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Abstract

The persistence of the coronavirus disease 2019 (COVID-19) pandemic has
resulted in increasingly disruptive impacts, and it has become the most dev-
astating challenge to global health in a century. The rapid emergence of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants
challenges the currently available therapeutics for clinical application. Non-
structural proteins (also known as replicase proteins) with versatile biological
functions play central roles in viral replication and transcription inside the
host cells, and they are the most conserved target proteins among the SARS-
CoV-2 variants. Specifically, they constitute the replication–transcription
complexes (RTCs) dominating the synthesis of viral RNA.Knowledge of the
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molecular mechanisms of nonstructural proteins and their assembly into RTCs will benefit the
development of antivirals targeting them against existing or potentially emerging variants. In this
review, we summarize current knowledge of the structures and functions of coronavirus nonstruc-
tural proteins as well as the assembly and functions of RTCs in the life cycle of the virus.
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INTRODUCTION

As of February 2022, the coronavirus disease 2019 (COVID-19) pandemic has caused over
396 million infections and over 5.7 million deaths worldwide (1). It has become one of the most
disastrous infectious diseases in human history.

The causative agent of COVID-19, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), is a positive-sense, single-stranded RNA (+ssRNA) virus in the Betacoronavirus genus
of the Orthocoronavirinae subfamily, Coronaviridae family, Nidovirales order (2). Coronaviruses
have a long history of circulating in the human population. HCoV-229E and HCoV-OC43
were first identified in 1966–1967 and shown to cause mild respiratory tract infections and
symptoms similar to the common cold (3, 4). Since 2003, severe acute respiratory syndrome
virus (SARS-CoV), Middle East respiratory syndrome virus (MERS-CoV), and SARS-CoV-2,
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all with severe pathologies, have emerged, highlighting the need to understand and defeat these
viruses.

CoV has a remarkably large +ssRNA genome (approximately 30 kb); thus, it employs a set of
unique mechanisms to ensure efficient synthesis of viral RNA (5). After the virus enters the host
cell, the successive replication and transcription of CoV involve negative-sense RNA synthesis
to create a full-length complementary RNA (cRNA) or subgenomic RNA (sgRNA) template and
the subsequent copying of cRNA or sgRNA into positive-sense progeny genomic RNA (gRNA)
or subgenomic mRNA (6). Both CoV gRNA and mRNA are capped at their 5′ end with cap(1)
(7MeGpppA2′OMe) structure and are polyadenylated at their 3′ end, but polyuridylic acid (instead
of the cap structure) is decorated at the 5′ end of cRNA (7–9). The 5′ cap(1) structure on CoV
gRNA/mRNA, in which an N7-methyl-guanine moiety is linked to the first 5′ nucleotide of
the nascent pre-gRNA/mRNA and the ribose 2′-O position of the first transcribed nucleotide
is further methylated (8, 10, 11), is important for promoting initiation of translation, protecting
mRNAs, and helping the virus escape host immune recognition (12). The cotranscriptional cap-
ping of gRNA/mRNA is exerted by four processive actions (13). First, an RNA 5′-triphosphatase
(RTPase) removes the γ-phosphate from the 5′-triphosphate end (pppA) of the nascent pre-
gRNA/mRNA to generate the 5′-diphosphate end (ppA) (14, 15). Second, a guanylyltransferase
(GTase) transfers a guanosine monophosphate to the remaining 5′-diphosphate end to yield
the cap core (GpppA) (13). Third, an N7-methyltransferase (N7-MTase) methylates the first
guanine at the N7 position to produce the cap(0) (7MeGpppA) (16). In the final step, a 2′-O-
methyltransferase (2′-O-MTase) converts cap(0) into cap(1) (7MeGpppA2′OMe) by methylating
the ribose 2′-O position of the first transcribed nucleotide to complete the capping process (10,
11, 17).

The genome of SARS-CoV-2 encodes 4 structural proteins, 16 nonstructural proteins (nsp1–
nsp16), and several accessory proteins (18). Nonstructural proteins, also known as replicases,
play essential roles in every aspect of the life cycle of the virus inside the host cells (Figure 1).
After entry into the host cells, nonstructural proteins are translated and subsequently assem-
ble the replication–transcription complex (RTC). This complex is responsible for a variety of
processes, including all key steps in replicating and transcribing the viral genome, forming a
molecular pore on double-membrane vesicles (DMVs), and regulating protein translation in host
ribosomes.

Since the outbreak of severe acute respiratory syndrome (SARS) in 2003, our understanding of
the structures and functions of CoV-encoded nonstructural proteins has grown rapidly. In partic-
ular, benefiting from great advances in single-particle cryogenic electron microscopy (cryo-EM)
technology, investigations of the assembly of the CoV RTC have made significant progress, al-
lowing for visualization of the dynamics of CoV living in host cells. In this review, we discuss the
key structural knowledge of CoV nonstructural proteins gained from studies of SARS-CoV-2 and
other CoVs and their assembly into complicated RTCs. Structural proteins and accessory proteins
also play essential roles in CoV proliferation; however, due to space limitations, we focus only on
nonstructural proteins and RTCs.

