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Abstract

The ongoing Covid-19 pandemic has spurred research in the biology of the nidovirus
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Much focus has been on
the viral RNA synthesis machinery due to its fundamental role in viral propagation. The
central and essential enzyme of the RNA synthesis process, the RNA-dependent RNA
polymerase (RdRp), functions in conjunction with a coterie of viral-encoded enzymes
that mediate crucial nucleic acid transactions. Some of these enzymes share common
features with other RNA viruses, while others play roles unique to nidoviruses or CoVs.
The RdRps are proven targets for viral pathogens, and many of the other nucleic acid
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processing enzymes are promising targets. The purpose of this review is to summarize
recent advances in our understanding of the mechanisms of RNA synthesis in CoVs. By
reflecting on these studies, we hope to emphasize the remaining gaps in our knowl-
edge. The recent onslaught of structural information related to SARS-CoV-2 RNA synthe-
sis, in combination with previous structural, genetic and biochemical studies, have vastly
improved our understanding of how CoVs replicate and process their genomic RNA.
Structural biology not only provides a blueprint for understanding the function of
the enzymes and cofactors in molecular detail, but also provides a basis for drug design
and optimization. The concerted efforts of researchers around the world, in combina-
tion with the renewed urgency toward understanding this deadly family of viruses, may
eventually yield new and improved antivirals that provide relief to the current global
devastation.

1. Introduction

The ongoing Covid-19 pandemic has claimed millions of lives and

disrupted countless more as of April 2021, spurring interest in understanding

the lifecycle of the causative agent: the severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2). Prior to the Covid-19 pandemic, CoVs were

responsible for numerous pathogenic events in both avian and mammalian

species, themost notable being the 2003 SARS-CoV and 2012MERS-CoV

outbreaks [1]. Such events exemplified the threat of zoonotic outbreaks

from circulating viruses in reservoir species like bats. However, these threats

were largely unheeded until the Covid-19 pandemic unfolded and brought

the world to a standstill. An improved understanding of the virus life cycle

will be crucial to combating this current (and future) pandemics. Pivotal to

viral propagation is the replication of the viral genome and transcriptiona of

viral genes necessary to form new infectious viral particles. Here, we provide

an overview on CoV replication and transcription, with a focus on recent

results elucidating the enzyme mechanisms involved.

In addition to the family Coronaviridae, the order Nidovirales comprises

the families Arteriviridae, Mesoniviridae, and Roniviridae [2]. Prior to the

SARS-CoV outbreak in 2003, early studies focused on the Arteriviridae

family, resulting in the characterization of the genome organization of

nidoviruses as well as identifying the function and essentiality of many viral

genes [3]. These early efforts set the platform for the current torrent of

studies addressing major gaps in our understanding of the causative agent

of the Covid-19 pandemic.

a Here, we use the term “transcription” to conform with the standard terminology in the field.
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An essential element of the viral lifecycle involves the replication and

transcription of the viral RNA genome. The central enzyme of the repli-

cation/transcription process is the RNA-dependent RNA polymerase

(RdRp) [4]. At approximately 30kb in length, the CoV family encodes

among the largest genomes of RNA viruses [5]. To successfully replicate

and transcribe its genome, CoVs evolved an arsenal of nonstructural proteins

(nsps) to allow for enhanced processivity and proofreading during repli-

cation/transcription, protection against the host innate immune system,

and translation. Many of these nsps function in concert with the RdRp

in a so-called replication/transcription complex (RTC). Several of these

processes mediated by the nsps are unique to the Nidoviral order or even

to the CoV family. Understanding the underlying mechanisms involved

in replication/transcription can facilitate the identification of novel pharma-

cological treatments to stymie future outbreaks caused by zoonotic trans-

mission of circulating CoV viruses.

Pioneering studies characterizing CoV replication/transcription were

driven by the 2003 SARS-CoV outbreak. These studies led to the identi-

fication of the factors responsible for replication/transcription along with

functional roles for many of the factors. A focus of recent studies has been

to unravel the structural basis by which these factors interact with their

substrates and with each other, in the hope of detailing druggable pockets

of essential enzymatic complexes. Herein, we will summarize what is known

about the CoV replication/transcription machinery as revealed by biochem-

ical and structural investigations, with the added aim of illustrating how

furthering our understanding of the basic biology can aid the drug develop-

ment process.

While the mechanisms of replication/transcription appear to be universal

across the CoV family, most biochemical studies have used recombinant

proteins of the pathogenic CoV family members SARS-CoV-1, MERS-

CoV, or SARS-CoV-2. As such, our discussions will be drawn primarily

from studies utilizing a subset of CoV family members, although extrapola-

tions across the CoV family can bemade where evidence exists for themodel

CoVs murine hepatitis virus (MHV) along with the less virulent strains

human CoV-229E (HCoV-229E) and HCoV-NL63.

2. Coronavirus genome organization

Inherent to our understanding of CoV replication/transcription is the

organization of the CoV genome. CoV genomes are polycistronic, with the
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50 proximal two-thirds containing two overlapping ORFs (Orfs1a and 1b;

Fig. 1) [11]. Orf1ab of SARS-CoV-2 encodes a polypeptide containing

16 nsps with diverse functions including host membrane reorganization,

proteases, host immune system suppression, RNA capping, and replica-

tion/transcription of the viral genome. CoVs regulate the relative stoichiom-

etries of the nsps through the presence of a -1-frameshift element (FSE) in

between ORFs1a/1b, which enables the production of the ORF1a encoded

nsps (nsps 1–11) at�1.4–2.2 increased fold over theORF1b nsps (nsps 12–16)
[12]. Proximal to the genome 30-end are genes encoding the structural

proteins that package the viral RNA and form the viral particles.

In this review, we focus on nsps with functions directly related to

nucleic acid transactions directed toward replication of the viral genome

and for correct processing of genomic and subgenomic transcripts. At

least nine of the nsps encoded in ORF1ab play known or suspected roles

in replication/transcription (Fig. 1), orchestrating replication of the entire

positive-strand RNA genome via a negative-strand intermediate (continu-

ous replication) as well as mediating the unique process of discontinuous

subgenomic transcription (Fig. 2).

