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ARTICLE INFO ABSTRACT

Article history:

COVID-19, caused by SARS-CoV-2, has been spreading worldwide for more than two years and has led to
immense challenges to human health. Despite the great efforts that have been made, our understanding
of SARS-CoV-2 is still limited. The viral helicase, NSP13 is an important enzyme involved in SARS-CoV-2
replication and transcription. Here we highlight the important role of the stalk domain in the enzymatic
activity of NSP13. Without the stalk domain, NSP13 loses its dsSRNA unwinding ability due to the lack of
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’éfé";"’crdi; 5 ATPase activity. The stalk domain of NSP13 also provides a rigid connection between the ZBD and
NSP 1; ov- helicase domain. We found that the tight connection between the stalk and helicase is necessary for
Helicase NSP13-mediated dsRNA unwinding. When a short flexible linker was inserted between the stalk and

Stalk helicase domains, the helicase activity of NSP13 was impaired, although its ATPase activity remained
intact. Further study demonstrated that linker insertion between the stalk and helicase domains
attenuated the RNA binding ability and affected the thermal stability of NSP13. In summary, our results
suggest the crucial role of the stalk domain in NSP13 enzymatic activity and provide mechanistic insight

Rigid connection

into dsRNA unwinding by SARS-CoV-2 NSP13.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has
changed the world in an unprecedently way, leading to more than 4
billion infections and 5 million deaths. It has been proclaimed a
public health emergency by the WHO for two years. Currently,
SARS-CoV-2 variants are constantly still spreading worldwide [1,2].
However, our understanding of SARS-CoV-2 remains limited. It is
necessary to explore the mechanism of viral replication, to
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potentially provide new antiviral targets and strategies.
SARS-CoV-2 is a beta-coronavirus (CoV) belonging to the family
Coronaviridae [3—5]. The other two CoVs that have caused serious
threats in recent years are severe acute respiratory syndrome
coronavirus (SARS-CoV, in 2003) [6,7]and Middle East respiratory
syndrome coronavirus (MERS-CoV, in 2012) [8,9]. SARS-CoV-2 is an
enveloped virus with a positive-sense single-stranded RNA genome
of ~30 kb [10,11]. The SARS-CoV-2 genome encodes 16 nonstruc-
tural proteins (NSP1-16), four structural proteins (membrane (M),
spike (S), envelope (E) and nucleocapsid (N)) and several accessory
proteins (ORF3a, 3b, p6, 7a, 7b, 8b, 9b, and 14) [12,13].
SARS-CoV-2 NSP13 is a virus-encoded helicase that unwinds
viral dsRNA intermediates to provide a single-stranded template
for viral RNA amplification [14]. NSP13 of SARS-CoV-2 is highly
conserved relative to that of SARS-CoV, with 99.8% protein
sequence identity [15]. It is a member of the superfamily 1 (SF1)
helicases, and has several conserved motifs and similar unwinding
activity [16,17]. SARS-CoV or SARS-CoV-2 NSP13 unwinds dsDNA/
dsRNA strands with a 5 overhang in the 5’ to 3’ direction in a
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manner dependent on ATP hydrolysis, without discrimination be-
tween dsRNA and dsDNA [18—21]. It is composed of an N-terminal
zinc-binding domain (ZBD), a stalk domain and a helicase domain
at the C-terminus [22]. The ZBD domain of SARS-CoV NSP13 has
been shown to be necessary for its helicase activity [23]. However,
the function and mechanism of the NSP13 stalk domain are still
unclear.

Here we investigated the contribution of the stalk domain to the
enzymatic activity of SARS-CoV-2 NSP13. We found that deletion of
the stalk domain almost completely abolishes the ATPase activity of
SARS-CoV-2 NSP13, indicating its essential role in NSP13 activity.
Moreover, NSP13 helicase activity was also disrupted when we
inserted a flexible linker between the stalk and helicase domains.
Further investigation showed that insertion of the flexible linker
affected the RNA binding but not the ATPase activity of NSP13.
Linker insertion between the stalk and helicase domains also
reduced the protein stability of NSP13. Collectively, these findings
indicate that the stalk domain provides a rigid connection between
the ZBD and helicase domain, contributing to the RNA binding and
enzyme activity of NSP13.

