with a resolution <3 Å by cryo-electron microscopy in complex with RNA 
and with inhibitors, opening the doors to structural studies on its functions and drug development. Given its essential role in viral replication, extensive research was 
carried out over the last years to identify both nucleoside (NI) and non-nucleoside (NNI) inhibitors, resulting in two NIs reaching clinical use, although their efficacy 
in vivo is still under evaluation. This review aims at summarizing the currently known structural and functional aspects and the state-of-the art in drug discovery for 
SARS-CoV-2 RdRp.

1. Introduction

SARS-CoV-2 belongs to the β-coronavirus genus, subgenus Sarbeco
virus, of the family Coronaviridae, which includes other 3 genera: 
α-coronavirus, γ-coronavirus, and δ-coronavirus, according to the In
ternational Committee on Taxonomy of Viruses. Among all known 
members of the Coronaviridae family, seven viruses are human patho
gens: four of them (HCoV-229E, HCoV-NL63, HCoV-HKU1 and HCoV- 
OC43) are low pathogenicity coronaviruses, etiological agents of sea
sonal and mild respiratory tract infections, while the remaining three 
(SARS-CoV, MERS-CoV and SARS-CoV-2) are responsible for important 
upper and lower respiratory diseases, with substantial pulmonary 
involvement and life-threatening clinical presentations (Brant et al., 
2021; V’kovski et al., 2021).

SARS-CoV was identified in 2002 as the etiological agent of the SARS 
outbreak of ~8k cases (Z. Zhao, 2003), while MERS-CoV emerged in 
2012 in Saudi Arabia and then spread to 27 countries, with total of 
~2.5k cases (Bermingham et al., 2012; Zaki et al., 2012). This marked 
SARS-CoV-2 as the third highly pathogenic HCoV to have emerged only 
in the last 20 years. Both SARS-CoV and MERS-CoV showed high fatality 
rates but limited transmissibility, largely confined to localized outbreaks 

(Jiang et al., 2021; Pormohammad et al., 2020). In contrast, SARS-CoV-2 
spread globally at an alarming rate. The high transmissibility of 
SARS-CoV-2 has made it responsible for over 777 million infections and 
7 million deaths as of March 2025 (World Health Organization, 2025).

SARS-CoV-2 possesses a ~29.9 kb ssRNA(+) genome, making it one 
of the longest viral RNA genomes identified so far (C. Cao et al., 2021). 
Its genome includes 16 nonstructural proteins (nsps), 4 structural pro
teins (spike, membrane, envelope, and nucleocapsid), and several 
accessory proteins. These components coordinate to mediate viral 
replication, immune evasion, and host cell manipulation (Brant et al., 
2021; Steiner et al., 2024; V’kovski et al., 2021). The spike protein al
lows viral entry into cell by binding to host receptor ACE2, while the 
envelope, membrane, and nucleocapsid proteins contribute to virion 
assembly. Once inside the cytoplasm, the viral RNA is translated into 
two polyproteins, pp1a and pp1ab, which are cleaved into monomeric 
nsps by viral proteases nsp3 and nsp5. The replication-transcription 
complex (RTC) then assembles at the 3′ end of the viral genome, syn
thesizing new genomic and subgenomic RNAs for further protein syn
thesis. Genomic RNAs are encapsidated by the nucleocapsid protein and 
assembled into virions at the ER-Golgi intermediate compartment 
(ERGIC). Virions are then transported to the cell surface via lysosomal 
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exocytosis (Brant et al., 2021; Steiner et al., 2024; V’kovski et al., 2021).
Constituting the RTC catalytic core, nsp12 displays an RNA- 

dependent RNA polymerase (RdRp) activity, essential for viral genome 
replication and transcription, in complex with its cofactors nsp7 and 
nsp8, which are crucial for RNA binding and RdRp processivity (Brant 
et al., 2021; Steiner et al., 2024; V’kovski et al., 2021). Such RTC, 
synthesizing one of the largest genomes among RNA viruses, demands 
exceptional speed, processivity, and fidelity, which the virus carries on 
through different strategies. Furthermore, nsp12 functions extend 
beyond canonical RNA polymerization since this enzyme acts within a 
larger multiprotein assembly that includes nsps with helicase, methyl
transferase, endonuclease and exonuclease functions, enabling the RTC 
to perform several and diverse tasks (Brant et al., 2021; Steiner et al., 
2024; V’kovski et al., 2021). In the context of this multimeric complex, 
nsp12 performs specialized roles such as genome capping and template 
switching during the discontinuous synthesis of subgenomic mRNAs, 
and it is also involved in nsp13-aided genome backtracking for proof
reading, underscoring its critical task in maintaining the integrity and 
efficiency of the replication process (Brant et al., 2021; Steiner et al., 
2024; V’kovski et al., 2021). In confirmation of the importance of nsp12 
in the viral replication cycle and as a drug target, as of March 2025, two 
of the three drugs currently used for COVID-19 treatment—remdesivir 
(Veklury) and molnupiravir (Lagevrio)—target the RdRp activity of 
SARS-CoV-2 (European Medicines Agency, 2023; U.S. Food and Drug 
Administration, 2021).

In this review, we aim to provide a comprehensive overview of SARS- 
CoV-2 nsp12, focusing on its structural and functional characteristics, its 
critical roles in the viral replication cycle, and its role as a target for 
antiviral therapies.

2. Structural and biophysical insights into SARS-CoV-2 RdRp

Comparison of a comprehensive set of available structures of viral 
RNA polymerases revealed the strong structural conservation among 
these proteins, with 6 common motifs (from A to F) forming the classical 
right-handed shape that is typical of the superfamily of DNA and RNA 
polymerases (Buonaguro et al., 2020; Jácome et al., 2015). The struc
tural similarity is much less evident when positive-sense RdRps are 
compared to the ones of negative-sense viruses (Buonaguro et al., 2020). 
The first reported cryo-EM structure of SARS-CoV-2 nsp12 in complex 
with cofactors nsp7 and nsp8 dates to early 2020 with a reconstruction 
of 2.9 Å (Gao et al., 2020), subsequently integrated by other resolved 
cryo-EM reconstructions with and without the RNA substrate (Hillen 
et al., 2020; W. Yin et al., 2020) (Fig. 1A–B). The np12 + nsp7/8 com
plex, forming the minimal replication and transcription complex (RTC) 
of SARS-CoV-2, is globally similar to the one resolved for SARS-CoV, 
with a rmsd of 0.82 for 1078 Cα atoms (Gao et al., 2020). The struc
ture was resolved as a complex of one monomer of nsp12, a dimer of 
nsp7 and nsp8 (referred to as nsp8-1) and one additional monomer of 
nsp8 (referred to as nsp8-2). The overall nsp12 structure confirmed the 
resemblance to the one of a “classical” viral polymerase, with a 
right-handed shape for the RdRp domain (spanning from residues S367 
to F920), while the N-terminal region (from residues A4 to T28 and from 
Y69 to R249) forms the NiRAN domain (Nidovirus RdRp-associated 
nucleotidyl transferase), that is typical of coronaviruses. The two do
mains are connected by an interface region, constituted by residues 
A250-R365 (Gao et al., 2020), composed of three helices and five 
β-strands (W. Yin et al., 2020). The RdRp domain of nsp12 is composed 
of the conserved three subdomains: fingers (residues L366-A581 and 
K621-G679), palm (residues T582-P620 and T680-Q815) and thumb 
(residues H816-E920) (Gao et al., 2020) (Fig. 1C). The fingers 