Fig. 1 Schematic depicting general organization of the Coronavirus genome. The top
panel shows the layout of the two open reading frames (Orf1a and b) and the 30 struc-
tural genes. The bottom panel illustrates that Orf1a and b are divided into 16 genes
numbered nsp1–16. Surface rendered models are shown for nsp9 (PDB 6W9Q [6]),
holo-RdRp (6XEZ [7]), nsp10/14 (5C8S [8]), nsp13 (6XEZ [7]), nsp15 (6VWW [9]) and
nsp10–16 (6W4H [10]).
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Fig. 2 Cellular processes involved in SARS-CoV-2 infection. The interaction of the viral
Spike protein with the host ACE receptor mediates cell entry. The packaged viral
genome is translated to produce the viral nonstructural proteins that mediate the pro-
duction of genomic RNAs in a specialized, viral induced double membraned compart-
ment known as the Replication Organelle (RO). Top panel was created with BioRender.
com. CoV RNA synthesis may be characterized as continuous (replication of full-length
genomic RNA) or discontinuous (transcription or more appropriately described as
subgenomic RNA synthesis) (bottom panel).
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2.1 Continuous and discontinuous RNA synthesis
Although replication and transcription are performed by the same central

enzyme, the viral RdRp, there are some fundamental differences to

consider. The (+)-strand RNA genome serves as a template for:

(i) translation of the nsp’s, (ii) continuous replication to generate full-length

(�)-strand copies of the genome, and (iii) discontinuous transcription

(sg-transcription) to generate (�)-strand templates for subsequent synthesis

of mRNAs encoding for the viral structural proteins (Fig. 2).

Sg-transcription includes a discontinuous step that involves a template-

switching step unique to nidoviruses [13], producing sg-RNAs that are

50- and 30-coterminal with the virus genome (Fig. 2; for further reading

see Ref. [14]). The current understanding of the template switching process

is incomplete. The process is controlled by transcription-regulating sequences

(TRSs); one TRS is located near the 30-end of the positive-strand RNA

genome 50-leader sequence (TRS-L), and others precede each of the viral

structural genes (TRS-B). Each TRS contains an identical core sequence

of 6–7 nucleotides [15–18].
The process begins when the RdRp initiates transcription from the

30-poly(A) tail of the positive-strand RNA genome. Transcription proceeds

until the RdRp transcribes a TRS-B, where the RdRp stalls due to an

unknown mechanism [15]. At this point, two scenarios are possible, the

RdRp can continue elongating until the next TRS-B is encountered or

the RdRp can switch transcription templates resulting in transcription of the

positive-strand RNA genome 50-leader (Fig. 2). The 50- and 30-ends of

the positive-strand RNA genome are known to interact [19]. Specifically,

the TRS-L is thought to be held in close proximity to the TRS-B sequences,

probably assisted by unknown RNA-protein complexes. Template switching

requires base pairing between the TRS-L [on the (+)-strand RNA genome]

and a complementary (�)-strand sequence resulting from transcription of

the TRS-B (cTRS-B) [16–18,20]. The 30-end of the cTRS-B sequence

hybridized to TRS-L then serves as a primer for continued extension of

the (�)-strand RNA, but with the 50-leader as the new template. These

nested RNAs then serve as the templates for (+)-strand sg-mRNAs

synthesis.

Erroneous template switching has been observed with the aid of direct

RNA sequencing approaches, pointing to the potential for dysregulated

sg-transcription that leads to gene recombination [21,22]. Although most

notably leading to the formation of nonviable viral particles [22], rare

recombination events may be involved in CoV evolution as postulated in
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the acquisition of a furin cleavage site in the SARS-CoV-2 spike (S) protein

[23,24]. Template switching at non-TRS sites may also promote the

overexpression of Orf1a encoded genes as evident from the abundance of

transcripts containing in frame nsp1-nsp2(NTD)-N open reading frames.

With up to 30% of all sg-transcripts represented by noncanonical fusions,

their presence may skew the production of viral proteins nsp1 and N, which

serve essential roles in infectivity [21]. As subsequent sections will focus

on the canonical TRS-dependent pathway, we will not discuss TRS-

independent template switching further. However, these intramolecular

fusions may have an under-studied importance during infection, with

potential repercussions for zoonosis.

2.2 Subcellular compartmentalization of replication
and transcription

Continuous and discontinuous replication of the viral genome would be

futile if the newly produced viral RNAs were exposed to host RNA decay

mechanisms. Amajor feature of CoV infection is the formation of a network

of double membrane lipid vesicles (DMVs) that exist as interconnected

appendages to host organelles or as separate compartments in the cytosol

[25,26]. As the site of RNA synthesis, it is postulated that DMVs exist to

both protect the newly synthesized viral RNAs as well as to provide a plat-

form to coordinate the localization of the RTC, supporting the DMVs role

as a replication organelle (RO; Fig. 2).

A combination of fluorescence microscopy, negative stain electron

microscopy, and cryo-electron tomography (cryo-ET) studies revealed

the presence of double-stranded viral RNA in the RO, illustrating the role

of the RO as a repository of replication/transcription substrates, intermedi-

ates, and products [25,27,28]. In particular, cryo-ET datasets collected on

MHV and SARS-CoV-2 infected cells show the double-stranded nature

of the RNA as well as identified branched structures that may represent

intermediates of sg-transcription [28]. These studies also identified a protein-

aceous pore in the RO membrane that co-localizes with RTC components

[27,29–31].
Critical for the localization of the RTC in the RO are three components

embedded in the DMVmembrane, nsps 3, 4, and 6 [32,33]. Their presumed

role in RO biogenesis was confirmed upon observing that ROs formed

when nsps 3, 4, and 6 were ectopically expressed in mammalian cell culture

[34]. It is unknown whether these subunits commandeer host factors and

pathways to establish the RO. CRISPR based screens indicate a stringent
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requirement of the cholesterol biosynthetic pathway for SARS-CoV-2

infectivity, which may indicate the utilization of cholesterol stores for

RO biogenesis [35,36]. In addition, the host secretory and autophagy path-

ways that mediate ER membrane remodeling may be subverted during

infection to trigger the production of the ROs, as indicated by the

colocalization of the autophagy marker LC3 with viral replicase proteins

during infection by other DMV forming viruses [37,38]. Further experi-

ments will hopefully define the repertoire of viral and host factors needed

to form the RO, which will improve our understanding of the CoV infec-

tion process.

The application of cryo-ET revealed that nsp3 is assembled as a

hexameric ring with a solvent accessible pore at its center that enables trans-

port into and out of the RO [27,39]. Additionally, nsps 2, 4, and 6 appear to

anchor RTC components and host factors to the DMVmembrane surface as

evident from proximity based labeling studies [29]. Tethered at the ROs

pore, the RTC may be able to direct newly synthesized viral RNAs to

the cytosol for translation. By storing replication intermediates and products

in the DMV lumen, CoVs mitigate decay by the host nonsense mediate

decay (NMD) pathway prior to completion of the viral post-transcriptional

processing events, such as capping and proofreading [40]. It is unclear how

the double-stranded RNAs observed in the DMVs are separated so that the

newly synthesized (+)-stranded genomes can be exported to the cytosol

for packaging into new viral particles; the fate of the (�)-strand intermedi-

ates is also unknown.