2. Materials and methods
2.1. Clone construction
The SARS-CoV-2 NSP13 gene fragment was constructed into

pET15b vector between Ndel and Xhol. D374A/E375A mutation was
generated with QuikChange® II Site-Directed Mutagenesis Kkit.
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cutoff). Concentrated proteins were shock-frozen using liquid ni-
trogen and stored at —80 °C.

2.3. ATPase assay

We performed ATPase assay using a Quantichrom™ ATPase/
GTPase assay kit (BioAssay Systems, USA). The ATPase activity was
determined by detecting the release of free phosphate during ATP
hydrolysis. 200 nM wild type or mutated proteins were incubated
with various concentrations of ATP in buffer (20 mM Tris-HCl
pH7.4, 40 mM NaCl, 4 mM Mg(Ac),, 0.5 mM EDTA) at 30 °C for
25min. Equal amount of SEC buffer was used as control. The ATP
hydrolysis reaction was terminated by adding 200 pul Stop Reagent.
After incubation for another 30min at room temperature, the
absorbance was measured at 620 nm by a plate reader (Flexstation
3, Molecular Devices). The reaction velocity and ATP concentration
were fitted to the Michaelis—Menten equation (V=Vmax[S]/Km-+
[SD.

2.4. Unwinding assay

The helicase activity of SARS-CoV-2 NSP13 was measured by
FRET based unwinding assay. Two complementary single-strand
RNAs (ssRNAs) were synthesized and labeled with Cy3 or BHQ2,
respectively (Tsingke Biotechnology Co., Ltd.). ssRNA was dissolved
in RNase free water. Complementary ssSRNAs were denaturated at
95 °C for 5min followed by annealing through slowly cooling down
to room temperature. For dsRNA unwinding, 5—10 nM purified

pET15b-NSP13 WT
PET15b-NSP13 Astalk
pET15b-NSP13 Z-linker-SH
pET15b-NSP13 ZS-linker-H

PET15b-NSP13 D374A/E375A ATPase mutant

AmMXAX M AT I M IT

GGAATTCCATATGGAGAACCTGTACTTCCAAGGGGCTGTTGGGGCTTGTG
CCGCTCGAGTTACAGATCCTCTTCAGAGATGAGTTTCTGCTCTTGTAAAGTTGCCACATTCCT
GGTGGTGGTTCTGGTGGTGGTTCTATTGCTACTGTACGTGAAGTGC
AGAACCACCACCAGAACCACCACCGCTACCAACACATGTA TTTTTATATA AAC
GATAATGTTACTGACTTTAATGCAATT
AGAACCACCACCAGAACCACCACCGCTACCAACACATGTA TTTTTATATA AAC
GGTGGTGGTTCTGGTGGTGGTTCTATTGCTACTGTACGTGAAGTGC

ACCATAAGAC AGTTTAAATG TCTCC
AGCAGATATAGTTGTCTTTGCAGCAATTTCAATGGCCACAAATT
AATTTGTGGCCATTGAAATTGCTGCAAAGACAACTATATCTGCT

2.2. Protein expression and purification

The recombinant SARS-CoV-2 NSP13 protein with C-terminal
Myc tag was expressed in Escherichia coli (BL21 (DE3) PLySs, Trans-
gene, China). BL21 (DE3) PLySs was cultured at 37 °C in Luria-Bertani
medium containing ampicillin (100 pg/ml) until OD600 reached
0.6—0.8. Then, 0.5 mM isopropyl-b-d-thiogalactopyranoside (IPTG)
was added to induce protein expression at 18 °C for 16 h—20 h. The
collected bacteria were dissolved in lysis buffer (20 mM Tris-HCI
pH7.4, 500 mM Nadcl, 5% glycerol, 5 mM MgCl,, 1 mM DTT, 0.01%
Triton X-100, DNase I, RNase A, protease inhibitors) and disrupted by
French pressure cell press under high pressure at 4 °C. The cell ly-
sates were centrifuged at 18,000 rpm for 45min at 4 °C. The super-
natant was incubated with Ni-NTA agarose beads (QIAGEN) at 4 °C
for 4 h in the presence of 20 mM imidazole. After three times
washing by wash buffer (20 mM Tris-HCl pH7.4, 500 mM NacCl, 5%
glycerol, 4 mM MgCl,, 1 mM DTT, 30 mM imidazole), proteins were
eluted with elute buffer (20 mM Tris-HCl pH7.4, 500 mM Nacl, 5%
glycerol, 4 mM MgCl,, 1 mM DTT, 300 mM imidazole). The proteins
were then purified by size-exclusion chromatography (Superdex200
10/300 GL, GE Healthcare) with SEC buffer (20 mM Tris-HCl pH7.4,
150 mM Nadl, 5% glycerol, 4 mM MgCl,, 1 mM DTT). The proteins
were concentrated using Amicon filter units Ultra-0.5 (30 kDa
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proteins, 250 nM double-strand substrates and 2 uM competitor
ssDNA, 2 mM ATP were diluted in reaction buffer (25 mM Hepes
pH7.4, 40 mM KCl, 2 mM MgCl,, 1 mM DTT, 0.01% Triton X-100) and
the fluorescence of Cy3 was monitored by Flexstation 3 (Molecular
Devices). The excitation light was set at 550 nm, the emission light
was set at 620 nm, the cut off value was set at 610 nm, and the PMT
sensitivity was set at low.