Fig. 1. Assembly and Structure of SARS-CoV-2 Replication and Transcription Complex 
Fig. 1 (A-B) SARS-CoV-2 nsp12 (magenta) forms a multimeric complex with nsp82 (monomer 1 blue; monomer 2 purple), nsp7 (red), nsp132 (monomer 1 green; 
monomer 2 aquamarine), nsp9 (petrol), nsp14 (yellow) and nsp10 (orange). The complex takes contact with the double-strand RNA substrate (primer in blue, 
template in red). Cryo-EM reconstruction from PDB 7EIZ. Panel B shows an 180◦ oriented view of the structure in panel A. (C) Nsp12 is composed of two functional 
domains (NiRAN, grey) and RdRp, which is further divided into in three subdomains: fingers (dark red), palm (yellow) and thumb (green). The two NiRAN and RdRp 
domains are connected by an interface domain (dark blue). (D) Zoomed-in view of the catalytic site of nsp12 with primer (blue) and template (red) RNA duplex, and 
remdesivir triphosphate (yellow) poised for catalysis. Color-code is respected compared to panel C, showing that the RTC active site is made of a pocket formed by the 
palm, thumb and fingers subdomains of nsp12. Cryo-EM reconstruction from PDB 7BV2. Created in https://BioRender.com. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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subdomain forms a closed circle with the thumb subdomain. The NiRAN 
domain is composed of seven helices and three β-strands (W. Yin et al., 
2020). Minimal differences are observed between the apo structure and 
the one determined in presence of RNA: in particular they are a minor 
shift of nsp7 towards the nsp12 core, a translocation of ~3 Å in the 
thumb subdomain and one in motif G to better allocate the RNA tem
plate, suggesting that only minimal amounts of energy are required for 
conformation changes by the polymerase to initiate replicase activity 
(W. Yin et al., 2020).

The RdRp active site is located in a central cavity of the palm sub
domain, formed by motifs A-G, and opens up to the solvent through the 
NTP and RNA entry channels, which are positively charged (Gao et al., 
2020). Motif A contains the well-conserved divalent cation-binding 
residue D618, while motif C contains the catalytic residues 
759-SDD-761, also strongly conserved in most viral RdRps (Gao et al., 
2020). Motif B binds the sugar/base moiety of the incoming NTPs (Neogi 
et al., 2020). The NTP entry channel, instead, is composed of several 
positively charged amino acids, such as K545, R553 and R555 in motif F 
(Gao et al., 2020), which are involved in binding the triphosphate 
moiety of the incoming NTPs (Neogi et al., 2020). F and G strands appear 
to direct RNA strands into the nsp12 active site. Motif F takes contact 
with the nascent primer strand, allowing its correct orientation for the 
incorporation of the incoming NTP. A total of 29 amino acids from nsp12 
are observed to be involved in duplex RNA binding, but surprisingly no 
residue of nsp7 nor nsp8 appears to be involved in the direct interaction 
with the RNA, although their presence is essential for nsp12 catalytic 
activity (W. Yin et al., 2020). Most of the identified interactions involve 
the 2′-OH group in the ribose backbone of RNA, while no interaction is 
detected with the nitrogen bases, thus suggesting a 
sequence-independent mechanism of binding between nsp12 and RNA 
(W. Yin et al., 2020) (Fig. 1D).

The nsp7/8 dimer takes contact with the thumb-finger interface of 
nsp12, with most of the interactions occurring via nsp7, while nsp8-1 
establishes minimal direct contacts with nsp12. Instead, the additional 
nsp8-2 monomer sits on top of the finger subdomain (Peng et al., 2020; 
W. Yin et al., 2020). Both monomer and dimer of the cofactors have a 
role in stabilizing the closed conformation of the nsp12 subunit (Peng 
et al., 2020; W. Yin et al., 2020). In contrast with the role of primase 
proposed for the SARS-CoV nsp7/8 complex that came from the obser
vation of de novo RNA synthesis in presence of this dimer (Imbert et al., 
2006), the cryoEM structures of the complex showed that the nsp7/8 
interaction site with nsp12 is too distant from the 3′-end of the RNA 
genome to act as primase, suggesting that different configurations of the 
cofactors in solution are physiologically relevant for the primase activ
ity. Therefore, the several roles proposed for the nsp7/8 complex, such 
as processivity factor, primase or nsp12 activating factor, may depend 
on the conformation and stoichiometry of these proteins (Konkolova 
et al., 2020). In absence of cofactors, the fingers extension loops of nsp12 
display significant flexibility, which would reduce the stability of the 
fingers subdomain and explain the functional inactivity of the nsp12 
monomer alone (Peng et al., 2020). In fact, nsp12 alone was observed to 
retain no RNA binding capacity, and only the presence of the cofactors 
allows its binding to the RNA substrate (Chen et al., 2020; Jones et al., 
2022; W. Yin et al., 2020). Additionally, biophysical methods such as 
SAXS and SANS confirmed that nsp12 alone is unstable and prone to 
aggregation, which suggests that this protein is unlikely to act alone in 
physiological conditions. The stability of nsp12 is greatly enhanced by 
the addition of the cofactors, especially nsp8, but the full RTC still does 
not form in a stable structure until RNA is present (Wilamowski et al., 
2021). SARS-CoV-2 helicase (nsp13) was shown by single-particle 
cryo-EM to interact with two monomers for each RTC assembly (Chen 
et al., 2020). One nsp13 monomer was always found taking contact with 
nsp8-2 in all structures, in both nsp131-RTC and nsp132-RTC, while the 
second monomer, taking contact with nsp8-1, seems to be dissociable 
and never present without the first one. The unpaired 5′ extension of the 
RNA template is directed from nsp12 into the RNA-binding channel of 

nsp13-2 (Yan et al., 2020). An interesting feature of this assembly 
emerges from the apparent conflict between the orientation of nsp13 on 
RTC and the direction of translocation of nsp12. In fact, the interaction 
with nsp13 and nsp12 allows for the template RNA to enter the nsp13 
active site from nsp12, but since nsp13 is a 5’→3′ translocase and nsp12 
works on RNA synthesis in the 3’→5′ direction on the template, this 
leads to an apparent conflict of activity between the two enzymes and 
suggests a coordinated push/pull mechanism (Chen et al., 2020; Yan 
et al., 2020). This mechanism of backtracking of the complex on the 
RNA substrate is likely associated with two functions: 1) proof-reading 
activity, mediated by the ExoN complex and 2) template-switching 
during discontinuous synthesis of subgenomic mRNAs (Chen et al., 
2020). The resolution of the SARS-CoV-2 nsp13-RTC backtracked com
plex by cryo-EM revealed that the template RNA was engaged by 
nsp13-2, with the extrusion of the 3′ ssRNA primer into the RdRp NTP 
entry tunnel underneath motif F (B. Malone et al., 2021).