NONSTRUCTURAL PROTEINS

nsp1

The protein nsp1 is the N-terminal cleavage product of the replicase polyprotein encoded by
the CoV genome and is a virulence factor in SARS-CoV-2 infection. It folds into an N-terminal
domain with a β-barrel structure (19–21) and a C-terminal domain adopting a helix-turn-helix
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Figure 1

Nonstructural proteins encoded by SARS-CoV-2. Domains in nsp1–nsp16 with known functions are indicated. Abbreviations:
2′-O-MTase, 2′-O-methyltransferase; 3Ecto, ectodomain; Adp, adaptor; Cf, cofactor; DMV, double-membrane vesicle; DPUP, domain
preceding Ubl2 and PLpro; endoU, endoribonuclease; ExoN, exoribonuclease; HEL, helicase; HVR, hypervariable region; Macro,
macrodomain; Mpro, main protease; N7-MTase, N7-methyltransferase; NiRAN, nidovirus RdRp-associated nucleotidyltransferase; nsp,
nonstructural protein; PLpro, papain-like protease domain; Pr, primase; RdRp, RNA-dependent RNA polymerase; RTC, replication–
transcription complex; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ssRNA, single-stranded RNA; TM,
transmembrane region; Ubl, ubiquitin-like domain; Y, Y1 and CoV-Y.

(HTH) fold (22–24) (Figure 2a). The C-terminal domain of SARS-CoV-2 or SARS-CoV nsp1
occludes the entrance of the mRNA channel in the host ribosome, thus inhibiting the translation
of targeting antiviral signaling pathways to suppress host innate immunity (22–26). Meanwhile,
its N-terminal domain binds to the 5′ untranslated region (5′-UTR) of the viral genome with
high affinity (0.31 μM) (27). Also, nsp1 promotes the degradation of host mRNAs by cleavage of
their 5′-UTR,which in turn leads to accelerated cellular 5′-3′ exoribonuclease 1–mediated mRNA
decay (28, 29). The binding of nsp1 to the viral genome 5′-UTR with high affinity may play a
role in helping the virus escape mRNA decay mediated by nsp1 (30). A recent study showed that
the SARS-CoV-2 nsp1 N-terminal domain forms a stable complex with DNA polymerase α in
the human primosome (31). In that work, although the full-length nsp1 was used for structural
study, only the N-terminal domain could be traced in the experimental cryo-EM density, indicat-
ing the N- and C-terminal domains may simultaneously exert their different functions.

nsp2

One of the most variable nonstructural proteins among CoVs, in terms of both its primary se-
quence and biological function, is nsp2. It is related to viral replication, protein expression, local-
ization, and antagonism of the regular activity of host cells (32, 33). However, the precise function
of nsp2 in the CoV life cycle is not fully understood. We have determined the crystal structures
of the N- and C-terminal fragments of SARS-CoV nsp2 [Protein Data Bank identifier (PDB
ID): 7FA1 and 7FAC] and infectious bronchitis virus (IBV) nsp2 (PDB ID: 7F52) (Z. Lou & Z.
Rao, unpublished results). The protein nsp2 adopts a multidomain architecture containing a zinc
finger–rich domain (ZRD) at the N terminus composed of three zinc fingers, a helix-rich domain
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in themiddle resembling an armadillo repeat–like fold, and aC-terminal domain consistingmostly
of loops and coils with high structural flexibility (Figure 2b). Comparison of nsp2 structure with
entries in the PDB generates no obvious homologues.The structure-function relationship of nsp2
needs further investigation.

nsp3

CoV nsp3 is the largest protein and one of three membrane-associated proteins encoded by the
CoV genome. It generally adopts eight featured domains: the ubiquitin-like domain 1 (Ubl1),
the Glu-rich acidic domain [also known as the hypervariable region (HVR)], macrodomains I–III
(Macro I–III), a domain preceding Ubl2 and the papain-like protease domain containing Ubl2
(PLpro) (DPUP), PLpro, the ectodomain (3Ecto) [also known as the zinc-finger (ZF) domain] lo-
cated between two transmembrane regions (TM1 and TM2), and two Y domains (Y1 and CoV-Y).
This protein plays versatile roles in CoV proliferation, including self-release from pp1a/pp1ab by
its PLpro, interacting with virus or host proteins, and, in particular, participating in forming RTCs
and DMVs (34–39). The structures of many fragments of CoV nsp3 have been determined sepa-
rately (reviewed in 40), but the structure of the full-length nsp3 remains unresolved.