3. The RNA-dependent RNA polymerase

3.1 The holo-RdRp, the central enzyme for replication/
transcription

Integral to both replication and transcription is nsp12, encoding for the viral

RdRp, which catalyzes the synthesis of new RNAs. We call this the core

RdRp or nsp12. Nsp12 functions in combination with the viral cofactors

nsp7 and two copies of nsp8 in the holo-RdRp (nsp7/82/12) [4,41].

Initial biochemical characterization of nsp12 revealed that it inefficiently

catalyzed the elongation of a primer/template RNA scaffold in the absence

of the cofactors nsp7 and nsp8 [41]. The presence of both cofactors dramat-

ically increased the elongation activity which instigated comparisons

between the cofactors and the eukaryotic PCNA sliding clamp [41–43].
In addition to its role in processivity, nsp8 is known to mediate interactions
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between other viral nsps and the holo-RdRp, acting as a “hub” of the RTC

interactome [32,44]. Interactions have been identified between nsp8 and

the viral helicase, exonuclease, capping complex, as well as with a plethora

of host proteins. Pivotal to nsp8 function is the binding interface with

nsp7/12 and RNA in which loss of function point mutations lead to pro-

nounced replication defects for both model CoVs and SARS-CoV in plaque

assays [41].

While structural and biochemical evidence has cemented the role of

nsp7/8 as nsp12 cofactors [41,45], early studies following the 2003

SARS-CoV outbreak postulated that nsp7/8 may act as a primase [46–48].
Nsp8 was suggested to function as an RdRp with de novo initiating capability

but very low processivity. This activity was proposed to primeRNA synthesis

for subsequent extension by the holo-RdRp, which has weak de novo

initiation activity of its own [41,46]. This observation gained traction from

crystal structures of nsp7/8, which form oligomeric assemblies in crystal

packing environments [48,49]. The nsp7/8 assemblies contain positively

charged grooves or channels, suggesting RNA interacting determinants.

Subsequent studies have not always confirmed template-directed primase

activity for nsp7/8 [41,50]; instead Tvarogova et al. [50] observed a

30-terminal adenylyltransferase activity (TATase) for nsp8 that was suggested

to polyadenylate the 30-end of positive-strand RNAs. Due to: (i) the con-

tradictory functional observations, (ii) the nsp7/8 sequences lacking charac-

teristic sequence motifs of enzyme families known to catalyze RNA

polymerase or adenylyltransferase reactions, and (iii) the structures of the

nsp7/8 oligomeric assemblies lacking putative sites with characteristics of

enzyme active sites of these enzyme families [48,49], it must be considered

that the nsp7/8 oligomeric assemblies observed in crystal structures may be

crystallization artifacts. Thus, the primase model is difficult to reconcile with

the conformations of nsp7/8 observed in recent single particle cryo-EM

datasets, and biochemical data supporting this model remains inconclusive

[7,42,45,50,51]. While in vivo genetic evidence points to the presence of

nsp8 at the 30 UTR, a point used to justify the primase model, the role

of nsp8 in priming remains to be verified [52,53].

Our understanding of the structural basis for the enhanced processivity of

the holo-RdRp complex expanded with the advent of cryo-EM. Seminal

structural work was conducted by Kirchdoerfer and Ward, who obtained

the cryo-EM structure of the SARS-CoV holo-RdRp complex in the

absence of an RNA substrate [45]. The structure revealed that, similar to

other viral RdRps, the nsp12 polymerase domain (amino acids 398–932)
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resembles a cupped right hand comprising a fingers subdomain (amino acids

398–581, 628–687), a palm subdomain (amino acids 582–627, 688–815) and
a thumb subdomain (amino acids 816–919) (Fig. 3) [55,56]. The structure
also showed the disposition of the nsp7/8 cofactors; nsp7 associated with

the nsp8 C-terminal domain (CTD) as a heterodimer, interacting with the

nsp12 thumb subdomain and index fingers proximal to the NTP-entry

tunnel, and a second nsp8-CTD associated with the fingers subdomain.

Notably, the nsp8 N-terminal extensions were disordered and not observed

in the absence of an RNA substrate (Fig. 3).

3.2 The RdRp active site
The active site features the conserved structural motifs (A–G) that are

common to all viral RdRps and mediate nucleotide binding and catalysis

[57–59] (Fig. 4). Nucleotide binding occurs via direct interactions with res-

idues in motifs A, B, C, and F that are further stabilized by motifs D and

E. The key motif “SDD,” which coordinates two Mg2+-ions both required

Fig. 3 (A) Schematic illustrating the structural domains of the holo-RdRp subunits nsp7,
8 and 12. (B) View of the apo holo-RdRp showing the “cupped right hand” structure of
nsp12 (left). A 90° rotation reveals the NiRAN domain and nsp7/8 heterodimer interface
with nsp12 (right). (C) The nsp8 N-terminal helices are ordered in the presence of an
upstream RNA duplex substrate. Figures in panels A–C were generated using PDB
6XEZ [7]. The original apo holo-RdRp structure was from SARS-CoV-1 (6NUR) [45].
Published RNA bound Holo-RdRp structures include 6YYT [42] and 7BV2 [54].
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for catalysis [61], is positioned in motif C [41,61]. Mutating either Asp res-

idue (760 or 761) results in complete loss of the replicase activity and viral

infectivity [41]. The incoming NTP diffuses through the NTP-entry tunnel

while maintaining nonspecific interactions with motifs E and F. Molecular

Dynamics simulations performed with the HCV RdRp suggest that the

NTP enters “phosphate first,” reaching the mouth of the active site, at

which point the base flips into the active site cleft [62]. Following localiza-

tion to the active site cleft, ribonucleotides are selected via 30-OH inter-

actions with motif A residue D623 and 20-OH interactions with motif B

residues T680 and N691, rendering the RdRp specific for RNA

synthesis. A conformational change of the motif F loop may orchestrate

the correct positioning of the +1-template base with the incoming NTP

through template-base interactions with V557 and NTP interactions with

K545, K551 and R553. The incoming NTP coordinates the two metal ions

Fig. 4 Active site of the RdRp, comprising seven conserved sequencemotifs denoted as
motifs A–G (top). Motifs A–F mediate nucleotide recognition, active site orientation of
the NTP, and catalysis. Motif G regulates RNA translocation [46]. The structure shown
here is a model derived from SARS-CoV-2 nsp12 with t-RNA and p-RNA (PDB 6YYT
[42]), but the 30-nucleotide of the p-RNA, the incoming NTP, and the twometal ions were
modeled with the help of PDB 4WTJ [60].
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with the catalytic Asps through its α- and β-phosphates. The Mg2+ coordi-

nation enhances the nucleophilicity of the nascent RNA 30-OH which

facilitates the attack on the NTP α-phosphate. Residue R553 may act as

a general acid that facilitates the release of the pyrophosphate through pro-

tonation of the α-phosphate, as described for the poliovirus RdRp [63].