Other cryo-EM structures of the extended SARS-CoV-2 complex 
showed how nsp9 appears to bind close to the catalytic center of nsp12 
NiRAN. Interactions between nsp12 and nsp9 occur in two regions: re
gion 1 is formed by nsp9 N terminus, palm domain and the NiRAN 
β-hairpin motif of nsp12, while region 2 consists of a flat region in nsp12 
NiRAN that binds to the C-terminal α-helix of nsp9 (Yan et al., 2021a). 
Binding of nsp9 to nsp12 NiRAN results in the formation of a positively 
charged groove that extends from the catalytic center of nsp12 NiRAN to 
nsp9, which may act as an RNA-binding site to stabilize the conforma
tion of the 5′ end of GpppA-RNA after the catalytic reaction (Yan et al., 
2021a). Additionally, it was observed how the three N-terminal residues 
of nsp9 insert into the NiRAN catalytic site, forming a phospho-amide 
covalent bond with the α-phosphate of RNA in a reaction catalyzed by 
the NiRAN domain termed RNAylation (Yan et al., 2022). The resolution 
of the structure of the complex nsp7-nsp82-nsp9-nsp12-nsp132-RNA and 
nsp14/nsp10 showed that nsp9 and nsp12, through its NiRAN domain, 
bind to nsp14 ExoN to stabilize the assembly of nsp14/nsp10 to the RTC 
(Yan et al., 2021b). In this assembly, the nsp10/nsp14 complex in
tegrates vertically into a "canyon" formed by nsp9 and nsp12 NiRAN, 
with nsp14 ExoN stabilizing the assembly through extensive in
teractions, while nsp14 N7-MTase remains distal from the interaction 
site (Yan et al., 2021b). The analysis of the catalytic residues in nsp14 
ExoN and N7-MTase revealed conserved interactions with the other 
proteins of the complex, critical for the coupling of methylation and 
proofreading during RNA synthesis, suggesting a common mechanism 
for cap formation among coronaviruses (Yan et al., 2021b).

In addition to the nsp121-nsp71-nsp82 structure resolved by most 
structural studies, a dimeric form of the SARS-CoV-2 RTC was resolved 
at the resolution of 5.5 Å (Jochheim et al., 2021). In this reconstruction, 
the two complexes arranged in an antiparallel orientation, each con
taining a single copy of nsp8 and nsp7, lacking the second nsp8-1 which 
was shown to interact with nsp7 in the previously resolved monomeric 
complexes. Since the catalytic sites are not involved in RTC dimer for
mation, the authors speculated that the two RdRp enzymes remain 
functional and may be simultaneously involved in RNA elongation, but 
the challenges in purifying this dimeric RTC could not strengthen the 
physiological relevance of this configuration (Jochheim et al., 2021). A 
dimeric form was also observed for the extended 
nsp7-nsp82-nsp9-nsp12-nsp132-nsp14-nsp10 and RNA complex, where 
nsp12 NiRAN and the palm of two extended RTC protomers face each 
other and form the central core of the dimer, with the dimeric in
teractions stabilized through their nsp14 N7-MTase domains (Yan et al., 
2021b).

3. Evolution, functional Complexity and unique features of the 
SARS-CoV-2 RdRp

3.1. Sequence analyses, mutations and Nsp12 evolution over time

After SARS-CoV-2 emergence in 2019, phylogenetic analysis of 
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nsp12 from a dataset of SARS-CoV, MERS-CoV, SARS-CoV-2 and Bat 
CoV-RaTG13 nsp12 sequences confirmed a strong conservation of the 
nsp12 RdRp domain, while the NiRAN domain -a feature of members of 
the Nidovirales order-showed a higher degree of variability (Mishra 
et al., 2021; Neogi et al., 2020; Shannon et al., 2020).

During the progression of SARS-CoV-2 pandemic, longitudinal ana
lyses of SARS-CoV-2 global sequences observed the strong conservation 
of nsp12 among different viral strains, especially in the RNA-binding 
residues (Showers et al., 2022). However, the analysis of widely 
shared single-nucleotide polymorphisms on SARS-CoV-2 global se
quences deposited in the GISAID database revealed the emergence in 
2020 of a rapidly spreading nsp12 missense mutation, responsible for 
the P323L amino acid substitution (compared to the reference Wuhan 
sequence), which is located on the surface of the protein at the interface 
between the NiRAN and the RdRp domains (Morais et al., 2020). Given 
the rapid dominance of the nsp12-L323 substitution over P323, the role 
of this mutation was thoroughly investigated and different mechanisms 
explaining its prevailing over the wild type P323 variant were proposed. 
From the observation that the nsp12-323 amino acid residue is located 
close to one of the nsp8–nsp12 interfaces, the substitution of P323 with a 
leucine likely strengthens the interaction between nsp8 and nsp12 
(Biswal et al., 2021; Ilmjärv et al., 2021). In addition, the P323L sub
stitution frequently co-emerged with the D614G substitution in the spike 
protein, suggesting a synergistic effect, with P323L potentially 
contributing by enhancing replication efficiency or modulating poly
merase activity (Ilmjärv et al., 2021). While in vitro studies on recom
binant viruses carrying the nsp12-P323L substitution failed to 
demonstrate a clear advantage in viral fitness of the L323 over the P323 
substitution (Goldswain et al., 2023), RdRp reporter assays conducted at 
33 ◦C or 37 ◦C to mimic the upper and lower airways showed important 
differences in the enzymatic activity of P323L nsp12 mutants, with an 
additive effect of substitution G671S on P323L, likely due to the stabi
lization of the nsp12-nsp8 interaction (S.-M. Kim et al., 2023). In addi
tion, a temperature-dependent replication kinetics in vivo study on 

ferrets confirmed the biochemical results, with nsp12-P323L, -G671S 
and -P323L/G671S mutant viruses showing higher viral replication rates 
and transmissibility over the WT virus only in the upper nasal tract, 
while the replication rate in the lungs remained unaffected, demon
strating a fitness advantage of the nsp12-L323 variant in the upper nasal 
tract (S.-M. Kim et al., 2023). The majority of the other detected 
missense mutations appeared to be poorly widespread, representing less 
than 4 % of total sequences (Showers et al., 2022), mostly located in two 
mutational hotspots, namely the polymerase RNA-binding cavity and 
the nsp12–nsp8 contact interface were identified (Ferrer-Orta et al., 
2024).

3.2. SARS-CoV-2 Nsp12-Mediated discontinuous transcription

SARS-CoV-2 nsp12 is a pleiotropic protein, involved in several and 
diverse tasks (Fig. 2). Among these functions, discontinuous synthesis of 
sgRNAs is a unique feature of all coronaviruses and most viruses of the 
Nidovirales order, from which the name of the order derives (“nidus” is 
Latin for nest, from the nested set of subgenomic RNAs (Steiner et al., 
2024). Before SARS-CoV-2 emergence, it has been demonstrated that 
discontinuous transcription takes place during the synthesis of 
negative-strand sgRNAs in coronaviruses (Sola et al., 2015). The tran
scription of canonical sgRNAs in coronaviruses is driven by a "jumping" 
mechanism of the RdRp, orchestrated by the transcription-regulatory 
sequences in the leader (TRS-L) and body (TRS-B) regions. These re
gions share conserved core sequences (CS), typically 6–7 nucleotides 
long, which play a pivotal role in facilitating the interaction between the 
TRS-L in the 5′-UTR and the TRS-B located upstream of each gene. This 
interaction enables base-pairing between the CS in the TRS-Leader 
(CS-L) and its complementary sequence (cCS-B) on the nascent nega
tive strand, ensuring the alignment required for the polymerase to 
complete the full-length sgRNA (Fig. 2B) (Sola et al., 2015; Zúñiga et al., 
2004).