nsp4 and nsp6

Alongside nsp3, CoV encodes another two membrane-spanning proteins: nsp4 and nsp6 (41, 42).
The 56-kDa nsp4 is released from polypeptide by the combined activity of the nsp3 and nsp5
proteases. The protein nsp4 is predicted to have four transmembrane domains: an N-terminal
transmembrane domain, a luminal domain, three closely spaced additional transmembrane re-
gions, and a small C-terminal domain (approximately 100 residues) that is exposed to the cytosol
(41, 42). The structure of nsp4 is largely unknown, although the structure of its C-terminal
domain has been determined by crystallography (43, 44). The other membrane-spanning protein,
nsp6, is an integral membrane protein (42) and activates autophagy (45). Structural details about
nsp6 are unavailable. Although the molecular details for nsp4 and nsp6 are largely unknown,
they, together with nsp3, are able to induce DMVs as CoV replication organelles (38) and form
a hexameric crown-shaped pore structure that spans DMVs as the opening to the cytosol (46).
This pore structure is proposed to interact with RTCs inside DMVs and export RNA to the
cytosol (46).

nsp5

The next nonstructural protein, nsp5, is a 3C-like protease (3CLpro) bearing a typical
chymotrypsin-like fold (47–51). It proteolytically releases nsp4/nsp16 from pp1a/pp1ab as individ-
ual proteins (34, 52–54), and therefore, it is known as the main proteinase (Mpro). The catalytic site
of nsp5 can be summarized with the P4-P2′ consensus motif (small)-X-(L/I/V/F/M)-Q↓(S/A/G),
where X is any amino acid and ↓ represents the cleavage site (54). Because of its crucial function
and the absence of homologues in humans, nsp5 is one of the most attractive targets for antiviral
development (e.g., PF-07321332) against SARS-CoV-2 and other CoVs (47, 55–62).

The three domains of nsp5 are shown in Figure 2c (47, 48, 55). Domains I and II have antipar-
allel β-barrel structures, clamping the substrate-binding site. Domain III contains five α-helices
arranged into a largely antiparallel globular cluster. Moreover, nsp5 forms a homodimer in the
crystal, in which the N terminus (also called the N finger) of one protomer helps shape the S1
pocket and the oxyanion hole of the other protomer; hence, dimerization is a prerequisite for its
catalytic activity (47, 48).
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nsp7 and nsp8

Together, nsp7 and nsp8 form a stable complex (Figure 2d, subpanel i) and are the cofactors of
polymerase nsp12 to form RTCs. Biochemical studies identified that nsp8 is a second polymerase
unique in CoVs and that the nsp7/nsp8 complex is capable of de novo RNA synthesis and
extension with low fidelity on ssRNA templates, thus leading to the proposal that nsp8 serves
as an RNA primase to synthesize short oligonucleotide primers for subsequent extension in the
nsp12 polymerase (63, 64).

The protein nsp7 folds into a compact helical bundle, whereas the structure of nsp8 has
two portions, among which the C-terminal part has a central β-sheet flanked by helices and the
N-terminal part has a remarkably long helical architecture. The structure of the SARS-CoV
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SARS-CoV-2 nonstructural proteins. (a) Structure of nsp1. The crystal structure of the N-terminal domain, which ends at residue
K166 (PDB ID: 7K3N) (20), and the structure of the C-terminal helix-turn-helix fold (starting from residue E148) in the nsp1/40S
ribosome complex (PDB ID: 6ZOK) (22) are placed together; the dashed line indicates the linker region between them. (b) Structure of
nsp2 assembled by its N- and C-terminal fragments (PDB ID: 7FA1 and 7FAC). (c) Structure of nsp5 (PDB ID: 6LU7) (55).
(d, i) Structure of the nsp7/nsp8 complex in the RTC (PDB ID: 7EGQ) (76). (d, ii) The hexadecameric crystal structure of SARS-CoV
nsp7/nsp8 (PDB ID: 2AHM) (65). (e) Structure of nsp9 in the RTC (PDB ID: 7EGQ) (76). ( f ) Structure of nsp10 in the RTC (PDB
ID: 7EGQ) (76). (g) Structure of nsp12 in the RTC (PDB ID: 7CYQ) (13). (h) Structure of nsp13 in the RTC (PDB ID: 7CXM) (89).
(i) Structure of nsp10/nsp14 in the RTC (PDB ID: 7EGQ) (76). The residues in the catalytic centers of ExoN and N7-MTase are
shown in stick mode. ( j) Structure of the nsp15 monomer in complex with a nucleotide (PDB ID: 7K0R) (101). (k) Structure of
nsp10/nsp16 in complex with SAM and 7MeGpppA (PDB ID: 6WKS) (109). Abbreviations: ARM, armadillo repeat–like fold domain;
dsRNA, double-stranded RNA; endoU, endoribonuclease; ExoN, exonuclease; MD, middle domain; N7-MTase, N7-methyltransferase;
NiRAN, nidovirus RdRp-associated nucleotidyltransferase; nsp, nonstructural protein; NTD, N-terminal domain; PDB ID, Protein
Data Bank identifier; RTC, replication–transcription complex; SAM, S-adenosylmethionine; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; ZBD, zinc-binding domain; ZF, zinc finger; ZRD, ZF-rich domain.