Structural evidence, based on a preinsertion HCV RdRp structure (PDB

4WTA), indicates that HCV-R158 (homologous to R553) interacts with

the incoming NTP α-phosphate; potentially facilitating its protonation

[60]. Capturing a snapshot of the CoV RdRp in a similar pre-insertion state

is of immediate interest for the design of nucleotide analog inhibitors whose

use will be discussed in Section 5.

3.3 The replication/transcription complex
At the onset of the COVID-19 pandemic, several structures were deter-

mined in quick succession that established the structural basis of RNA

recognition by the holo-RdRp [42,51,54]. Here, we call the holo-RdRp-

RNA complex the replication/transcription complex (RTC). In the pres-

ence of a product-RNA strand (p-RNA) which forms an RNA-RNA

duplex with the template-RNA strand (t-RNA), N-terminal helical exten-

sions of each nsp8 monomer reach back and interact with the upstream

duplex RNA like “sliding poles” (Fig. 3) [42]. These contacts increase the

stability of the RTC and explain the deleterious effects of previously

observed point mutations such as nsp8 K58A [41]. Deciphering the network

of protein–RNA interactions in the RTC provides new perspectives into

how functional motifs are modulated by RNA binding, which is important

for structure-based drug design.

3.4 The nsp12-NiRAN domain
Nidoviral RdRps uniquely possess an N-terminal nidovirus RdRp-

associated nucleotidyltransferase (NiRAN) domain that catalyzes an essential

nucleotidylation activity [53,64]. The NiRAN domain is a genetic marker

unique to nidoviruses [64]. Biochemical experiments with the equine arter-

itis virus (EAV) RdRp nsp9 (homolog of SARS-CoV-2 nsp12) discovered

the titular nucleotidylation activity and prompted further analysis to gauge

how widespread the activity is in nidoviruses. Comparative sequence anal-

ysis characterized three putative NiRAN domain sequence motifs (AN, BN,

CN) likely mediating nucleotide binding and nucleotidylation activity.

Using both EAV and SARS-CoV, loss of function mutations crippled viral
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replication in cell culture infectivity assays. Such mutant constructs lacked

the in vitro nucleotidylation activity, thereby demonstrating its importance

for viral replication. In particular, the EAV NiRAN domain utilizes

UTP as its preferred substrate with a lower specificity toward GTP [64].

These early observations sparked intense discussions focused on the

NiRANs potential role as an RNA ligase that could utilize ATP or as a

Guanylyltransferase (GTase) that could act in the RNA capping pathway.

We will address the potential NiRAN domain role in capping in a later

section. A third hypothesis, accounting for the preference for UTP, pro-

posed that the nucleotidylation activity plays a role in protein dependent

replication/transcription priming at the 30 UTR poly(A) tail [53].

Recent structural work utilizing the SARS-CoV-2 RdRp characterized

the NiRAN nucleotide binding pocket in detail [7] and revealed a poten-

tial binding interface for nsp9 [65] (Fig. 5). The latter study revealed the

nsp9 N-terminus snaking into the NiRAN active site and identified nsp9

as an inhibitor of NiRAN function [65]. However, the finding that

nsp9 inhibited NiRAN function was confounded by the presence of a two

amino acid N-terminal scar from the nsp9 purification tag [65]. Ziebuhr

and colleagues subsequently demonstrated that theNiRANdomain enzymatic

activity efficiently transfers UMP to the native nsp9 N-terminus through

a phosphoramidate bond in vitro [53], an activity termed UMPylation.

GMPylation of the nsp9 N-terminus was observed somewhat less efficiently

while AMPylation and CMPylation were not observed.

Fig. 5 Nsp9 acts as a substrate for the nsp12 NiRAN. The nsp9 N-terminus snakes into
the NiRAN active site proximal to the α/β phosphates of the bound nucleotide (GDP in
this case). Conserved NiRAN catalytic residues are depicted as sticks (right inseam).
This figure was generated using PDB 7CYQ [65].
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The analysis by Slanina et al. [53] indicated that the nsp9 N-terminal

tripeptide motif NNE was required for nsp9 to act as a substrate; Alanine

or Serine substitutions at residues 1 and 3 mitigated the activity while posi-

tion 2 mutants fully ablated the in vitro UMPylation [53]. These mutations

hampered HCoV-229E viral replication in cell culture, highlighting that the

native nsp9 N-terminus is essential during the viral lifecycle [53]. With the

preference for UTP shared between EAV and HCoV-229E NiRAN

domains, the authors favor the hypothesis that nsp9 UMPylation may be

involved in a protein-dependent priming mechanism analogous to the role

of VPg in picornaviral replication [66]. In vitro results by Yan et al. [65] dem-

onstrated that the NiRAN GTase activity guanylates the 50-end of RNA

substrates [65]. Importantly, this reaction required the presence of nsp13

which would serve to remove the 50-γ-phosphate prior to the guanylation,

suggesting relevance to the RNA capping mechanism.

4. Concerted enzymatic functions vital to replication/
transcription

The holo-RdRp is the central enzymatic complex of the replication/

transcription process. Other nsps involved in nucleic acid transactions

(Fig. 1) mediate essential processes of their own which likely occur in coor-

dination with the holo-RdRp. Protein–protein interaction studies suggest

that constituents of the holo-RdRp may physically interact with other viral

RTC subunits. Nsp8 has been shown to interact with nsp9, nsp10, nsp13,

nsp14, nsp15 and nsp16 in pull-down assays based on a reticulocyte lysate

in vitro transcription/translation system in which nsp12 was also character-

ized to interact with the above RTC subunits [32,44]. A potential caveat

is that insufficient data are present to rule out that these interactions occur

indirectly through nucleic acid binding. Subsequent work expanded on the

functional significance of some of these interactions; for example, nsp12 can

enhance the viral nsp13 helicase unwinding activity [67], suggesting a phys-

ical interaction. Still to be discerned in detail is how the exonuclease, nsp14,

functions in conjunction with the RdRp during proofreading [68]. Also,

of great interest would be to elucidate how the separate nsps mediating

individual enzymatic steps of RNA capping function in concert with each

other to regulate this process [69,70]. Given the essentiality of both proof-

reading and capping for viral fitness, elucidating the underlying mechanisms

will be informative in exploring the druggability of both pathways as well as

revealing the mechanisms particular to CoVs. Below, we describe what is

known about the molecular basis underlying these pathways.
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4.1 Proofreading and nsp14 ExoN activity
A combination of comparative sequence and mutational analyses of nsp14

