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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread rapidly throughout the world. SARS-CoV-2 is an
enveloped, plus-stranded RNA virus with a single-stranded RNA genome of approximately 30,000 nucleotides.The SARS-CoV-2
genome encodes 29 proteins, including 16 nonstructural, 4 structural and 9 accessory proteins. To date, over 1,228 experimental
structures of SARS-CoV-2 proteins have been deposited in the Protein Data Bank (PDB), including 16 protein structures, two
functional domain structures of nucleocapsid (N) protein, and scores of complexes. Overall, they exhibit high similarity to
SARS-CoV proteins. Here, we summarize the progress of structural and functional research on SARS-CoV-2 proteins. These
studies provide structural and functional insights into proteins of SARS-CoV-2, and further elucidate the daedal relationship
between different components at the atomic level in the viral life cycle, including attachment to the host cell, viral genome
replication and transcription, genome packaging and assembly, and virus release. It is important to understand the structural and
functional properties of SARS-CoV-2 proteins as it will facilitate the development of anti-CoV drugs and vaccines to prevent and
control the current SARS-CoV-2 pandemic.
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Introduction

In December 2019, an outbreak of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was reported that
rapidly spread to nearly every country in the world (Chan et
al., 2020; Wang et al., 2020; Wu et al., 2020). It was listed as
a “public health emergency of international concern” on
January 30, 2020, and a “Pandemic” on March 11, 2020 by
the World Health Organization (WHO). As a result, cor-
onavirus disease 2019 (COVID-19) has become a serious
threat to humans worldwide. As of April 29, 2021, more than
148.3 million patients and 3.1 million deaths were reported

by the WHO (https://www.who.int/emergencies/diseases/
novel-coronavirus-2019). The most likely explanation for
the emergence of SARS-CoV-2 is animal-to-human inter-
species transmission, followed by human-to-human trans-
mission (Xu et al., 2020a). Multiple research teams from
China and other countries successfully isolated the virus and
completed whole genome sequencing (Wang et al., 2020).
The data indicate that SARS-CoV-2 belongs to the family of
β-coronaviruses (Xu et al., 2020b) and provides theoretical
support for subsequent epidemic prevention, control and
clinical treatment.
SARS-CoV-2 displays the typical genome organization of

the β-coronaviruses. The genome consists of 14 functional
open reading frames (ORFs), including two noncoding
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regions at both ends and multiple regions that encode for
nonstructural proteins (NSPs), accessory proteins and
structural proteins (Lu et al., 2020; Wu et al., 2020) (Table 1).
ORF1a and ORF1b encode 16 NSPs (nsp1–nsp16) that are
required for viral RNA synthesis (Figure 1). There are four
structural proteins, which include the spike (S) protein, en-
velope (E) protein, membrane (M) protein and nucleocapsid
(N) protein, essential for viral assembly. Nine accessory
proteins provide a selective advantage in the infected host
(Bartlam et al., 2007; Ziebuhr, 2004) (Figure 2).
Blocking virus entry into host cells and preventing viral

replication and transcription are two primary strategies for
the design of drugs that target SARS-CoV-2. The systematic
determination of the three-dimensional structure of each
protein encoded by SARS-CoV-2 contributes to clarifying
their function and identifying potential therapeutic targets. In
this review, we summarize the structural and functional
studies conducted on SARS-CoV-2 proteins with a focus on
the proteins associated with viral genome replication and
transcription, as well as those that mediate the fusion of the
viral membrane with the host cell membrane. These results
are significant to combating SARS-CoV-2, and structural
characterization of these proteins will be useful for vaccine
design and for the development of antiviral therapeutics
against SARS-CoV-2.

NSPs

SARS-CoV-2 ORF1a and ORF1b encode 16 NSPs, which
contain multiple enzymatic functions (Figure 1, Table 1).
These NSPs are involved in the regulation of viral RNA
replication and transcription, as well as genome replication

and transcription as subunits of transcription/replication
complexes. Some of them are common enzymes that perform
key functions, including papain-like protease activity
(PLpro, nsp3), 3C-like cysteine protease activity (Mpro or
3CLpro, nsp5), RNA-dependent RNA polymerase activity
(RdRp, nsp12), and superfamily 1-like helicase and ATPase
activity (nsp13). However, others represent less common
enzymes and may be related to the unique characteristics of
the coronavirus, including primase activity (nsp8), exoribo-
nuclease activity (ExoN homolog, nsp14), nidoviral RNA
uridylate-specific endoribonuclease activity (NendoU
homolog, nsp15), and ribose 2′-O-methyltransferase activity
(2′-O-MT, nsp16).