nsp7/nsp8 complex was first determined to be a hexadecameric ring-shaped structure with
a postulated double-stranded RNA (dsRNA)-binding channel (65) (Figure 2d, subpanel ii).
The N-terminal helix of nsp8 has two distinct conformations in this hexadecameric complex
(65). Similarly, the nsp8 N-terminal helix was found to have multiple conformations, either in
complex with nsp7 or in RTCs (66, 67), and was shown to stabilize the template–product duplex
synthesized by nsp12 polymerase in RTCs (68, 69).
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nsp9

The protein nsp9 is a single-stranded nucleic acid–binding protein (70, 71) (Figure 2e) and
plays a role in CoV replication (72). It exhibits topological similarities with oligonucleotide-
and oligosaccharide-binding (OB-fold) proteins and binds long oligonucleotides with modest
affinity (70, 71). Crystallography studies find that nsp9 is presumed to form a biological dimer
utilizing the interaction between its C-terminal α-helices with a GXXXG motif (70, 71, 73–75).
Mutations at the nsp9 dimerization interface significantly attenuate virus proliferation (75). In
recent studies, monomeric nsp9 was found to tightly bind with nsp12 nidovirus RNA-dependent
RNA polymerase (RdRp)-associated nucleotidyltransferase (NiRAN), leading to attenuated
NiRAN GTase activity (13), and it subsequently plays a role in recruiting nsp10/nsp14 to form
Cap(0)-RTC (see the section titled Replication–Transcription Complexes) (76). Interestingly, the
interfaces for nsp9 dimerization and for nsp9 interaction with other components in Cap(0)-RTC
largely overlap, suggesting the homodimeric form of nsp9 may structurally transition before its
assembly into RTCs (13).

nsp10

The ZF protein nsp10 has a molecular weight of approximately 15 kDa. It contains two ZFs with
the sequence motifs C-(X)2-C-(X)5-H-(X)6-C and C-(X)2-C-(X)7-C-(X)-C (77) (Figure 2f ). It
was first reported to have a spherical dodecameric architecture in a crystallography study (77) but
was later shown to function as a monomer to stimulate the enzymatic activities of nsp14 and nsp16
(11, 78, 79).

nsp12

As themost critical nonstructural protein for virus replication and transcription, nsp12 is the RdRp
that catalyzes the synthesis of viral RNAby using nsp7 and nsp8 as cofactors (80, 81).The structure
of SARS-CoV-2 nsp12 has three domains: a NiRAN domain, an interface domain in the middle,
and a C-terminal right-hand polymerase (Pol) domain (Figure 2g). This Pol domain adopts the
conserved architecture of the viral polymerase family (82), being composed of fingers, palm, and
thumb subdomains. In the central channel of nsp12 Pol,motifs A–G constitute the catalytic center
for RNA synthesis. The N-terminal NiRAN domain is a unique feature in nidovirus RdRp and
was first found to have nucleotidyltransferase activity with G/U specificity (83). SARS-CoV-2
nsp12 NiRAN was recently demonstrated to function as a GTase, catalyzing the second capping
action to form the cap core structure GpppA from the ppA precursor (13, 84). Moreover, one
study reported that SARS-CoV-2 nsp12 NiRAN can NMPylate nsp9 in biochemical assays (85),
but another study suggested nsp7 is the substrate (86). The posttranslational modification of nsp9
by nsp12 NiRAN is hypothesized to play a role in RTC formation (76).

nsp13

The protein nsp13 is a superfamily 1 (SF1) helicase with multiple enzymatic functions, including
duplex unwinding, nucleoside triphosphatase, and RTPase activity (15, 87). To guide the synthesis
of RNA,nsp13 unwinds the template–product duplexes and preprocesses the highly ordered struc-
ture in the ssRNA template (88, 89). Unlike most SF1 helicases and +ssRNA virus SF2 helicases
with a 3′–5′ polarity, the recombinant apo CoV helicases unwind duplexes in the 5′–3′ direction
(88–91). Moreover, CoV nsp13 also adopts RTPase activity to facilitate the first capping action
(10, 11, 13–17, 90).