2.5. Biotin labeled 100 nt single-strand RNA in vitro transcription

A 100 nt ssRNA sequence (AGUAGCUGCACUUACUAACAAU-
GUUGCUUUUCAAACUGUCAAACCCGGUAAUUUUAACAAAGACUU-
CUAUGACUUUGCUGUGUCUAAGGGUUUCUUUAA)  with less
secondary structure was randomly selected from the NSP12 coding
sequence of SARS-CoV-2. T7 RNA polymerase promoter sequence
(GAAATTAATACGACTCACTATAGGG) was added to the 5’ end of
upstream primer. PCR products amplified from NSP12 coding
sequence was used as transcription template. ssSRNA was tran-
scribed in vitro in the presence of Bio-16-UTP (AM8452, Invitrogen)
using the HiScribe TM T7 Quick High Yield RNA Synthesis Kit
(#E2050S, NEB), and further purified by RNA Clean XP (PN
C63085AA, Beckman).
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2.6. RNA pull down

20 wl Streptavidin Beads 6FF slurry (SA021005, Smart-
Lifesciences) was added into 1.5 ml tube and washed three times
with unwinding buffer (25 mM Hepes pH7.4, 40 mM KCl, 2 mM
MgCl,, 1 mM DTT, 0.01% Triton X-100). 350 pl of 2 pg/ml biotin
labeled ssRNA was incubated with beads for 2 h at 4 °C. Remove the
unbound ssRNA and wash the beads with unwinding buffer for
three times. Then incubate beads with 500 nM proteins in un-
winding buffer at 4 °C for 1 h. Wash the beads to remove unbound
proteins, resuspend the beads with 30 pl 2 x SDS loading buffer and
boil for 10min. The protein samples were analyzed by Western blot.

2.7. Thermal shift assay

The thermal stability of SARS-CoV-2 NSP13 was assessed using
fluorescence-based thermal shift assay. 0.4 mg/ml proteins and
SYPRO Orange fluorescent dye (Invitrogen) were incubated with or
without 2 mM ATP. Samples were subjected to an increase in
temperature from 25 °C to 90 °C in 0.5 °C increments per 20 s.
Procedure was performed on a real time PCR machine. Fluorescence
measurements were plotted and Tm values were calculated using
GraphPad Prism.

2.8. Statistical analysis

The error bars in the figures represent the standard error of
mean of three repeats or duplicates as indicated. The statistical
significance of differences between groups was analyzed by t-test.
*P < 0.05, **P < 0.01, ***P < 0.001.