nsp1

Two main ORFs of SARS-CoV-2, ORF1a and ORF1b, ac-
count for the majority (~70%) of the viral genome. ORF1ab
is translated to the polyproteins, pp1a or pp1ab, through a
ribosomal frameshift (Arya et al., 2021; Helmy et al., 2020).
nsp1 is the N-terminal cleavage product of ORF1ab and one
of the least characterized NSPs of the coronaviruses, and it
functions to suppress host gene expression through ribosome
association. The cryo-electron microscopy (cryo-EM)
structure of the nsp1 and human 40S ribosomal subunit
complex reveals that the nsp1 C terminus binds to and ob-
structs the mRNA entry tunnel. This research supports the
fact that nsp1 can specifically bind to the 40S ribosome of the
host cell and accelerate the degradation of mRNA. This
causes a reduction in cellular protein synthesis and promotes
virus survival (Kamitani et al., 2006; Thoms et al., 2020).
However, the mechanism through which the virus circum-
vents the nsp1-mediated translation barrier to produce its

Figure 1 Structures of SARS-CoV-2 nonstructural proteins. The full SARS-CoV-2 genome and its 16 nonstructural proteins are shown as a cartoon
representation with rainbow colors. The SARS-CoV-2 proteins with resolved structures are shown in black, while those with unresolved structure or no
Protein Data Bank (PDB) ID (nsp4 and nsp14) are shown in red (using resolved structures of the SARS-CoV proteins instead here).
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own proteins needs to be further investigated. nsp1 effec-
tively blocks the RIG-I-dependent innate immune response,
which hinders clearance of the viral infection (Hu et al.,
2017; Sparrer et al., 2012; Strahle et al., 2007; Thoms et al.,
2020). Therefore, nsp1 may be a potential antiviral target and
may act as a virulence factor because of its participation in
multiple stages of the coronavirus life cycle.

nsp2

The role of nsp2 is uncertain and it is the most variable
among the coronaviruses (Graham et al., 2006). The nsp2 of
SARS-CoV is not required for viral replication in culture, but
deletion of the nsp2 coding sequence attenuates viral growth
and RNA synthesis (Graham et al., 2006). A recent study
indicates that the structural similarity of this region is subject
to positive selective pressure to protect against mutations
occurring in the endosome-associated-protein-like domain of
the nsp2 protein, which may explain, in part, why SARS-
CoV-2 is more contagious than SARS-CoV (Angeletti et al.,
2020).

nsp3

The amino acid sequences are highly conserved between
SARS-CoV-2 nsp3 and SARS-CoV nsp3 (75% homology)
(Dong et al., 2020). nsp3 is the largest NSP of the SARS-
CoV-2 with a molecular mass of 213 kD. It is generated by
proteolytic cleavage of the pp1a polyprotein at two sites and

contains at least seven subdomains: an N-terminal acidic
domain (Ac, also called nsp3a), an X-domain (ADRP or
nsp3b), nsp3c, a papain-like proteinase (PLpro, also called
nsp3d), and additional domains (nsp3e-g) (Tan et al., 2009).
The crystal structure of SARS-CoV-2 nsp3 macrodomain-X
reveals that the unique domain of the coronavirus nsp3 core
forms a head-to-tail homodimer, and each monomer consists
of two subdomains: subdomain A and subdomain B (Al-
hammad et al., 2021) (Figure 3A and B). nsp3 acts as a
scaffold, which binds to host proteins to promote virus sur-
vival (Ma-Lauer et al., 2016). It is also involved in mediating
viral replication or the host cells’ response to viral infection
(Tan et al., 2009). The PLpro is a cysteine protease that
recognizes the LXGG tetrapeptide motif between nsp1 and
nsp2, nsp2 and nsp3, and nsp3 and nsp4. The hydrolysis of
the peptide leads to the release of nsp1, nsp2 and nsp3, which
are essential for viral replication (Harcourt et al., 2004).
Recently, the crystal structures of two inhibitors in complex
with SARS-CoV-2 PLpro revealed their inhibitory mechan-
isms, providing a molecular basis for the observed substrate
specificity profiles (Rut et al., 2020). Notably, PLpro is an
attractive antiviral drug target, and the crystal structure of
SARS-CoV-2 PLpro in complex with ubiquitin-like inter-
feron-stimulated gene 15 protein (ISG15) reveals the high
affinity and specificity of the interaction of these two pro-
teins. The inhibition of the PLpro domain of nsp3 inhibits the
virus-induced cytopathogenic effect, maintains the antiviral
interferon pathway, and reduces viral replication in infected
cells (Shin et al., 2020). Although nsp3 shows a high rate of
genetic diversity during coronavirus evolution (Forni et al.,
2016), it still retains several crucial functions that warrant in-
depth study.