SARS-CoV-2 nsp13 has a fold typical of an SF1 helicase, containing an N-terminal zinc-
binding domain (ZBD), two core Rec-like domains (1A and 2A), and an inserted domain 1B
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connected to a ZBD via a stalk region (88, 89) (Figure 2h). The 1A and 2A domains clamp the
catalytic site for ATP hydrolysis, while the 1A, 2A, and 1B domains constitute an RNA-binding
groove to adopt the ssRNA. In recent works, the 1B domain has been found to show a remarkable
conformational change, leaving its original position adjacent to the 1A and 2A domains, indicating
a possible role to provide a driven force for template backtracking (76, 92). The ssRNA binds in
the RNA-binding groove in the 3′–5′ direction (88, 89), which is opposite to the 5′–3′ polarity
identified in biochemical assays (88–91). This is proposed to be compatible with a backtracking
unwinding (88, 89), but the mechanism for unwinding the nascent template–product RNA duplex
needs further investigation.

nsp14

A bifunctional enzyme, nsp14 bears an N-terminal exonuclease (ExoN) domain implicated in
proofreading to maintain replication fidelity (93–95) and a C-terminal N7-MTase domain cat-
alyzing the third capping action to yield the cap(0) (16) (Figure 2i). The C-terminal N7-MTase
adopts an atypical MTase fold with an S-adenosylmethionine (SAM) binding motif (79, 96, 97),
which accommodates SAM in the space adjacent to the GpppA-binding site (79). The N-terminal
ExoN possesses 3′–5′ ExoN activity proposed to correct errors in replication and transcription by
removing misincorporated nucleotides from the 3′ end of nascent product RNA (96, 98, 99), fea-
turing an in trans backtracking proofreading mechanism (76). The full function of nsp14 requires
its association with nsp10 (79); however, nsp10 exclusively binds with and enhances the activity of
nsp14 ExoN (10, 100) and does not impact the nsp14 N7-MTase (10, 79).

nsp15

Coronavirus nsp15 is a uridine-specific endoribonuclease (endoU) conserved across coronaviruses.
The folding of nsp15 includes an N-terminal domain and a middle domain with unclear function,
as well as a C-terminal endoU domain (101–103) (Figure 2 j). Although the role of its oligomer-
ization is not clear, nsp15 is active only in a hexameric form (102). This protein preferentially
cleaves RNA substrates’ 3′ end with uridine specificity (104, 105). Lines of evidence have shown
that nsp15 is important in regulating the accumulation of viral RNA and preventing activation of
RNA-activated antiviral responses (106–108); however, the specific role and working mechanism
of nsp15 in the virus life cycle are not fully understood.

nsp16

The last nonstructural protein encoded by the CoV genome, nsp16 functions as a 2′-O-MTase
to catalyze the last capping action (109, 110). Loop regions originating from multiple strands in
the central β-sheet form pockets to accommodate cap(0) as the substrate and SAM as the methyl
donor to yield cap(1) (109, 110) (Figure 2k).Compared to SARS-CoV nsp16, SARS-CoV-2 nsp16
was reported to have a unique adenosine-binding pocket in a position approximately 25 Å from
the back of the catalytic pocket and may play a role in the binding of pre-mRNA during capping
(10, 11, 78, 109). The 2′-O-MTase activity of CoV nsp16 can be enhanced when nsp16 forms a
complex with cofactor nsp10 (10, 11, 77, 78). However, the binding of nsp10 does not induce any
remarkable conformational change in either nsp10 or nsp16 (10, 11, 78).

REPLICATION–TRANSCRIPTION COMPLEXES

The individual nonstructural proteins organize to form a set of protein machineries, or RTCs,
for successive replication and transcription inside the host cells. The first attempt to understand
the highly ordered organization of CoV nonstructural proteins was achieved by a crystallography
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Summary of RTCs in the SARS-CoV-2 life cycle. The unavailable structures of Cap(-2)-RTC, Cap(-1)-RTC, and RTC-to-ribosome
are indicated by a dashed circle or model. Abbreviations: cRNA, complementary RNA; C-RTC, central RTC; E-RTC, elongation
RTC; gRNA, genomic RNA; nsp, nonstructural protein; RTC, replication–transcription complex; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; sgRNA, subgenomic RNA; ss, single-stranded.

study of the SARS-CoV nsp7/nsp8 complex (65). Due to the large molecular size of the complex
and the dynamic process of RTC formation, the study of RTC assembly and function stalled
until the structure of the SARS-CoV nsp12/nsp7/nsp8 complex was determined by single-
particle cryo-EM technology in 2019 (80). Benefiting from the powerful support provided by
single-particle cryo-EM, our understanding of CoV RTC assembly and function has significantly
improved, mainly based on the studies of SARS-CoV-2 RTCs. Based on our current knowledge,
we define the CoV replication and transcription cycle in host cells as including seven key stages
(Figure 3). We summarize these below.