3. Results
3.1. The enzymatic activity of SARS-CoV-2 NSP13

We expressed SARS-CoV-2 NSP13 with an N-terminal 6 x His
tag and C-terminal Myc tag in Escherichia coli and purified the
proteins by Ni-NTA agarose beads and size-exclusion chromatog-
raphy (Fig. 1A and B). We first examined the ATPase activity of
SARS-CoV-2 NSP13. NSP13 exhibited ATPase activity in the absence
of nucleic acids (Fig. 1C). When we mutated D374 and E375, which
lie in the active pocket of the ATP binding site, to alanine (D374A/
E375A) [23], NSP13 ATPase activity was dramatically impaired
(Fig. 1C and D). We set up an in vitro dsRNA unwinding system
based on FRET (fluorescence resonance energy transfer) [24] to
evaluate the helicase activity of SARS-CoV-2 NSP13. A serial com-
plementary ssRNA labeled with Cy3 or BHQ2 (Black Hole Quencher)
was synthesized. When the complementary ssSRNA was annealed to
form an RNA duplex, Cy3 fluorescence was quenched by BHQ2 due
to FRET. As the dsRNA is unwounded by the helicase, the quenching
is alleviated (Fig. 1E). The data showed that SARS-CoV-2 NSP13
unwound dsRNA only when ATP was present (Fig. 1F). In addition,
the D374A/E375A mutant showed little helicase activity, indicating
that NSP13 helicase activity is dependent on ATP hydrolysis
(Fig. 1G). The dsRNA unwinding activity of NSP13 was dose-
dependent; as the concentration of NSP13 added increased, the
unwinding rate increased (Fig. 1H and I). We also detected the
processivity of NSP13 on dsRNA substrates with duplex regions of
different lengths and found that unwinding of dsRNA decreased
with increasing of duplex length, indicating that less unwinding
events were complete for dsRNA substrates with longer duplex
regions (Fig. 1] and Supplementary Table).
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3.2. The stalk domain of NSP13 is essential for its helicase activity

As the role of the SARS-CoV-2 NSP13 stalk domain is not yet
clear, we next explored whether the stalk domain is necessary for
NSP13 activity. We constructed a NSP13 stalk deletion mutant
(Astalk) by replacing the stalk domain with a flexible linker
(GGGS x 4) (Fig. 2A and B). We examined ATPase activity and found
that NSP13 ATPase activity was disrupted when the stalk domain
was deleted (Fig. 2C and D). Accordingly, deletion of the stalk
domain abolished NSP13 helicase activity (Fig. 2E and F). These data
demonstrated that the stalk domain is essential for the ATPase
activity and helicase activity of NSP13, and that it functions as more
than a linker connecting the ZBD and helicase domain.

3.3. The stalk domain mediated the rigid connection between the
ZBD and helicase domain

SF1 helicases, such as Upfl and NSP10 of EAV (equine arteritis
virus), and NSP13 of MERS and SARS-CoV, share similar structural
topologies [25]. Upf1, a eukaryotic RNA helicase, is the classical SF1
helicase [26]. The Upfl CH domain (Cys/His rich domain, the
counterpart of the NSP13 ZBD domain) may connect with the
helicase domain through a flexible loop (invisible in electron den-
sity maps) and stalk domain (Fig. 3A) [27]. Compared to Upf1, the
stalk domains of NSP13 of SARS-CoV-2 seem to provide relatively
rigid connection between the ZBD and helicase domains (Fig. 3B).
The stalk domains of NSP13 of SARS-CoV-2, SARS-CoV and MERS-
CoV are highly conserved in sequence and structure (Fig. 3C and
Fig. S1), and the stalk domain of NSP13 may affect its helicase ac-
tivity through a tight interaction with the helicase domain.

Next, we sought to investigate whether the tight connection
mediated by the stalk domain is needed for NSP13 function. To
increase the flexibility between the ZBD and stalk domains or be-
tween the stalk and helicase domains of NSP13, we inserted a short
flexible linker (GGGS x 2) between the ZBD and stalk domains (Z-
linker-SH mutant) or between stalk and helicase domains (ZS-
linker-H mutant) (Fig. 3D and E). We measured the ATP hydrolysis
activity of these mutants. One mutant, ZS-linker-H, showed ATPase
activity similar to that of WT NSP13. The other one, the Z-linker-SH
mutant had slightly higher ATPase activity. These data indicated
that increasing the flexibility between the ZBD and helicase do-
mains by inserting a short flexible linker does not impair the
ATPase activity of NSP13 (Fig. 3F and G). However, we found that
the linker insertion at the two sites resulted in completely opposite
effects on the dsRNA unwinding ability of NSP13. The unwinding
activity of the Z-linker-SH mutant was not affected, whereas the ZS-
linker-H mutant failed to unwind dsRNA (Fig. 3H and I). These
findings implied that the rigid connection between the stalk and
helicase domains is critical for the helicase activity without
affecting the ATPase activity.