nsp4

To date, of the 16 coronavirus NSPs, only nsp3, nsp4 and
nsp6 contain transmembrane domains (Oostra et al., 2008;
Ziebuhr, 2005) that participate in the interaction of the re-
plication complex with cytoplasmic membranes and function
as membrane anchors or as replication complex scaffolds
(Imbert et al., 2008). nsp4 plays a significant role in cor-
onavirus replication and the formation of the re-
ticulovesicular network, which integrates convoluted
membranes and numerous interconnected double-membrane
vesicles (DMV) of approximately 500 amino acid residues in
length (Knoops et al., 2008; Wolff et al., 2020). Studies have
indicated that comprehensive membrane pairing results from
full-length coexpression of nsp3 and nsp4, in which paired
membranes are kept at the same distance as the authentic
DMV (Angelini et al., 2013). Overall, nsp4 is a transmem-
brane protein with a complex structure. The transmembrane
regions of nsp4 may mediate the interaction of the cor-
onavirus replication complex with cellular membranes.

Figure 2 Structures of SARS-CoV-2 structural proteins and accessory
proteins. The structures are shown as a cartoon representation with rainbow
colors.
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Table 1 Structure and function of the SARS-CoV-2 genome-encoded proteinsa)

Protein
description

Protein size
(a.a.)

ORF (location in genome
sequence) PDB ID Function

Non-structural proteins (n=16)

nsp1 180 ORF1a (266–805) 6ZLW, 7K5I, 7JQB, 7K3N, 6ZOK, 7K7P Accelerates mRNA degradation, blocks
innate immune responses

nsp2 638 ORF1a (806–2,719) Undergoes positive selective pressure

nsp3 1,945 ORF1a (2,720–8,554)
7KG3, 6YWL, 6YWK, 5RVJ, 5RS7, 7KAG,

6WOJ, 6W02, 6W9C, 6WX4, 6WEY,
7CMD, 7CJM, 6XA9, 6YVA, 7D6H, 7D47

Binds to host proteins, mediates viral
replication

nsp4 500 ORF1a (8,555–10,054) Mediates the interaction with cellular
membranes

nsp5 306 ORF1a (10,055–10,972) 6M2N, 6WQF, 7K40… (more than 100) The main protease with coronaviral
polyprotein processing activity

nsp6 290 ORF1a (10,973–11,842) Host antiviral defenses, restricts
autophagosome expansion

nsp7 83 ORF1a (11,843–12,091) 7BV1, 6M5I, 7JLT, 6WIQ, 6YHU, 7AAP,
6YYT Forms complex with nsp8, stabilizes nsp8

nsp8 198 ORF1a (12,092–12,685) 7BV1, 6M5I, 7JLT, 6WIQ, 6YHU, 7AAP,
6YYT

Forms complex with nsp7, catalyzes the
synthesis of RNA primers

nsp9 113 ORF1a (12,686–13,024) 6W9Q, 6W4B Nucleic acid-binding protein

nsp10 139 ORF1a (13,025–13,441) 6W4H, 7C2J, 6ZPE, 6ZCT, 6YZ1, 6WKS Interacts with nsp14 and nsp16, regulates the
function of viral replicase

nsp11 13 ORF1a (13,442–13,480) Function unknown

nsp12 932 ORF1b (13,442–13,468,
13,468–16,236)

7BV1, 7AAP, 6XQB, 6M71, 7BZF, 7B3B,
7D4F, 6YYT, 7CXM Catalyzes the synthesis of viral RNA

nsp13 601 ORF1b (16,237–18,039) 6ZSL, 6XEZ Interacts with nsp8 and nsp12, regulates
helicase activity

nsp14 527 ORF1b (18,040–19,620) Decreases the incidence of mismatched
nucleotides, ExoN

nsp15 346 ORF1b (19,621–20,658) 6XDH, 6X4I, 6VWW, 7K0R, 7K9P, 5S6X NendoU activity, degrades viral RNA
nsp16 298 ORF1b (20,659–21,552) 6W4H, 6WKS, 6YZ1, 6WRZ, 7C2J 2′-O-MTase activity, evades innate immunity

Structural proteins (n=4)

E protein 75 ORF4 (26,245–26,472) Interacts with M-protein to form viral
membrane

M protein 222 ORF5 (26,523–27,191) Determines viral shape, is the central
organizer of coronavirus assembly

S protein 1,282 ORF2 (21,563–25,384)

6WPS, 7DMU, 6XE1, 6LZG, 6ZOY, 7BZ5,
6ZOW, 7K45, 7K4N, 7KKL, 7JZL, 6X29,
7KEB, 6ZB4, 7JWB, 7CT5, 7C2L, 6VSB,
7JX3, 6ZHD, 6XR8, 7A91, 7JVB, 7CH4,
6ZER, 6ZXN, 6XEY, 6ZWV, 6Z43, 7AD1,
6XF6, 6XM0, 7CWM, 7A5S, 6X6P, 7JMO,