led to the prediction that it contained an exonuclease (ExoN) domain at

its N-terminus, linked to the C terminal MTase domain [71]. The

MTase domain has been implicated in the capping process that will be dis-

cussed later. The ExoN function of nsp14 is unique to nidoviruses having

a genome size >20kb, being notably absent in the Arterivirdae family

with genome sizes of�13–16kb [5]. This suggested a link between genome

size and the requirement for a proofreading machinery [5]. Initial genetic

evidence indicated that loss of function mutations in the ExoN active site

were deleterious for viral replication but yielded viable progeny [72,73].

Bouvet et al. [74] reconstituted SARS-CoV nsp14 biochemical activity,

highlighting a 30–50 ExoN activity on a forked dsRNA substrate that is

enhanced in the presence of its cofactor nsp10. In other studies, it was

observed that loss of ExoN function led to mutator phenotypes and/or

enhanced susceptibility to nucleotide analogues such as 5-Fluorouracil

and Ribavirin [68,75–77]. Both analogues are incorporated into RNA

chains by the RdRp and act as chain terminators, indicating that the

nsp14 ExoN activity can excise misincorporated nucleotides from nascent

RNA strands. A recent report found that the set of nsp14 ExoN inactivating

mutations that were deleterious but nonlethal for Murine Hepatitis

Virus (MHV) and SARS-CoV [76] led to nonviable viral progeny in

SARS-CoV-2 and MERS-CoV [72]. Interestingly this suggests that some

β-CoVs utilize the ExoN in an essential aspect of the viral lifecycle other

than proofreading, or that the requirement for proofreading is more strin-

gent in SARS-CoV-2 and MERS-CoV and as such these latter viruses

are more sensitive to ExoN inhibition.

The contrasting effects of loss of function mutations in β-CoV family

members coincide with subtle differences in the reconstituted biochemical

activity. While bulkier adducts are excised inefficiently by the SARS-CoV

complex as is evident through the protection conferred by the presence

of puromycin at the RNA 30 end [74], in studies utilizing reconstituted

SARS-CoV-2 nsp10–14, the excision of bulky moieties like biotin was

observed in an apparent endoribonucleolytic cleavage [78]. The authors

concluded that these discrepancies may be a result of differences in the

handling and storage of the purified enzymes although the difference may

amount to intrinsic enzymatic differences. Characterizing the respective

enzymatic activities across the spectra of the CoV family will help unravel

the role of the exonuclease in the viral lifecycle. Remaining key questions
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focus on how the signal from the mis-incorporated product is propagated

through the RTC to the exonuclease complex. There are two schools of

thought on this process; one mandates that the nascent primer strand

must be transferred directly from the active site of the RdRp to the active

site of the exonuclease whereas the second mechanism argues that nascent

strand could be extruded through a periphery channel on the RdRp to the

mouth of the exonuclease active site. Both postulations are precedented

given similar mechanisms demonstrated for other DNA and RNA polymer-

ases. The former mechanism is best described for phage DNA polymerases

such as T4, T7 and phi29 that are known to transfer the primer strand

approximately 40Å or more to the ExoN domain encoded at the polymer-

ase N-terminus [79–81]. The basis of the latter mechanism is detailed in

Section 4.3.

Both postulations are based on the reasoning that the 30-p-RNA is

sterically inaccessible to the nsp14 active site when engaged with the

RdRp active site. As such, either the RdRp must dissociate when stalled

or the p-RNA needs to be repositioned to allow for nsp14 engagement.

Single molecule experiments that track the behavior of the RdRp during

elongation will enhance our understanding in relation to whether the

RdRp dissociates following nucleotide misincorporation or if it remains

bound in an arrested state.

4.2 Nsp13: An essential CoV helicase
Inherent to the mechanism of proofreading may be role of the viral helicase,

nsp13. Nsp13 is a superfamily 1B (SF1B) helicase that mediates nucleic

acid unwinding with a 50!30 polarity [82–85]. Nsp13 can unwind both

dsDNA and dsRNA substrates that have a 50 single stranded overhang in

an NTP dependent manner [67,86,87]. Besides its role as a helicase,

nsp13 harbors RNA 50-triphosphatase activity that is thought to play a role

in viral RNA capping [69,88,89]. The helicase is essential for replication

in the nidovirus EAV [90–92] and in the β-CoV MHV [93], and is postu-

lated to be essential in all nidoviruses [4,83,89,92]. As such, it is a promising

pan-CoV drug target. With early work showing a twofold enhanced

unwinding rate in the presence of the RdRp [67], there was evidence that

the ternary RdRp-nsp13 complex, if characterizable, would be functionally

significant. Recent work determined that nsp13 could form a stable complex

with theRTC inwhich cryo-EM structures revealed that nsp13 forms inter-

actions with nsp7, nsp8, nsp12, and the t-strand RNA downstream of the
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RdRp active site [7,65]. Surprisingly, two copies of nsp13 were bound to

the RTC, with only one of the nsp13 protomers interacting with the

t-strand RNA (Fig. 6).

These structural results posed a conundrum since the RdRp and nsp13

have opposing translocation polarities (Fig. 6). The RdRp translocates on

the t-strand RNA in the 30!50 direction whereas nsp13 bound to the

t-strand RNA translocates in the 50!30 direction, leading to a transloca-

tion conflict. To reconcile this conundrum, Chen et al. [7] proposed that,

under certain circumstances, the translocation activity of nsp13 may push

the RdRp backwards on the RNA template. The backwards motion of

cellular DNA-dependent RNA polymerases (DdRps), a process known

as “backtracking,” has been well described. In DdRps, the 30-end of the

nascent RNA transcript forms a 9 or 10 base pair RNA-DNA hybrid

with the t-strand DNA [94]. During backtracking, the RNA maintains

base pairing register with the t-strand DNA, resulting in the RNA tran-

script reverse-threading through the complex. This activity disengages

the RNA 30-OH from the DdRp active site, generating a 30-single
stranded RNA fragment that extrudes out the DdRp NTP-entry channel

[94–97].
Although the cellular DdRps and viral RdRps are not evolutionarily

related, their active sites have architectural similarities [7]. Like the DdRp

Fig. 6 Surface rendered model of the nsp13-RTC [7]. Nsp13 binds to the 50 t-RNA strand
downstream of the RdRp active site. Nsp13 structural domains are highlighted to indi-
cate the domains involved in holo-RdRp and RNA binding (left). Nsp13 translocates on
the t-RNA (cyan) in the 50-30 direction, whereas the RdRp translocates in the 30-50 direc-
tion on the t-RNA.
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NTP-entry tunnel, the viral RdRp NTP-entry tunnel is positioned to

accommodate the 30-single-stranded p-RNA fragment that would arise

during backtracking [37]. Indeed, single molecule observations of elongat-

ing F6, poliovirus, rhinovirus C, and SARS-CoV-2 RdRps have character-

ized an arrested complex consistent with backtracking [98–100]. Additional
new structural evidence supports the role of the SARS-CoV-2 RdRp

NTP-entry tunnel in accommodating the backtracked RNA [101].