C-RTC

Prior to RNA synthesis, nsp12 interacts with cofactors nsp7 and nsp8 to form the central RTC
(C-RTC). The C-RTC is the central component constituting all states of the RTC. SARS-CoV
and SARS-CoV-2 C-RTCs are both composed of one nsp12, one nsp7, and two nsp8 molecules
(67, 80). One individual nsp8 (nsp8-1) mainly contacts the nsp12 interface and fingers subdo-
mains, whereas another nsp8 (nsp8-2), together with nsp7, interacts with the nsp12 fingers and
thumb subdomains. In the apo form of C-RTC, the N-terminal helices of both nsp8s are not
visible (67). But in the presence of the template–product duplex, nsp8 N-terminal helices are
displayed as long helices and lift the duplex extending from the catalytic center of nsp12 Pol like
a crane (68, 69) (Figure 4a).
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Figure 4 (Figure appears on preceding page)

(a) Structure of the C-RTC. So that the complete structure of the nsp8 N-terminal helix can be viewed, the structure of the C-RTC is
shown as it is in the E-RTC with the template–product duplex (PDB ID: 7CXM) (89). (b) Structure of the E-RTC (PDB ID: 7CXM)
(89). (c) Structure of Cap(-1)′-RTC (PDB ID: 7CYQ) (13). (d, i) Structures of mCap(0)-RTC (PDB ID: 7EIZ) and dCap(0)-RTC (PDB
ID: 7EGQ) (76). (d, ii) A proposed model for in trans backtracking proofreading. In the Cap(0)-RTC protomer A, the fingers, palm, and
thumb subdomains of nsp12 are shown as cartoons in blue, red, and green. The t-RNA and p-RNA are represented by blue and red
helices, respectively, and the nucleotides at the 3′ end of the primer are shown as colored spheres. Other parts in protomer A are
covered by a white surface. In the Cap(0)-RTC protomer B, the nsp14 ExoN is shown as a cartoon in pale green, while other
components in protomer B are shown as a molecular surface. The catalytic center of the nsp14 ExoN in protomer B is highlighted by a
red dashed circle. A pathway for the backtracked product RNA is indicated by a red dashed arrow. Abbreviations: CCC, cotranscription
capping complex; C-RTC, central RTC; EC, elongation complex; E-RTC, elongation RTC; ExoN, exonuclease; N7-MTase,
N7-methyltransferase; NiRAN, nidovirus RNA-dependent RNA polymerase–associated nucleotidyltransferase; nsp, nonstructural
protein; PDB ID, Protein Data Bank identifier; p-RNA, product RNA; RTC, replication–transcription complex; tA + 10, adenosine
monophosphate at the 10 position in the t-RNA chain; t-RNA, template RNA; tU + 7, urydine monophosphate at the 7 position in the
t-RNA chain.

E-RTC

Because there are many highly ordered structures in the RNA genome (111), the C-RTC
alone is not likely to initiate the synthesis of RNA. To achieve this, nsp13 must be recruited to
the C-RTC to preprocess these highly ordered structures, thus generating the template to guide
RNA synthesis in the C-RTC. The complex formed by nsp13 and the C-RTC is named the
elongation RTC (E-RTC) (89) (Figure 4b). Because of the poor binding affinity of nsp13 with
the C-RTC, a template–product duplex with overhang at the template 5′ end mimicking the
single-stranded template extending from nsp13 to the nsp12 Pol catalytic center was designed
to help capture the structure of the E-RTC (88, 89). An unexpected structural feature is that two
nsp13 molecules bind to the C-RTC; one binds with the template 5′ overhang, but the other
does not bind to RNA (88, 89). The interactions between two nsp13 molecules play a role in
enhancing the helicase activity of the E-RTC (89). Another key finding is that the template 5′

overhang binds to the RNA-binding groove of one nsp13 in the 3′–5′ direction (88, 89), which
is contrary to the 5′–3′ polarity identified by biochemical analysis (88–91). A backtracking model
has thus been proposed to concert these structural and biochemical results (88, 89). However, this
model raises the challenging question of how to unwind the template–product duplex synthesized
by the polymerase. Although the structure of an RTC with an additional nsp13 further recruited
onto the E-RTC to unwind the upstream end of the template–product duplex is still unavailable,
nsp13 is likely to be the factor to unwind this duplex. The structural determination of such an
RTC state warrants further investigation.