SARS-CoV-2 transcriptome analyses revealed a heterogeneous 

Fig. 2. Functions of SARS-CoV-2 nsp12 
Fig. 2. (A) SARS-CoV-2 nsp12 catalyzes the replication of the (+)ssRNA genome by synthesis of a (− )ssRNA intermediate and (B) transcribes the 3′-located structural 
and accessory genes by discontinuous synthesis of subgenomic mRNAs (sgmRNAs) that incorporate the 5′-capped leader region of the genome. Nsp12 “jumps” on the 
template via the annealing of the CS-L (located in the TRS-L) and cCS-B (located in the TRS-B) sequences and synthesizes positive-polarity sgmRNAs via negative- 
polarity intermediates. (C) Moreover, nsp12 backtracks on the RNA template -aided by nsp13-in presence of mismatches, to allow ExoN-mediated proofreading and 
(D) is involved in the first step of genome capping, with the transfer of a GTP residue to the 5′ end of the genome. The protein color code is consistent with Fig. 1 (PDB 
7EIZ). Created in https://BioRender.com. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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population of fusion transcripts, with TRS-L-dependent fusion of ca
nonical ORFs, TRS-L-dependent in-frame and out frame non-canonical, 
and TRS-L-independent non-canonical template switch events (D. Kim 
et al., 2020). Over 433 unique sgRNA types were identified, including 
canonical leader-body sgRNAs and non-canonical sgRNAs with internal 
template switches, among which known positive-to-positive template 
switching were detected, in addition to novel negative-to-negative 
template switching during (+)-strand synthesis (D. Wang et al., 2021). 
Interestingly, the relative abundance of SARS-CoV-2 sgRNAs followed a 
descending order from the 3′–5′ direction of the viral genome, with the N 
sgRNA(+) being the most abundant, followed by ORF8, ORF7a/b, M, 
ORF6, E, ORF3a, and S sgRNA(+) being the least abundant transcript (D. 
Wang et al., 2021). During SARS-CoV-2 infection both in cell culture and 
in vivo models, non-canonical sgRNAs (nc-sgRNAs) make up a significant 
portion up to 33 % of the total viral sgRNAs in infected cells, which 
increased over the course of the infection and, surprisingly, are not 
associated with TRS-like homology (Nomburg et al., 2020). Many 
nc-sgRNAs are predicted to encode variants or truncated ORFs, which 
may lead to proteins with modified functions or non-functional proteins, 
with potential impacts on modulating viral pathogenesis, potentially 
contributing to immune evasion or altered host responses (Nomburg 
et al., 2020).

3.3. A novel function of Nsp12 is mediated via its NiRAN domain

The RdRp-associated NiRAN domain of nsp12 is one of the charac
teristic genetic markers of Nidovirales, although it is quite variable 
among viruses belonging to this order (Shannon et al., 2024). Nsp12 
NiRAN domain has structural similarity to pseudo-kinase selenopro
tein-O (SelO), which has AMPylation activity that entails transfer of 
AMP to Ser/Thr/Tyr residues on protein substrates, and it was demon
strated to possess nucleotidylation activity with UTP/GTP preference, as 
well (Lehmann et al., 2015; Yan et al., 2021a). It was shown that 
coronavirus NiRAN domains transfer NMP residues to its own RdRp 
domain (Lehmann et al., 2015). Site-directed mutagenesis that affected 

this nucleotidyl transferase activity also strongly negatively impacted 
viral replication, as shown for SARS-CoV, EAV and HCoV-229E, 
demonstrating its fundamental role in viral replication (Lehmann 
et al., 2015; Slanina et al., 2021).

These findings suggested that the NiRAN domain acts as the second 
step in cap synthesis of SARS-CoV-2 genome. Preliminary studies on in 
vitro GTase-assays revealed that SARS-CoV-2 nsp12 facilitates the 
transfer of GMP to ppA-RNA, resulting in the formation of GpppA-RNA. 
This process requires the presence of nsp13, which acts as a CoV RTPase 
to convert pppA-RNA into ppA-RNA (Yan et al., 2021a) (Fig. 3A). The 
association of nsp12 with nsp9 resulted in attenuated nucleotidyl 
transferase activity by nsp12, which was confirmed by site-directed 
mutagenesis of a series of residues involved in the nsp12/nsp9 inter
face (Walker et al., 2021; Yan et al., 2021a).

In contrast, parallel studies observed how coronavirus NiRAN do
mains transfer a single NMP to the N-terminal primary amine of nsp9 
instead of RNA, forming a covalent phosphoramidate bond, in addition 
to self-attaching an NMP residue, with the formation of covalent nsp12- 
NMP adducts (Park et al., 2022; Slanina et al., 2021). This nucleotidyl 
transferase reaction to nsp9 appeared to be Mn2+-dependent and 
showed a slight preference for UMP, although AMP, GMP, and CMP can 
also be substrates. The N-terminal dipeptide sequence of nsp9 
(N3825-N3826) was found to be critical for NMPylation and substitution 
or deletion of these residues significantly reduced or abolished NMPy
lation activity and impaired viral replication (Slanina et al., 2021). In 
addition, NMPylation appears to be dynamically regulated, since the 
process is fully reversible in the presence of pyrophosphate (PPi), which 
promotes de-NMPylation by pyrophosphorolysis (B. Wang et al., 2021). 
In contrast, RNAylation of nsp9 was found to be irreversible in the 
presence of PPi, indicating that RNAylation is likely the physiologically 
relevant modification of nsp9 during viral RNA capping (Park et al., 
2022).

Different models have been proposed to explain the role of the 
NiRAN domain in the SARS-CoV-2 replication cycle. Given the distance 
of the NMPylated Asn1 residue in nsp9 from the putative RNA-binding 

Fig. 3. Different models proposed for NiRAN-mediated capping activity 
Fig. 3. (A) SARS-CoV-2 nsp13 removes the γ-phosphate from the ATP at the 5′-end of the RNA genome. Subsequently nsp12-NiRAN transfers a GTP moiety to the ppA 
end, forming a GpppA pre-cap structure. (B) Nsp12 mediates the transfer of NMPs to nsp9, which then acts as primer for RdRp-mediated genome replication. The 
NMP-nsp9 complex then binds again to nsp12 NiRAN, which catalyzes the transfer of the capping nucleotides. (C) Nsp12 works as PRNTase, mediating the transfer of 
RNA to nsp9, which then acts as intermediate for the formation of GpppA. The final steps mediated by the nsp10-aided nsp14 and nsp16 methyltransferase activities 
are well-established and common to all proposed mechanisms. Created in https://BioRender.com.
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site, and the lack of any significant theoretical thermodynamic contri
bution of this modification in nsp12-nsp9 binding, which would make 
nsp9 an ideal candidate deliver NMP to secondary acceptor, nsp9 was 
suggested to act both in priming and capping mechanisms. In this model: 
1) nsp9 would bind and be NMPylated by the NiRAN domain; 2) NMP- 
nsp9 could bind to the nsp12 RdRp site and serve as a primer for RNA 
synthesis; 3) the newly formed primer RNA-nsp9 rebinds to the NiRAN 
domain and a second nucleotidyl transfer reaction removes the NMP 
residue to cap the primer RNA (B. Wang et al., 2021) (Fig. 3B). Similarly, 
the NiRAN domain was proposed not to function as a conventional 
GTase, but rather as a GDP–PRNTase catalyzing the transfer of 
5′-monophosphate RNA (pRNA) to a GTP or GDP via a covalent 
nsp9–pRNA intermediate (Park et al., 2022; Yan et al., 2021b) (Fig. 3C).

3.4. Biochemical characterization of the RdRp activity of SARS-CoV-2 
Nsp12

SARS-CoV-2 nsp12 is the fastest viral RdRp known, with maximal 
catalytic rates (kcat) between 90 and 150 s− 1 at 22 ◦C, depending on the 
template used in pre-steady state rapid-quench experiments. This is 
significantly higher as compared to other known viral RdRps, such as 
HCV and picornavirus, and is expected to increase by 3–5 folds at 37 ◦C 
(Shannon et al., 2020). Using a high-throughput magnetic tweezers 
approach on a 1 kb-long template, RNA synthesis by the SARS-CoV-2 
RTC was observed to occur in bursts of rapid nucleotide addition, 
interspersed with pauses of varying durations, likely driven by distinct 
structural or conformational states within the complex, or by specific 
events such as nucleotide misincorporation (Bera et al., 2021). Over the 
course of 1000 monitored nucleotide addition cycles, no evidence was 
found for the exchange of polymerase components or dissociation of the 
complex, highlighting its stability and high processivity (Bera et al., 
2021). In fact, the dissociation rate of nsp12 and cofactors nsp7 and nsp8 
with RNA is slow, as assessed by quench flow double-mixing experiment 
with heparin, where the best fit obtained by simulation gives an RNA 
dissociation rate constant (koff) of 0.013 ± 0.001 s− 1 (Dangerfield et al., 
2020).