Given the functional and structural evidence suggesting that backtracking

is relevant for the SARS-CoV-2 RdRp and that nsp13 may facilitate

backtracking, two potential roles for backtracking in the viral life cycle were

proposed (Fig. 7), one in “proofreading” as discussed in Section 4.1, and the

other in template-switching during sg-transcription [7].

4.3 Template switching and helicase function
In the model for template switching (described in Section 2.1), it must

be explained how the cTRS-B, which has just been transcribed by the

RdRp and is therefore enclosed in the stalled RdRp active site, can become

available for base pairing to TRS-L. One model suggests that template

switching involves a termination event, meaning the RdRp releases from

theRNA, freeing the cTRS-B to base pair with TRS-L. An alternativemodel

builds on the backtracking premise as shown in Fig. 7B [7,14,16,102]. Stalling

of the RdRp after transcription of the TRS-B could allow nsp13 to engage

with the downstream t-strand RNA, and the nsp13 translocation activity

could mediate backtracking, which would expel the 30-end of the p-RNA

strand containing the cTRS-B sequence out through the NTP-entry tunnel.

The exposed cTRS-B could then base pair with the nearby TRS-L, and a

second RdRp could then load onto the cTRS-B 30-end to complete tran-

scription of the 50-leader.
Complicating the situation further, the host helicase DDX1 has been

shown to be crucial for sg-transcription. In studies on MHV, DDX1 was

present in pull-downs of the Nucleocapsid (N) protein, pointing to its

potential role during infection. In particular, DDX1 binds to phosphory-

lated Ser197 N protein (pS197-N) [103]. Disruption of the DDX1-

pS197-N interaction led to a pronounced loss in longer sg-RNA transcripts

as revealed by pharmacological perturbations and DDX1 knockdowns

[103]. The N protein-DDX1 interaction was also described in IBV [104]

as well as more recently in SARS-CoV-2 [105], suggesting a conserved role
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Fig. 7 See figure legend on next page.
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across CoVs. With DDX1 possessing both 50-30 and 30-50 polarities [106], its
role in template switching is not antagonistic to the described hypothesis of

nsp13. Mechanistically it may act to destabilize the TRS-L:cTRS-B inter-

action and thereby prevent the association of a second Holo-RdRp. With

DDX1 additionally shown to interact with nsp14, the exonuclease may be

recruited to excise the backtracked cTRS-B restoring the RdRp to a cata-

lytically competent state [107]. Future experiments will hopefully unravel

the function of both host and viral helicases in template switching.

Fig. 7 Structural basis for the proposed role of nsp13-mediated backtracking during
proofreading and template switching during sg-transcription [7,101]. Structural models
are shown as cartoons (holo-RdRp, light blue or gray; nsp13.1 helicase, orange shades;
RNA strands, colored tubes). The nsp13.2 helicase is not shown for clarity (all of the
models are compatible with the presence of nsp13.2). With each structural diagram
is a schematic cartoon illustrating the arrangement of RNA strands. Additional proteins
involved in these processes are omitted. The product RNA (p-RNA) being elongated by
the RdRp is shown in red. (A) Structural basis for the proposed role of nsp13-mediated
backtracking during proofreading: (i) In most cases, the RdRp elongates the p-RNA rap-
idly and processively [99] (in this orientation, the RdRp moves from right to left; green
arrow). The single-stranded 50-t-RNA segment (cyan) is not engaged with nsp13; (ii),
(iii) Infrequently, a mis-matched NTP or a nucleotide analog (represented by the black
dot) binds in the RdRp active site (ii) and is incorporated at the p-RNA 30-end (iii);
(iv) The misincorporation causes the RdRp to pause or stall, allowing nsp13 to engage
with the single-stranded 50-t-RNA segment; (v) nsp13 translocation in the 50!30 direc-
tion (orange arrow) and the hindered RdRp elongation activity (due to the mismatch)
results in backtracking (backwards motion of the RdRp, red arrow) with extrusion of
the p-RNA 30-end out the RdRp NTP-entry tunnel [101]; (vi) The p-RNA 30-end is exposed
to the nsp10/14 ExoN proofreading activity, resulting in removal of the
mis-incorporation and return to the elongating state. (B) Proposed role of nsp13-
mediated backtracking in template-switching associated with sg-transcription [see
Refs. [4,14,83,102]: (i) (�)-strand RNA synthesis proceeds from the genomic
30-poly(A)-tail until a Transcription-Regulating Sequence [TRS-R, orange; [15]] is tran-
scribed (cTRS, yellow); (ii) The TRS causes transcription complex stalling; (iii) Helicase
function acting on the (+)-strand RNA (cyan) causes backtracking of the transcription
complex [101], freeing the pRNA 30-end; (iv) The p-RNA 30-end cTRS (yellow) hybridizes
with the complementary TRS-L (orange) following the genomic 50-leader sequence
[magenta; [15,16,18]; (v) Processive helicase function backtracks the RdRp complex
and unwinds the p-RNA from the genomic 30-end. A second holo-RdRp (holo-RdRp2)
can load into the p-RNA 30-end and continue transcription using the 50-leader as template.
This figure is adapted from Fig. 6c of Chen, J., B. Malone, E. Llewellyn, M. Grasso, P.M.M.
Shelton, P.D.B. Olinares, K. Maruthi, E.T. Eng, H. Vatandaslar, B.T. Chait, T.M. Kapoor, S.A.
Darst, and E.A. Campbell, Structural basis for helicase-polymerase coupling in the
SARS-CoV-2 replication-transcription complex. Cell, 2020 182, 6, 1560–1573.
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4.4 RNA capping
Alongside the proofreading pathways, targeting the CoV RNA capping