Cap(-2)-RTC and Cap(-1)-RTC

Both CoV gRNA and mRNA in positive sense are capped at their 5′ end, but cRNA or sgRNA in
negative sense is likely not capped (7–9). To yield cRNA or sgRNA with the guidance of gRNA,
the product cRNA or sgRNA unwound by helicase is likely to be directly released to the envi-
ronment, since it does not need further modification at its 5′ end. But to synthesize gRNA or
mRNA by using cRNA or sgRNA as the template, a four-step processive capping action is re-
quired to decorate cap(1) at the 5′ end. The first and second capping actions are facilitated by
nsp13 RTPase activity (10, 11, 13–17, 90) and nsp12 NiRANGTase activity (13), respectively.We
name RTCs that generate the ppA end and the GpppA cap core at the 5′ end of product RNA as
Cap(-2)-RTC and Cap(-1)-RTC, respectively; the use of Cap(-2) and Cap(-1) to refer to ppA and
GpppA structures is not a formal scientific expression, and we used these terms here for ease of
representation.
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To date, no structures for Cap(-2)-RTC and Cap(-1)-RTC are available. However, the ex-
tremely large distance (over 120 Å in linear distance) between the 5′ end of product RNA of
the duplex in the E-RTC and the catalytic center of nsp12 NiRAN strongly suggests that either
(a) some other component or components would be recruited in the RTC to constitute a pathway
that delivers the product 5′ end to nsp12 NiRAN for an in cis capping or (b) a special oligomer-
ization state of the RTC would be formed to allow the close positioning of nsp12 NiRAN in one
RTC with the product 5′ end in another RTC, thus reasoning an in trans mechanism for the first
two capping actions.

Cap(-1)′-RTC

Prior to the third and fourth capping actions exerted in nsp14 and nsp16, a key intermediate
state of the RTC is required, which is formed by supplying nsp9 to the E-RTC and is named
Cap(-1)′-RTC (13) (Figure 4c). Although revealed to be a dimer in crystallographic structures (70,
71, 73–75), nsp9 is recruited into Cap(-1)′-RTC as a monomer and functions as an adaptor for the
further recruitment of nsp10/nsp14 or nsp10/nsp16 to form the cotranscription capping complex
(CCC) for capping. Moreover, the binding of nsp9 is likely to suspend the RNA elongation and
capping by two proposed mechanisms. First, the N terminus of nsp9 inserts deeply into the cat-
alytic center of nsp12 NiRAN, forming stable interactions with a cation and a GDP bound there
(13). The existence of nsp9 clearly attenuates nsp12 NiRANGTase activity and GpppA formation
(13). Second, the binding of nsp9 leads to a significant change in the orientation of nsp13-2, which
binds the template 5′ overhang in the E-RTC (13). Upon nsp9 binding, nsp13-2 shifts as a rigid
body and inserts its ZBD into the second minor groove of the template–product duplex like a bolt
to obstruct the duplex’s upstream movement. In this context, nsp9 not only provides a platform
for the formation of CCC but is also likely to functionally suspend replication and transcription
after the second capping action. As discussed in the section titled nsp9, this protein is a single-
stranded nucleic acid–binding protein and shares topological homology with OB-fold proteins to
bind long oligonucleotides (70, 71). Further structural and biological investigation is needed to
find out whether nsp9 in RTCs can participate in RNA binding during replication and transcrip-
tion or capping.

Cap(0)-RTC

The recruitment of the nsp10/nsp14 complex by nsp9 to Cap(-1)′-RTC results in the forma-
tion of Cap(0)-RTC (Figure 4d, subpanels i,ii). Cap(0)-RTC exists as an equilibrium of a
monomeric form and a dimeric form, either in solution or in the cryo-EM captured state (76).
In the monomeric Cap(0)-RTC [mCap(0)-RTC], nsp9 and nsp12 NiRAN exclusively interact
with nsp14 to form N7-CCC together with nsp10. In N7-CCC, several highly positively charged
regions were identified; these are presumably the pathway by which pre-gRNA and mRNA trans-
fer from the catalytic center of nsp12NiRAN to nsp14N7-MTase. Alongside N7-CCC, the other
components inmCap(0)-RTC (i.e., nsp12 Pol and nsp13) are named the elongation complex (EC),
with EC and N7-CCC constituting a dumbbell-shaped architecture of mCap(0)-RTC.

Most importantly, the dimeric Cap(0)-RTC [dCap(0)-RTC] suggests the existence of an in
trans backtracking mechanism of proofreading (76). In dCap(0)-RTC, the catalytic center of the
nsp14 ExoN of one Cap(0)-RTC protomer faces the catalytic center of nsp12 Pol and is located
approximately 35 Å from the 3′ end of product RNA. In a proposed model, once RTC senses
a nucleotide is mistakenly incorporated into the product RNA, nsp13-2 1B undergoes large
conformational changes to drag the template RNA in the reverse direction of RNA elongation,
thus leading the 3′ end of product RNA with the misincorporated nucleotide to backtrack to
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nsp14 ExoN for correction (76). After the correction of the mismatched nucleotide, nsp13-2 1B
returns to its normal position for helicase function. The significant conformational change of
nsp13-2 1B is not observed in any other SF1 or SF2 helicases. Whether this is a unique feature
in the SARS-CoV-2 helicase or a similar mechanism could also function in other SF1 or SF2
helicases needs further investigation.