As the coronavirus genome is one of the longest known among RNA 
viruses, it was shown that, in order to exert the high processivity and fast 
rates required to replicate it, SARS-CoV-2 nsp12 displays poor fidelity of 
incorporation. This phenomenon was particularly marked at high and 
close-to-physiological concentrations of nucleotides, with a mis
incorporation rate of ~0.2 s− 1, which is significantly less accurate than 
the generally admitted 10− 4–10− 6 error rate of viral RdRps (Shannon 
et al., 2020). The presence of ATP seems to play a pivotal role in 
modulating the fidelity of the SARS-CoV-2 RdRp, significantly 
enhancing error-prone ribonucleotide incorporation when added in any 
combination of other nucleotides, while the lack of ATP was poorly 
substituted by mismatches of the other NTPs (Pourfarjam et al., 2022; X. 
Yin et al., 2023). Such low fidelity could be explained by a structural 
point of view since viral RdRps catalyze NTP positioning by exploiting 
an arginine residue to interact with triphosphate charges. In most viral 
RdRps, this arginine residue is stabilized by a salt bridge with a gluta
mate residue, which is notably absent and substituted with an alanine 
residue in CoV RdRps (Shannon et al., 2020). This “relaxed” 
NTP-binding site could explain the low fidelity and speed of this poly
merase, mitigated by the presence of an exonuclease proof-reading 
complex (Shannon et al., 2020).

The evaluation of the activity of SARS-CoV-2 RdRp on different 
substrates confirmed the structural importance of 2′-OH in the ribose in 
the RTC-RNA binding and demonstrated that no binding with DNA 
(which lacks the 2′-OH) could be detected (Jones et al., 2022). Enhanced 
RNA binding was observed when the 2′-OH was substituted with 2′-O-Me 
or the ribose group was replaced with a phosphorothioate nucleic acid 
variant, modifications that both increase RNA rigidity (Jones et al., 
2022). Biochemical elongation assays with 2′-O-Me RNA substrate 
yielded no elongation by RdRp, while elongation was observed using the 

phosphorothioate RNA substrate, which suggested that a 2′-O atom in 
the ribose is essential and sufficient for RNA binding, but a free 2′-OH 
group is necessary for elongation (Jones et al., 2022). The evaluation of 
the activity of SARS-CoV-2 RdRp on epigenomic modifications, by 
generating RNA templates containing various types of ribonucleotide 
modifications, showed a modulation of the enzymatic activity, with 
3-meU, 1-meG and 2′-O-meG strongly blocking the polymerization ac
tivity, while others (N6meA, 5-meC and Ψ, which do not change base 
pairing) did not affect extension of the primer (Petushkov et al., 2023). 
In addition to these modifications, N1-methyladenosine (m1A), which 
disrupts hydrogen bonding of canonic base pair, was shown to signifi
cantly inhibit RdRp activity by halting RNA extension at the modified 
nucleotide, resulting in truncated products. Conversely, 
N3-methylcytosine (m3C), despite disrupting canonical base pairing, is 
efficiently read through by RdRp, similarly to Ψ, m5C, and m6A (Apostle 
et al., 2023). Interestingly, the observation that m3C severely inhibits 
HIV-1-RT and MMLV-RT suggests a different adaptation of the 
SARS-CoV-2 RdRp, possibly to evade host-mediated epigenetic modifi
cations (Apostle et al., 2023).

4. Development of antiviral assays and discovery of RdRp 
inhibitors

4.1. Different cell-based and biochemical assays to evaluate SARS-CoV-2 
RdRp inhibition

Since viral polymerases are among the most important targets for the 
development of antiviral drugs (De Clercq, 2004; De Clercq and Li, 2016; 
Tian et al., 2021), also for SARS-CoV-2 the effort focused on this 
essential enzyme, among other nonstructural proteins.

To identify and validate novel antiviral compounds that are capable 
of inhibiting SARS-CoV-2 RdRp activity, different assays have been set 
up since the emergence of the virus in late 2019. One of the first assays 
developed is a classical primer-elongation assay, which utilized as sub
strate a previously annealed fluorescently labeled substrate and an un
labeled template, then separated by denaturing urea-PAGE (Lu et al., 
2020). Another approach exploited the properties of double stranded 
nucleic acid intercalating agents to detect the RdRp activity by the 
SARS-CoV-2 RTC complex, by emitting a fluorescence signal only when 
intercalated to the dsRNA produced during the enzymatic reaction 
(Eydoux et al., 2021; W. Yin et al., 2021). Additionally, a 
high-throughput screening (HTS) assay exploiting FRET (Förster reso
nance energy transfer) entailed coupling of a single stranded RNA with a 
fluorophore and its partially complementary RNA strand with its 
quencher. This substrate was then used to detect RdRp activity by strand 
displacement, which occurred when the SARS-CoV-2 RTC elongated a 
primer annealed to the free 3’ end of the fluorescently-labeled RNA 
strand and displaced the quencher-labeled strand (Bertolin et al., 2021). 
A Surface Plasmon Resonance (SPR)-based assay was developed to 
assess the interference in the RdRp-RNA binding. By ligating a bio
tinylated RNA to a sensor chip and by injecting the SARS-CoV-2 RTC in 
the flow cells, it was possible to assess the binding affinity of the com
plex to the RNA and observe the reduction of this binding in 
dose-dependent manner when suramin was added to the sample 
(Mravinec et al., 2021). Bai et al. (2022) developed a fluorometric 
approach based on dsRNA quantification by a fluorescent nucleic 
acid-binding dye of a self-priming substrate, to assess the catalytic ac
tivity of the SARS-CoV-2 RdRp complex.

In parallel to biochemical assays, cell-based assays were designed to 
study the RdRp activity of SARS-CoV-2 in a cellular context. A cell-based 
CoV-RdRp-Gluc reporter assay was set up using the Gaussia luciferase 
(Gluc) as a reporter, whose transcription is initiated by the CMV pro
moter. When the CoV-Gluc reporter-expressing cells were transfected 
with nsp12-expressing vector together with nsp7 and nsp8 in a 1:3:3 
ratio, the Gluc RNA was further amplified by viral RdRp, resulting in the 
increase of Gluc protein and luminescent signal (Zhao et al., 2021a). 
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Another cell-based reporter assay was developed using a bicistronic p 
(+)FLuc-(− )UTR-NLuc reporter plasmid, where FLuc expression was 
used as internal control of transfection, while NLuc activity was present 
only in presence of SARS-CoV-2 nsp12 expression (Min et al., 2021). In 
this assay, in contrast to the majority of the previously published works, 
the authors did not find a significant difference in RdRp activity when 
nsp12 was expressed alone or in complex with cofactors nsp7 and nsp8 
(Min et al., 2021). A similar assay was set up with a bicistronic construct 
including the Renilla luciferase (RLuc) under the CMV promoter, which 
serves as an internal control, and the Firefly luciferase (FLuc), flanked by 
the 5′- and 3′-UTRs of SARS-CoV-2, which is released from the construct 
by an internal ribozyme ensuring that only RdRp transcription leads to 
correct expression of FLuc. Co-expression of a polyprotein encoding 
SARS-CoV-2 nsp5-nsp7-nsp8-nsp12, where nsp5 serves as protease to 
allow release of the other monomeric proteins, allows the transcription 
of the FLuc gene, which -normalized to the basal RLuc signal-permits to 
monitor the RdRp activity (Uppal et al., 2022).