pathway is promising in drug discovery. RNA capping is required for both

translation initiation as well as to dampen the host immune response to

uncapped RNA. The host cell RNA capping machinery is restricted to

the nucleus, while viral replication, transcription, and capping must occur

in the ROs and/or in the cytoplasm. Therefore, CoVs have evolved their

own RNA capping machinery that is distinct from the host. The niche

assembly of factors required to produce the Guanine cap have been struc-

turally defined in isolation (Fig. 1), with a remaining goal being to decipher

the potential for higher order complexes that could coordinate and regulate

the individual capping enzymes. With evidence suggesting an interactome

of the individual factors [44,47], their activities may be modulated through

the formation of a ternary complex analogous to a viral RNA capping assem-

bly line [108]. The RNA capping complex is postulated to minimally

comprise the holo-RdRp alongside nsp13, nsp10/14, and the nsp10/16

complex. These factors perform a concerted set of enzymatic activities that

begins with the synthesis of RNA by the RdRp. This is followed by hydro-

lysis of the 50 triphosphate by an RNA triphosphatase (RTPase), addition of

the GMP cap in a 50-50 orientation by a guanyltransferase (GTase), methyl-

ation of the cap at position N7 by a N7 methyltransferase (N-7 MTase), and

finally formation of 20 hydroxy methyl cap via a 20-O-methyltransferase

(20-O-MTase) (see Fig. 8). Below, we describe the roles of the viral nsps

in this process. (See Fig. 8.)

The RTPase activity is mediated by nsp13, in which the binding pocket

for the viral RNA 50-triphosphate is coincident with the ATPase active site

[83,89]. Conserved residues important for ATPase activity have been

shown to also be important for RTPase activity [88]. Given the shared bind-

ing site for the NTPase & RTPase activities, the authors further showed

that the presence of ATP competitively inhibited the RTPase activity.

Pharmacological inhibitors that bind in this pocket are likely to affect viral

replication by perturbing both the NTPase &RTPase activities highlighting

it as a possible druggable site.

Next, a GMP is transferred to the 50-diphosphate of the RNA by a

GTase, generating GpppN-RNA. The enzyme responsible for this crucial

step of viral RNA capping has yet to be identified, but a leading candidate is

the nsp12 NiRAN domain. The NiRAN domain has demonstrated GTase

activity when modifying a model RNA substrate [65]. This reaction was

dependent on the presence of nsp13, consistent with the expected
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Fig. 8 The CoV RNA capping pathway. Surface rendered models of nsp13 (PDB 6XEZ [7]), nsp12-NiRAN (6XEZ [7]), nsp10–14 (5C8S [8]) and
nsp10–16 (6WKS [109]) (top panel—left to right). The active site domains are transparent to expose cartoon models and substrate binding
sites. The reaction scheme depicts the chemical structures of the reactants & products in which the modification is highlighted with a red
dotted circle (bottom panel).

http://firstglance.jmol.org/fg.htm?mol=6XEZ


requirement for the nsp13 RTPase activity. Slanina et al. [53], however,

found that UTP was the preferred NiRAN substrate (at least for nsp9)

and argued this was inconsistent with the NiRAN domain acting as the

RNA capping GTase [65]. Given the accepted pleiotropic activities of

the viral nsps, it would not be surprising if the NiRAN enzymatic activity

played multiple roles. To further develop our understanding of the NiRAN,

future studies will hopefully expand on the substrate preferences (nucleic

acid vs protein) of the targeted nucleotidylation activity. These studies are

likely to take advantage of a reconstituted biochemical system composed

of all the capping complex components which would allow for monitoring

of the production of the Guanine cap through highly sensitive readouts like

MS or autoradiographs. Ultimately, in vivo studies will be required to fully

establish the identity of the GTase that caps the viral RNAs in infected cells.

Following the putative GTase activity, the guanine base is methylated at

N7 by the nsp14N7-MTase in an S-adenosyl methionine (SAM) dependent

manner, producing the “cap-0 structure” 7MeGpppN (Fig. 8). Nsp14 was

determined to specifically methylate GpppN rather than 7MeGpppN, indi-

cating it lacked discernable 20O-MTase activity [110]. In contrast to the

nsp14 ExoN activity, the methylation activity is not significantly enhanced

by the presence of the cofactor nsp10 [110]. This is unsurprising as nsp10 is

bound directly to the N-terminal ExoN domain, which is connected

through a flexible “hinge” to the MTase domain [8,111]. Structurally,

the MTase active site tightly couples the association of the SAM donor

methyl group and the GpppN acceptor in an electrostatic environment ame-

nable for methylation [8,111].

The substrate and donor pockets of the nsp14 MTase are accessible to

natural inhibitors such as S-adenosyl-homocysteine and are plausible ther-

apeutic targets [112]. The pleotropic activities of nsp14 are functionally

entwined through the “hinge,” which may mediate intermolecular inter-

actions with other viral RTC components and host proteins. With previ-

ous discussion points delving into the interactions between nsp14, the

holo-RdRp and nsp13; the capping substrates may be channeled to the

respective RTC subunits for increased efficiency [113]. Linked to this is

the observation that nsp14 interacts with inosine monophosphate dehydro-

genase (IMPDH) which mediates the rate limiting step in Guanine biosyn-

thesis [114]. This interaction may allow CoVs to prioritize Guanine usage

by streamlining the conversion of purine precursors in the vicinity of

the RTC.
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In the final step of capping, nsp10/16 methylates the ribosyl 20-hydroxyl
of the Guanine cap linked nucleotide to form the “cap-1 structure”
7MeGpppN2me (Fig. 8). Similar to the nsp14 N7-MTase, the 20O-MTase

catalyzes a SAM dependent methylation that is indispensable to the viral

lifecycle. This is in-part due to the increased stability that cap modifications

confer to cytosolic mRNAs by mitigating detection by the innate immune

effectors such as IFIT [115,116]. Recent advancements in our structural

understanding of nsp10/16 have been spurred by high resolution crystal

structures of nsp10/16 bound to its cofactor SAM with a cap-0 RNA

and bound to an inhibitor Sinefungin [10,109,117–119]. A tentative path

for the RNA is found in a positively charged “canyon” that is nestled before

the 50 Guanine cap and SAM binding pockets [10,109,119]. A rearrangement

of two gating loops in the cap pocket favors the interaction with the cap

and repositions the 20-OH of the next nucleotide for an inline attack on

the SAM methyl donor group [109]. The reported bias for methylation of

adenosyl 20-OH may stem from an electrostatic clash with the guanine N2

amine and the SAM sulfur [109]. Structural studies also aided our under-

standing of the mode of inhibition of the natural compound, Sinefungin,

which is bound in the SAM pocket [10,119]. By providing the basis for

its recognition, optimizing the pharmacokinetic properties of Sinefungin

may benefit from bioisosteric replacements [120].