3.4. Linker insertion between the stalk and helicase domains
interfered with the RNA binding of NSP13

The structure of NSP13 indicates that the stalk domain is located
close to the RNA binding pocket, and it is predicted that the stalk
domain might directly contribute to the interaction between NSP13
and RNA, although a structure of NSP13 and RNA in complex is
lacking (Fig. S2) [15,28]. We examined the interaction of ssSRNA with
NSP13 by RNA pull down and found that linker insertion between
the ZBD and stalk domains (Z-linker-SH) did not affect the RNA
binding of NSP13, consistent with the unaffected RNA unwinding
activity we showed above. In contrast, linker insertion between the
stalk and helicase domains (ZS-linker-H) partially interfered with
the binding of RNA to NSP13, indicating that the tight connection
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Fig.1. NSP13 possesses ATP dependent dsRNA unwinding activity. A. Recombinant SARS-CoV-2 NSP13 protein purification. SDS-PAGE analysis of the purified NSP13 protein, and the
gel was stained with Coomassie Blue. B. Western blot analysis of the purified NSP13 protein with anti-Myc antibody. C&D. ATPase activity of NSP13. (C) The ATPase activities of wild
type (WT) and mutant (D374A/E375A) SARS-CoV-2 NSP13, the data were calculated by the Michaelis—Menten equation. (D) The Kcat, Km and Kcat/Km values of NSP13 WT and
D374A/E375A mutant. E. Schematic illustration of the FRET-based dsRNA unwinding assay. Two complementary nucleic acid strands are labeled with Cy3 and the quencher BHQ2,
respectively. The fluorescence of Cy3 is quenched by BHQ2 upon annealing of the RNA. With the unwinding of RNA duplexes by NSP13 protein, the fluorescence of Cy3 increases. F.
The unwinding activity of SARS-CoV-2 NSP13 in the presence or absence of ATP. G. The unwinding assay of WT and mutant (D374A/E375A) NSP13.H&I. The unwinding rate increases
with the increment of NSP13 concentration (0, 10, 20 and 50 nM). (H) Real-time dsRNA unwinding kinetics. (I) Initial unwinding rate of NSP13 at different concentrations. The initial
unwinding rate was calculated by the kinetics in the first 5min. J. The unwinding activity of NSP13 upon dsRNA with different length of duplexes region (20, 25, 35, 50 and 60 bp).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

between the stalk and helicase domains is important for the
interaction between NSP13 and RNA (Fig. 4A and B).

3.5. Linker insertion between the stalk and helicase domains
reduced the stability of NSP13

Finally, we explored the stability of WT and mutated NSP13 by a
fluorescence-based thermal shift assay. ATP stabilized NSP13 as the
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Tm (melting temperature) of NPS13 increased (1.91 °C) when ATP
was present (Fig. S3). However, linker insertion between the stalk
and helicase domains (ZS-linker-H) resulted in a lower Tm in both
the absence and presence of ATP (Fig. 4C—F), which suggested a
lower stability of the ZS-linker-H mutant. The stability of the Z-
linker-SH mutant was similar to that of WT NSP13 in the thermal
shift assay, in agreement with the finding that its enzymatic activity
was similar to that of WT NSP13. Thus, increasing the flexibility
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activity of WT NSP13 and Astalk mutant. (F) The initial unwinding rate of WT NSP13 and Astalk mutant. The initial unwinding rate was calculated by the kinetics in the first 5min.

The significance was analyzed by t-test, ***p < 0.001.

between the stalk and helicase domains also reduces the protein
stability of NSP13.

4. Discussion

SARS-CoV-2 NSP13 is an SF1 helicase [22]. Here we showed that
SARS-CoV-2 NSP13 has ATPase activity in the absence of nucleic
acids. It unwinds dsRNA in a manner dependent on ATP hydrolysis.
The processivity of SARS-CoV-2 NSP13 in dsRNA unwinding seems
better than that of the flavivirus NS3 helicase. It has been reported
that the flavivirus NS3 helicase might dissociate every 18 bp in RNA
unwinding, and it was not very efficient in duplex unwinding
beyond 18bp in a bulk assay [29,30]. However, SARS-CoV-2 NSP13
could unwind dsRNA substrates with 35 bp or longer duplex re-
gions, similar processivity was observed with SARS-CoV NSP13
[21]. As coronavirus has longest RNA genome (~30 kb) among RNA
viruses, coronavirus helicases may also have better processivity in
viral dsRNA unwinding during replication.