4.2. RdRp as a target for antiviral drug development: Nucleos(t)ide 
analogues

The design of nucleos(t)ide analogues (NAs) requires a careful bal
ance between structural and functional impact. Modifications must be 

sufficiently minor to ensure compatibility with host enzymatic systems, 
such as nucleos(t)ide kinases and hydrolytic enzymes, which are 
responsible for their activation. Simultaneously, these alterations must 
be substantial to effectively disrupt viral replication through mecha
nisms like chain termination, template-dependent inhibition, polymer
ase stalling, or induction of lethal mutagenesis, following their 
incorporation into the viral RNA (Chien et al., 2020; Ju et al., 2020).

4.2.1. Remdesivir
Remdesivir (Fig. 4A) (RDV or GS-5734) is the mono

phosphoramidate prodrug of a 1′-cyano-substituted adenine C-nucleo
side ribose analogue, first developed as a treatment against acute Ebola 
virus infections (Warren et al., 2016) and evaluated in phase 1 and 2 
randomized controlled clinical trials (Mulangu et al., 2019). Soon after 
the emergence of SARS-CoV-2, a massive effort was directed to find 
effective antiviral therapy and, among the first positive results, RDV 
showed promising antiviral activity against SARS-CoV-2 replication in 
Vero E6 cells, with an EC50 value of 0.77 μM (Wang et al., 2020). RDV 
was shown to act in a post-entry stage of the SARS-CoV-2 replication 
cycle, in agreement with its putative mechanism as the prodrug of a 
nucleotide analogue to be incorporated into the nascent viral RNA 
genome (M. Wang et al., 2020). In a cell-based SARS-CoV-2 RdRp re
porter assay, RDV displayed an EC50 of 1.1 μM confirming its activity as 

Fig. 4. Structure of Identified SARS-CoV-2 RdRp Nucleos(t)ide Inhibitors 
Fig. 4. Chemical structures of some of the SARS-CoV-2 nsp12 identified nucleos(t)ide inhibitors: (A) remdesivir, (B) VV116, (C) molnupiravir, (D) sofosbuvir, (E) 
favipiravir, (F) ribavirin, (G) penciclovir, (H) entecavir, (I) tenofovir, (J) adefovir, (K) emtricitabine, (L) telbivudine, (M) 4′-fluorouridine, (N) sangivamycin and (O) 
bemnifosbuvir.
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a viral RdRp inhibitor, although its potency decreased 2-fold when the 
nsp14/nsp10 ExoN complex was co-expressed with the RTC (Zhao et al., 
2021a).

The active triphosphate form of remdesivir (RDV-DP or GS-443902) 
was shown to be incorporated by the MERS-CoV polymerase into the 
RNA nascent strand without causing immediate chain terminator, 
instead allowing elongation at position i + 3 (Gordon et al., 2020). The 
same mechanism was identified for the SARS-CoV and SARS-CoV-2 
RdRp (Gordon et al., 2020). In-silico model predicted a steric clash at 
position i + 4 of the 1′-CN group of RDV-DP with residue S861 of nsp12, 
which was found to be conserved among all α, β and γ coronavirus se
quences (Gordon et al., 2020b). This was confirmed by mutagenesis 
studies with the generation of a SARS-CoV-2 nsp12 S861A mutant, 
which resulted in less potent chain termination in presence of RDV in 
position i + 3 (Q. Wang et al., 2020). It was also suggested that this 
delayed termination, and the additional natural nucleotides incorpo
rated after the monophosphate form of RDV (RMP), may have a pro
tective effect on nsp14-mediated excision during proofreading (Gordon 
et al., 2020).

A selectivity value < 1 was measured for RDV-DP versus ATP in a 
steady-steady kinetic approach for all coronaviruses nsp12, indicating a 
preference of the enzyme for the nucleotide analogue in place of the 
natural nucleotide (Gordon et al., 2022; Gordon et al., 2020). However, 
with the limitations of biochemical studies, RDV-induced delayed chain 
termination could be overcome with increasing concentrations of NTPs, 
which can reach low millimolar values in cells, while remdesivir usually 
reaches high micromolar intracellular concentrations (Gordon et al., 
2020). The understanding of RDV mechanism of action was expanded by 
the demonstration that, in addition to delayed polymerase stalling at 
position i + 3, RDV incorporation into the template strand acts with a 
template-dependent mechanism, suggesting a potential a dual mode of 
inhibition. In fact, incorporated RDV inhibits UTP incorporation in the 
complementary strand in multiple viral RdRps, including those of 
SARS-CoV-2 (Gordon et al., 2022). In addition to inhibiting the RdRp 
activity of SARS-CoV-2 nsp12, RDV-DP was demonstrated to inhibit the 
GTase function of the NiRAN domain in vitro, but with a much lower 
potency compared to its RdRp-directed inhibition (Walker et al., 2021).

The cryo-EM structures of SARS-CoV-2 RTC in complex with 
remdesivir showed that RMP was incorporated in position +1 in the 
elongated primer, with only two other natural nucleotides incorporated 
in position +2 and + 3, confirming the non-obligate chain terminator 
mechanism (W. Yin et al., 2020). Cryo-EM structures with different RNA 
templates containing RMP either in position − 3 or − 4 revealed how the 
addition of one more nucleotide was still feasible in the − 3 structure, 
while the − 4 structure led the polymerase to undergo into a 
pre-translocation state and cannot bind incoming nucleotides, given 
how the 1′-CN group causes a steric clash with the S861 residue (Kokic 
et al., 2021; Q. Wang et al., 2020). Moreover, in this structure, RMP is 
buried inside nsp12 active site, which would explain why remdesivir is 
at least partially resistant to excision from the ExoN complex (Kokic 
et al., 2021). In a pre-incorporation complex of SARS-CoV-2 RTC with 
RDV-DP, the 1′-cyano moiety on the ribose of RMP inserts into a hy
drophilic pocket formed by residues T687, N691 (motif B) and S759 
(motif C), and is stabilized by a network of polar interactions. This 
pocket was reconstructed with a bound water molecule in the 
ATP-bound structure, and the displacement of this water molecule and 
formation of novel hydrogen bonds with the 1′-cyano moiety can explain 
the higher selectivity and lower KM of RDV-DP compared to ATP (B. F. 
Malone et al., 2023).

A preliminary report on RDV administration to a small cohort of 
patients hospitalized for severe forms of COVID-19 showed an 
improvement in oxygen-support status for 68 % of total patients and a 
mortality of 18 % over 18 days of post-treatment median follow-up for 
patients requiring invasive ventilation, compared to a mortality of 66 % 
of the closest comparison group to this study (Grein et al., 2020). The 
clinical relevance of RDV treatment for COVID-19 is still under debate, 

since other clinical trials, in contrast, found no or small significant 
clinical improvement in COVID-19 patients treated with RDV, especially 
those in late-stages of disease (Ader et al., 2022; Pan et al., 2022; 
Repurposed Antiviral Drugs for Covid-19 — Interim WHO Solidarity 
Trial Results’, 2021; Wang et al., 2020).

Given the low oral bioavailability of RDV, which requires intrave
nous administrations in hospital settings, and the low efficacy in late- 
stage COVID-19, novel oral RDV derivatives with better in vitro anti
viral activity, selectivity and pharmacokinetic properties, such as VV116 
(Fig. 4B), have been tested in clinical trials (Qian et al., 2022; Shen et al., 
2022) or in pre-clinical models (L. Cao et al., 2022; Cox et al., 2021; Y. 
Zhang et al., 2023).