5. Antivirals targeting the RdRp

5.1 Remdesivir
Targeting the holo-RdRp has gained significant traction in drug development

due to the early signs of clinical success with Remdesivir (Rdv) [121]. Rdv

was initially trialed as a treatment against Ebola, where it showed moderate

preclinical success but lacked efficacy in a phase III clinical trial [122].

The hunt for effective therapeutics at the onset of the Covid-19 pan-

demic led to a potential role for Rdv, which was later established to improve

clinical outcomes and shorten hospitalization stays [121]. Rdv is a nucleotide

analog prodrug that is metabolized to a triphosphate form resembling ATP

(Rdv-TP). Early insights into the mechanism of action of Rdv confirmed

the RdRp as the target and identified resistance mutations in the active site

following selection [123]. The authors also demonstrated that the nsp14

ExoN activity, an obstacle in the search for effective nucleotide analogues,

reduced the effectiveness of Rdv but to a smaller degree than other
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nucleotide analogues such as 5-fluorouracil and Ribavirin [76,111,123].

A key advantage for Rdv over other nucleotide analogues is its enhanced

selectivity over ATP by SARS/MERS-CoVs RdRps [124,125]. Following

incorporation of Rdv-TP, the RdRp elongates until stalling when the

Rdv 10-ribose cyano group clashes with the sidechain of nsp12 S861, hinder-

ing further translocation [124–128] (Fig. 9). This observation led to initial

descriptions of the mechanism of inhibition as delayed chain termination.

However, under the saturating nucleotide concentrations occurring in the

cellular milieu, the translocation block is surmounted [99,126–128],
suggesting that Rdv is incorporated throughout the nascently synthesized

CoV genome [124,127].

The incorporation of Rdv in the (�)-sense t-strand has implications for

a second proposed mechanism of antiviral activity—template dependent

inhibition. The premise of this mechanism is that the presence of Rdv in

the RNA t-strand hinders incorporation of the opposing UTP [126].

Supporting this mode of inhibition is the finding that a much higher con-

centration of UTP is required to alleviate this block, indicating that this

mechanism of inhibition may be more relevant for RdRp inhibition

in vivo [126]. The in vitro characterized resistance mutation V557L lowered

the UTP concentrations needed to surmount this barrier fivefold, reflecting

that this mechanism may exert a selective pressure leading to escape muta-

tions [123,126]. Incorporation of the next nucleotide was also rate-limiting,

demonstrating that Rdv in the �1 position of the t-strand RNA hinders

binding and/or catalysis of the active site NTP [126]. Single molecule

magnetic tweezer experiments demonstrated that Rdv-TP incorporation

did not lead to delayed chain termination at saturating NTP concentrations

but instead led to an increased frequency of pauses, consistent with a

rate-limiting translocation step [99]. As such, a combinatorial set of bio-

chemical, single molecule and structural results point to the occurrence of

several major rate-limiting steps in the presence of Rdv that perturb the

normal replication/transcription cycle.

5.2 Favipiravir
Another promising inhibitor of the RdRp is the nucleotide analog

Favipiravir (Fvp). Fvp, a purine base analog licensed in Japan for use in the

treatment against influenza virus, has been the focus of several clinical trials

that are testing its efficacy for the treatment of COVID-19. In contrast to

Rdv, Fvp exhibits relatively poor selectivity compared to ATP, rendering
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Fig. 9 (A) The holo-RdRp is the target of Remdesivir (Rdv). (B) Chemical structure of
Rdv-triphosphate (Rdv-TP) with the 1-cyano group highlighted in blue. (C) (Left) At
low nucleotide concentrations, Rdv inhibits RNA synthesis via the delayed chain termi-
nation mechanism [124–126]. Following incorporation of Rdv at the 30-end of the RNA
p-strand and translocation, twomore cycles of NTP addition and translocation can occur
rapidly (top panel). A third NTP following the Rdv can be incorporated by the RdRp, but
further translocation is hindered by steric clash of the Rdv 1-cyano group with the side
chain of nsp12 Ser861 (PDB 7B3B [127]), forcing the RdRp into a pretranslocated stalled
state (7B3C [127]). (Right) At high nucleotide concentrations, the presence of a nucleotide
substrate in the “insertion” site prohibits the reversion from post to pre-translocated
states. The p-RNA can thus be extended past the pause induced by Rdv at the p-RNA
“�3” position [99,126].
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it an unlikely competitor [124]. Gel based primer elongation assays indi-

cate that Fvp is incorporated more efficiently opposite a cytosine, whereas

it induces chain termination events if used as an ATP analog [131].

Interestingly, magnetic tweezer experiments demonstrated that Fvp triggered

backtracking of the poliovirus RdRp when used as an ATP analog [98].

Should Fvp induce a similar backtrack in CoVs, the ExoN may excise the

incorporated nucleotides as discussed in Section 4.1. The in vivo relevant

mechanism of inhibition likely involves its role as a Guanosine analog,

through which it hampers viral replication fidelity via lethal mutagenesis

[131]. Two recent studies have provided structural snapshots of RdRp bound

to Fvp [129,132]. In these structures, Fvp binds in a catalytically inactive state

(Fig. 10), which is consistent with its relatively poor selectivity [129].

6. Conclusion

The urgency of mitigating the COVID-19 pandemic has led to a surge

of basic research to understand the complex SARS-CoV-2 viral life cycle.

Structural biology is playing a pivotal role in many areas, including contrib-

uting to a basic understanding of the viral replication/transcription program

Fig. 10 Favipiravir (Fvp) targets the holo-RdRp active site. Fvp bound in the active site
readily adopts a conformation incapable of undergoing catalysis (left; PDB 7AAP [129]).
By contrast, the correct conformation of the incoming nucleotide features a 120° rota-
tion around the ribose O50-α-phosphate bond, setting up an in-line nucleophilic attack
by the p-RNA 30-OH (right—modeled using PDB 6SZV [130]).
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as well as providing insights for antiviral development. Future work prom-

ises to provide increasingly informative views of the RdRp and other critical

enzymes with known and novel inhibitors. Most excitingly, developments

in cryo-electron microscopy (single-particle analysis as well as tomography)

are enabling structural studies with the potential for revealing how the

SARS-CoV-2 nsps coordinate with each other to accomplish their func-

tions, both in vitro and in vivo.
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