We verified the crucial role of the stalk domain in the enzymatic
function of SARS-CoV-2 NSP13. We showed that deletion of the
stalk domain impaired the ATPase activity of NSP13 and thus
affected its helicase activity. Earlier studies demonstrated that
several substitutions of Cys and His in the ZBD domain interfered
with human coronavirus 229E NSP13 ATPase activity [31]. Although
the ZBD and stalk domains are located far from the NSP13 ATP
binding site and may not be directly involved in ATP hydrolysis,
they may help to maintain the structure of the nearby helicase
domain and facilitate the function of the helicase domain.
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Additional evidence indicated that the flexibility of the connections
among the ZBD, stalk and helicase domains also affects NSP13
function. Insertion of the short flexible linker between the ZBD
domain and stalk domain (Z-linker-SH) seemed to barely affect
either the ATPase or helicase activity of NSP13, suggesting that a
more flexible linkage between the ZBD and stalk domains is
permissive. However, linker insertion between the stalk domain
and helicase domain (ZS-linker-H) dramatically impaired NSP13
unwinding activity in an ATPase-independent manner, as its ATPase
activity remained intact, implying that a rigid connection between
the stalk domain and helicase domain is essential. According to the
structure of NSP13, the stalk domain is predicted to located near the
RNA binding pocket and may directly interact with the 3'end of
RNA [15,28]. In addition, the stalk domain also affects NSP13
binding to RNA through its tight interaction with the Rec1A and
Rec2A domains [15]. This was supported by the attenuated RNA
binding ability of the ZS-linker-H mutant. Moreover, insertion of
the short linker led to instability of NSP13, which also accounted for
the compromised enzyme activity. These results suggest a tight
structural and functional association between the stalk domain and
helicase domain, suggesting the important role of the stalk domain
in NSP13 activity.

NSP13 is conserved among beta-coronaviruses. There is only
one different residue (1570 vs. V570) between NSP13 of SARS-CoV
and NSP13 of SARS-CoV-2, and approximately 70% of the amino
acids of NSP13 of SARS-CoV and MERS-CoV are identical [15,25].
This conservation suggests similarity in the enzymatic function of
NSP13 among different coronaviruses. As an important component
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Fig. 3. The rigid connection between stalk and helicase is essential to helicase activity but not ATPase activity. A&B. Overall structures of (A) Upf1 (PDB ID: 2wjy) and (B) SARS-CoV-
2 NSP13 (PDB ID:6zsl) which were colored by different domains. The stalk domain was colored in magenta. C. Superimposition of NSP13 stalk domains from SARS-CoV-2 (magenta)
and MERS-CoV (blue, PDB ID:5wwp). D. Schematic illustration of WT NSP13 and linker insertion mutants (Z-linker-SH and ZS-linker-H). E. Western blot analysis of the purified WT
NSP13 and linker insertion mutants with anti-Myc antibody. F&G. Linker insertion did not affect ATPase activity of NSP13. (F) ATPase activity analysis of WT NSP13 and linker
insertion mutants. (G) The Kcat, Km and Kcat/Km values of WT NSP13 and linker insertion mutants. H&I. Linker insertion between stalk and helicase domains abolished dsRNA
unwinding activity of NSP13. (H) The unwinding assay of WT NSP13 and linker insertion mutants. (I) Initial unwinding rate of WT NSP13 and linker insertion mutants. The initial
unwinding rate was calculated by kinetics in the first 5min. The significance was analyzed by t-test, ***p < 0.001. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

of replication and transcription complex (RTC), NSP13 plays an
important role in viral replication. Cryo-EM has solved the struc-
ture of the SARS-CoV-2 RTC, which comprises two NSP13 helicase
proteins and one RNA polymerase NSP12 protein as well as one
NSP7 and two NSP8 proteins, in complex with RNA [32,33]. In the
complex structure, NSP13 did not directly interact with the RNA;
therefore, no information about how RNA is unwound by the SARS-
CoV-2 RTC could be obtained. Thus, although different models of
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dsRNA unwinding by NSP13 have been proposed based on the RTC
structure [32,33], the detailed mechanism is still unclear. Further
studies using an in vitro RNA unwinding assay with the RTC may
provide more insights into SARS-CoV-2 replication.
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