4.2.2. Molnupiravir
Molnupiravir (Fig. 4C), an oral prodrug of β-D-N4-hydroxycytidine 

(NHC, or EIDD-1931), was identified as a highly potent broad-spectrum 
inhibitor of SARS-CoV-2, SARS-CoV and MERS-CoV replication and 
pathogenesis in cell culture (EC50 = 0.08 μM in Calu-3 cells) and in vivo 
mice models, reducing lung viral load and improving pulmonary func
tion, although with a limited early window of intervention (Sheahan 
et al., 2020). In vitro analysis suggested that lethal mutagenesis is the 
molecular mechanism of action of molnupiravir, since NGS sequencing 
of MERS-CoV genome after treatment of cells with molnupiravir was 
found to have increased nucleotide transitions, which led to error ca
tastrophe by inducing an error rate beyond the threshold allowed for 
viral replication (Sheahan et al., 2020). In fact, NHC-monophosphate 
incorporated into the RNA template showed ambiguous base pairing, 
allowing both GTP and ATP incorporation in the complementary strand 
with no preference, due to its ability to adopt two tautomeric forms, 
which provided the molecular basis for the mutagenic effect induced by 
molnupiravir (Gordon et al., 2021).

Phase 1 randomized, double-blind, placebo-controlled trial demon
strated the overall safety and tolerability of molnupiravir in healthy 
individuals, and the achieved plasma exposures of the active metabolite 
NHC in humans were consistent with efficacious levels in animal models 
for SARS-CoV-2 (Painter et al., 2021). On December 23rd, 2021, the U.S. 
Food and Drug Administration agency issued an emergency use autho
rization (EUA) for molnupiravir for “mild-to-moderate coronavirus 
disease (COVID-19) in adults with positive results of direct SARS-CoV-2 
viral testing, and who are at high risk for progression to severe 
COVID-19, including hospitalization or death, and for whom alternative 
COVID-19 treatment options authorized by the FDA are not accessible or 
clinically appropriate” (U.S. Food and Drug Administration, 2021). On 
November 11th, 2024, EMA issued an advice to assist national author
ities in making decisions about the potential early use of the molnu
piravir, such as in emergency scenarios, before marketing authorization 
is granted (European Medicines Agency, 2021).

However, molnupiravir has been linked to the emergence of novel 
SARS-CoV-2 variants by elevating the viral mutation rate. This is sup
ported by the identification of molnupiravir-associated mutational sig
natures in circulating viruses, particularly in regions and age groups 
where the drug has been widely used (Sanderson et al., 2023). Molnu
piravir has been discontinued in Europe after Merck Sharp and Dohme 
withdrew its application for marketing authorization to the European 
Medicines Agency (EMA). This decision followed the EMA Committee 
for Medicinal Products for Human Use’s (CHMP) unfavorable assess
ment of the drug’s risk-benefit balance (European Medicines Agency, 
2021).

4.2.3. Sofosbuvir
Sofosbuvir (Fig. 4D), the prodrug of a uridine analogue developed 

against the RdRp NS5B of HCV (Sofia et al., 2010), was found to inhibit 
SARS-CoV-2 in different cell lines, such as Huh7 and Calu-3, with EC50 
values between 5 and 7 μM (Sacramento et al., 2021). Incorporation of 
sofosbuvir into the nascent RNA strand by SARS-CoV-2 RdRp in 
biochemical assays demonstrated to induce chain termination and to be 
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more resistant than RDV to nsp14-mediated exonuclease excision 
(Jockusch et al., 2020; Ju et al., 2020). Sofosbuvir-DP was found to have 
less steric hindrance compared to RDV in the 2′ position (2′-F and 2′-Me 
substituents) and it does not have the 1’ CN group, that is likely 
responsible for RDV steric hindrance on nsp12 elongation (Jockusch 
et al., 2020b; Ju et al., 2020). Given its previously established safety 
profile and efficacy in inhibiting SARS-CoV-2 RdRp, coupled with its 
relatively high resistance to ExoN-mediated excision, sofosbuvir (in 
combination with velpatasvir or daclatasvir) has been tested in pre
liminary small-cohort clinical trials (Sadeghi et al., 2020; Sayad et al., 
2020).

4.2.4. Favipiravir
Broad-spectrum antiviral favipiravir (Fig. 4E) in its ribofuranosyl 

triphosphate form showed less efficient incorporation rate and selec
tivity over natural nucleotides, compared to RDV-DP or molnupiravir 
(Gordon et al., 2020), which is consistent with the finding of high 
micromolar EC50 values (EC50 = 109.5 μM, SI > 3.65) in cell culture 
against SARS-CoV-2 replication (M. Wang et al., 2020). Cryo-EM 
structure of SARS-CoV-2 RTC in complex with favipiravir-RTP shows 
that the analogue is inefficiently incorporated into the growing RNA 
strand due to a nonproductive binding mode at the catalytic site, where 
favipiravir forms a noncanonical base pair with cytosine, and this inef
ficient alignment prevents optimal nucleophilic attack on the β-phos
phate (Naydenova et al., 2021). Further characterization of favipiravir 
mechanism of action revealed that this NA, although inefficiently, is 
incorporated as a purine analogue and shows an increase in total mu
tation frequency, especially transitions, therefore acting on viral repli
cation by a lethal mutagenesis mechanism (Shannon et al., 2020). A 
randomized clinical trial involving 150 patients with mild-to-moderate 
COVID-19 evaluated the effects of oral favipiravir. Although the study 
did not find a statistically significant reduction in time to RT-PCR 
negativity as the primary endpoint, early administration of favipiravir 
was associated with a significantly shorter duration of clinical signs and 
symptoms, suggesting a potential benefit in achieving faster clinical 
recovery with favipiravir oral treatment of COVID-19 (Udwadia et al., 
2021).

4.2.5. Other Nucleot(s)ide analogues
Other nucleoside analogues were reported as active against SARS- 

CoV-2 in vitro. Alovudine (3′-fluoro-3′-deoxythymidine) and AZT (3′- 
azido-3′-deoxythymidine), originally developed for treating HIV in
fections, have been studied for their potential against SARS-CoV RdRp. 
The active triphosphate form of both compounds is incorporated by the 
enzyme and acts as obligate chain terminator, preventing further strand 
elongation (Ju et al., 2020). Nucleotide analogues ganciclovir (an 
acyclic guanosine analogue), carbovir (carbocyclic guanosine analogue 
lacking 2′- and 3′-OH groups), and entecavir (carbocyclic guanosine 
analogue missing the 2′-OH group) effectively inhibit RNA synthesis 
catalyzed by the SARS-CoV-2 RdRp by causing immediate termination 
upon incorporation, while cidofovir diphosphate (an acyclic cytidine 
nucleotide) demonstrates delayed termination similar to RDV, allowing 
further RNA extension before termination, potentially making it resis
tant to exonuclease activity. Stavudine triphosphate, a thymidine 
analogue, was demonstrated to cause complete termination of 
SARS-CoV-2 RdRp activity, due to the absence of both 2′- and 3′-OH 
groups, which potentially renders it a poor substrate for the viral 
exonuclease (Jockusch et al., 2020).