Cap(1)-RTC

In the last step of cap synthesis, an nsp10/nsp16 complex with 2′-O-MTase activity is recruited to
finalize the capping process. We name this complex Cap(1)-RTC. Although the architecture of
Cap(1)-RTC is currently unpublished, we have perspectives on Cap(1)-RTC based on the knowl-
edge acquired from Cap(0)-RTC. One key question is whether nsp10/nsp14 and nsp10/nsp16
would together assemble a complete RTC with both N7-CCC and 2′-O-CCC. Some evidence
suggests this is unlikely. First, the footprints of nsp14 and nsp16 on nsp10 overlap (100), sug-
gesting the recruitment of nsp14 and nsp16 by one nsp10 into RTCs is less possible. Moreover,
if we superpose the structures of Cap(0)-RTC (76) with nsp10/nsp16 (109, 110), the position of
nsp16 significantly conflicts with the interprotomer interface in dCap(0)-RTC, which may nega-
tively impact proofreading in dCap(0)-RTC. Therefore, a model for the sequential formation of
N7-CCC and 2′-O-CCC in two subsequent capping actions is the most feasible.

OTHER NONSTRUCTURAL PROTEINS RELATED TO THE RTC

Transfer mRNA from the RTC to the Host Ribosome

CoVs usually replicate and transcribe their genomes in a position associated with modified host
membranes, such as DMVs, which are the most abundant component of the viral replication
organelle derived from transformed endoplasmic reticulum (ER) membranes (112–114). DMVs
package the dsRNA replication intermediate andmay offer a microenvironment in which to shield
viral RNA from host innate immunity (112–114). A recent work has shown that nsp3, nsp4, and
nsp6 form a hexameric ring-shaped pore on DMVs, thus providing an opening in the channel
to export mRNA or gRNA to the cytosol for translation or wrapping by nucleocapsid proteins
(46). Would gRNA or mRNA be generated in the DMV’s interior and subsequently be exported
to the cytosol in a free form? A subtomogram analysis of CoV-induced DMVs suggests the RTC
is associated with the luminal side of the nsp3/nsp4/nsp6 pore (46), indicating mRNA could be
exported to the cytosol immediately after it is synthesized in the RTC.Moreover, the N-terminal
domain of nsp1 binds the 5′-UTR with high affinity (27). It is conceivable that nsp1 in the cytosol
can bind to the mRNA 5′-UTR after it is exported from DMVs. This possibility raises another
concern that nsp1 could mediate a way to transfer mRNA to the host ribosome, since the nsp1
C-terminal HTH fold tightly binds to host ribosome.We hypothesize that this might be homolo-
gous to dengue virus delivering mRNA from the vesicle’s interior to an ER membrane–associated
ribosome adjacent to the opening of the vesicle (115). In this proposal, nsp1 might function like a
shuttle to deliver the mRNA 5′ end to the host ribosome.However, this assumption needs further
study.

nsp2 and nsp15 with RTC

Whether nsp2 and nsp15 could participate in the formation of RTCs and what their function is
in the CoV life cycle are currently unclear.

The protein nsp2 has an N-terminal ZRD domain bearing three ZFs, and zinc-coordinating
proteins often play a role in nucleic acid or protein binding, similar to eukaryotic transcription
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factors (116). Previous studies have shown the colocalization of nsp2 and nsp8, as well as RNA
products, with RTCs (32). It is plausible that nsp2 could participate in RTC formation to stabilize
the nucleic acid together with nsp8 or other nonstructural proteins for optimal function.

The protein nsp15 is encoded by the genome near the 5′ end. Although its function in the virus
life cycle is not clear, the high specificity of nsp15 endoU with uridine (104, 105) suggests specific
RNAs could be designed to test whether it could be involved in RTC formation and function.

SUMMARY POINTS

1. The structures of most nonstructural proteins have been well elucidated, but some [e.g.,
nonstructural protein 3 (nsp3)] need further study.

2. A set of replication–transcription complexes (RTCs) are formed by nonstructural
proteins to facilitate coronavirus (CoV) replication and transcription.

3. The elongation complex and cotranscription capping complex constitute the basic
architecture of a complete RTC.

FUTURE ISSUES

1. How is RNA synthesis initiated in nsp12 polymerase? Could the structure of nsp8 in a
state for primer synthesis be compatible with the central RTC or elongation RTC?

2. Is nsp13 the exact protein to unwind the template–product duplex synthesized by
polymerase? How are nsp13 RTPase and duplex unwinding activities compatible in the
RTC?

3. How do RTCs distinguish and regulate continuous replication and discontinuous
transcription?

4. How does nsp12 polymerase sense a mismatched nucleotide? And how does Cap(0)-
RTC sense the correction (removing) of the mismatched nucleotide?

5. How do the four capping actions subsequently occur in the RTC?

6. How does nsp10/nsp16 form the RTCwith other components to finalize the last capping
actions?

7. How does mRNA transfer from the RTC to the host ribosome? Can translation with
transcription occur in CoVs like it does in prokaryotes or other viruses (e.g., dengue
virus)?
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