In cell-based SARS-CoV-2 RdRp reporter assays, ribavirin (Fig. 4F), 
penciclovir (Fig. 4G), entecavir (Fig. 4H) and tenofovir (Fig. 4I) showed 
relatively high EC50 values between 87 and 120 μM (Zhao et al., 2021a). 
Other nucleos(t)ide analogues, such as adefovir (Fig. 4J), emtricitabine 
(Fig. 4K) and telbivudine (Fig. 4L), were identified by Min et al. (2021)
to target the RdRp function of SARS-CoV-2, with IC50 values in the range 
of 3.8 and 46 μM. An orally bioavailable nucleoside analog, 4′-fluo
rouridine (4′-FlU) (Fig. 4M), displayed potent broad-spectrum inhibition 

of different strains of SARS-CoV-2 with EC50 values ranging from 0.2 to 
0.6 μM, by causing sequence-dependent delayed stalling of the RdRp 
(Sourimant et al., 2022). Preclinical studies demonstrated its efficacy in 
human airway epithelial organoids and animal models, including sig
nificant viral load reductions against SARS-CoV-2 variants and RSV 
(Sourimant et al., 2022). Sangivamycin (Fig. 4N), an adenosine nucle
oside analog, has shown potent antiviral activity against multiple 
SARS-CoV-2 variants with EC50 values between 15 and 80 nM, 
depending on the viral strain and the cell line, outperforming RDV that 
was used as positive control (Bennett et al., 2022). Interestingly, san
givamycin incorporation into the nascent RNA by the SARS-CoV-2 RdRp 
does not induce chain termination nor significantly alter the viral mu
tation rate, suggesting its antiviral mechanism operates downstream of 
RdRp activity, potentially involving effects on viral RNA structure or 
subsequent interaction of the elongated RNA with the replication ma
chinery (Bennett et al., 2023).

AT-9010, the active triphosphate form of AT-527 (bemnifosbuvir, 
Fig. 4O), is a guanosine analogue that carries a 2′-fluoro-2′-C-methyl 
modified ribose, structurally similarly to prodrug sofosbuvir, which 
demonstrated a double mechanism of action, by inducing immediate 
chain termination upon incorporation - resistant to the addition of high 
NTP concentrations and showing reduced ExoN-mediated excision 
compared to sofosbuvir-DP - and additionally by inhibiting nsp9 and 
nsp8 UMPylation by binding to the N-terminal NiRAN domain of SARS- 
CoV-2 nsp12 (Shannon et al., 2022). Another approach, widely used to 
improve NA stability and resistance to exo/ribonuclease degradation, 
consisting in the substitution of a non-bridging oxygen of the phos
phodiester bond by a sulfur atom, has been investigated with the syn
thesis of a novel 5′-α-thiotriphosphate derivative of AT-9010, AT-9052 
(Shannon et al., 2024). This analogue showed stereoselective incorpo
ration into the nascent strand as rGTP-analogue, opposite to CTP, 
inducing immediate chain termination. More interestingly, the resulting 
α-thiophosphodiester linkage is completely resistant to cleavage by the 
viral ExoN complex, as compared to the low -but not absent-excision rate 
of incorporated AT-9010 (Shannon et al., 2024). However, AT-9052 
loses its ability to additionally target the NiRAN activity, which was 
observed in the case of AT-9010 (Shannon et al., 2024).

4.3. RdRp as a target for antiviral drug development: Non-Nucleos(t)ide 
analogues

Following the massive scientific effort to develop novel tools to 
prevent and fight SARS-CoV-2 infections, several non-nucleos(t)ide an
alogues were identified to inhibit its RdRp activity. However, it should 
be noted how the development of non-nucleos(t)ide inhibitors can be 
hampered by the accidental identification of PAINS (Pan-Assay Inter
ference compounds), which can give positive results by interfering with 
assay readout in an unspecific manner. Among these compounds, iso
thiazolones, curcumin, phenol-sulfonamides are only few examples (J. 
B. Baell, 2016; J. Baell and Walters, 2014). (te Velthuis et al., 2021; Elli 
et al., 2021; Walker et al., 2020; Holubovska et al., 2024; Steverding 
et al., 2024; Salgado-Benvindo et al., 2020)(W. Yin et al., 2021; Salga
do-Benvindo et al., 2020)(W. Yin et al., 2021).

Among compounds that were not classified as PAINS, daclatasvir 
(Fig. 5A), an NNI approved for the treatment of HCV targeting the non- 
structural NS5A protein, showed potent antiviral activity, with EC50 
values ranging from 0.6 to 1.1 μM, across several cell types, including 
human lung epithelial cells (Calu-3) (Sacramento et al., 2021). Dacla
tasvir was shown to inhibit SARS-CoV-2 RNA synthesis by targeting the 
folding of viral RNA secondary structures and favoring RNA denatur
ation even at lower temperatures (Sacramento et al., 2021).

Novel 2-((1H-indol3-yl)thio)-N-phenyl-acetamide derivatives 
(Fig. 5B) showed potent activity against SARS-CoV-2 RdRp in a SARS- 
CoV-2-RdRp-Gluc reporter and biochemical RdRp assay, with IC50 
values as low as 1 μM, with broad-spectrum activity against other HCoVs 
(G.-N. Zhang et al., 2021).
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A series of quinoline derivatives, similar to hydroxychloroquine 
(Fig. 5C), showed promising activity in their inhibition of SARS-CoV-2 
RdRp activity in a cell-based CoV-RdRp-Gluc reporter assay, with 
broad-spectrum activity against low pathogenicity HCoVs, with EC50 
values as low as 1 μM (Zhao et al., 2021b).

5. Conclusions and perspectives

The SARS-CoV-2 RdRp nsp12 has demonstrated to be a critical 
enzyme in the viral replication and transcription processes and in the 
maintenance of genome integrity, making it a key component of the viral 
RTC and an attractive target for antiviral intervention. Recent structural 
and functional studies of nsp12, in complex with its cofactors nsp7 and 
nsp8, have provided significant insights into its architecture and cata
lytic mechanisms. The resolution of different cryo-EM assemblies has 
revealed the conformational dynamics of nsp12 in various states, 
including its interactions with RNA, other nonstructural proteins of the 
RTC machinery and inhibitors. The multiple and diverse tasks that 
nsp12 carry out emphasize the versatility of this enzyme to meet the 
demands of the coronavirus replication cycle. Despite these achieve
ments, significant knowledge gaps remain. The precise mechanisms by 
which nsp12 coordinates with other components of the RTC in non- 
canonical processes, such as discontinuous synthesis of sgRNAs, 
genome capping and backtracking during proofreading, are not yet fully 
elucidated.

From a therapeutic perspective, the successful development of 
nucleoside analogues such as remdesivir and molnupiravir against 
SARS-CoV-2 has validated nsp12 as a key antiviral target. However, 
these drugs have limitations, including debatable in vivo efficacy and 
potential for resistance. The recent discontinuation of molnupiravir in 
Europe due to concerns over its risk-benefit profile further highlights the 
need for safer and more effective alternatives. Understanding the mo
lecular aspects of the nsp12 functions is crucial for developing therapies 
that target multiple steps of the replication process, reducing the like
lihood of resistance. Other nucleos(t)ide or non-nucleos(t)ide inhibitors 
targeting RdRp and/or auxiliary functions of nsp12, such as its NiRAN 
domain, may offer novel prospects for the expansion of the antiviral 
arsenal. Additionally, high-throughput screening of small-molecule li
braries, coupled with advanced in silico modeling, could accelerate the 
discovery of next-generation inhibitors.

Therefore, the ongoing evolution of SARS-CoV-2, supported by the 
evidence of emerging new variants with altered replication kinetics and 
antiviral resistance profiles, highlights the need to focus on the under
standing of nsp12 structure and function to fight not only SARS-CoV-2 

but also future coronavirus threats. In fact, given the high structural 
conservation of nsp12 amongst different members of the Coronaviridae 
family, the development of RdRp inhibitors has the potential to provide 
tools to prepare against current and future coronavirus-related threats.
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