7CN9, 7CWS, 7CJF, 6VYB, 7JJJ

Binds to host cell receptor, mediates viral and
host membrane attachment and fusion

N protein 419 ORF9a (28,274–29,533)
C domain 6WJI, 7CE0, 7C22

N domain 6YI3, 6M3M, 6WKP, 7CDZ,
6WZQ, 6WZO, 7ACT

Binds to viral genomic RNA, forms the
nucleocapsid

Accessory proteins (n=9)

Orf3a 275 ORF3a (25,393–26,220) 6XDC, 7KJR Induces apoptosis, pathogenicity and virus
release, mediates activation of inflammasome

Orf3b 22 ORF3b (25,814–25,882) Relates to the activation of AP-1 via the ERK
and JNK pathways

Orf6 61 ORF6 (27,202–27,387) Inhibits cellular translation

Orf7a 121 ORF7a (27,394–27,759) 6W37 Relates to virus-host
interaction

Orf7b 43 ORF7b (27,756–27,887)

Orf8b 121 ORF8b (27,894–28,259) 7JTL, 7JX6 Mediates immune suppression and evasion
activities

Orf9b 97 ORF9b (28,284–28,942) 6Z4YU, 7KDT Mediates immune responses

Orf9c 70 ORF9c (28,733–28,577) Modifies the mitochondrial activity of host
cells

Orf10 38 ORF10 (29,558–29,674)

a) NCBI Reference Sequence: NC_045512.2.
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nsp5

nsp5 is a 33 kD cysteine protease, also known as the main
protease (Mpro). Coronavirus ORF1a and ORF1b are pro-
cessed by nsp5 at 11 conserved cleavage sites to generate 12
functional proteins, which subsequently form a complex
responsible for many aspects of virus genome replication
(Masters, 2006; Perlman and Netland, 2009). For all cor-
onaviruses in the β-coronavirus subgroup, nsp5 is required
for coronaviral polyprotein processing and only active upon
ligand-induced dimerization (Tomar et al., 2015). Similar to
other β-coronavirus nsp5 proteins, SARS-CoV-2 nsp5
functions as an active homodimer with an approximate C2
symmetry (Zhang et al., 2020) (Figure 3C and D). Compared

with the dimer of SARS-CoV nsp5, the SARS-CoV-2 nsp5
dimer is tighter and closer because of a T285A substitution,
which results in a higher catalytic efficiency (Zhang et al.,
2020).
Some inhibitors targeting the SARS-CoV nsp5 are effec-

tive against all coronavirus-related diseases (Yang et al.,
2005). Therefore, many compounds, including approved
drugs and natural products, have been screened, and some of
them such as carmofur and ebselen exhibited favorable IC50

values when tested against SARS-CoV-2 (Jin et al., 2020).
The crystal structures of SARS-CoV-2 nsp5 in complex with
various inhibitors have been deposited in the Protein Data
Bank (PDB). These inhibitors are useful for understanding
the molecular basis of the interaction. Overall, nsp5 is an

Figure 3 Functional dimer of SARS-CoV-2 proteins. All proteins are shown in a ribbon representation. (A and B) nsp3 (PBD ID: 6woj) and (C and D)
nsp5/Mpro (the main protease, PBD: ID 6w63) are both active as a dimer. E and F, nsp9 (PBD ID: 6w9q), a single-stranded RNA-binding protein, functions
as a dimer. G–I, The monomers of endoribonuclease nsp15/NendoU (PBD ID: 6vww) form a double-ring hexamer, which is generated by a dimer of trimers.
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attractive target for the development of anticoronavirus
therapeutics because of its indispensable role during virus
replication.

nsp6

nsp6 is a transmembrane protein of the coronavirus lineages.
It locates to the endoplasmic reticulum (ER) and generates
autophagosomes (Benvenuto et al., 2020; Forni et al., 2017).
The overexpression of nsp6 disturbs intracellular membrane
trafficking leading to the accumulation of single-membrane
vesicles around the complex of microtubules (Cottam et al.,
2011; Oostra et al., 2008). nsp6 most likely restricts autop-
hagosome expansion by starvation or chemical inhibition of
mTOR signaling (Tang et al., 2006). However, there is no
direct evidence that autophagy and mutations associated with
nsp6 contribute to viral replication and escape from cellular
immunity. nsp6 may lead to changes in critical host antiviral
defenses, such as the autophagic lysosomal machinery.
Changes in these uncommon regions should be constantly
monitored because the pathogenicity of SARS-CoV-2 may
be modified upon mutation.

nsp9

nsp9 is a single-stranded RNA-binding protein implicated in
the virulence of the virus (Miknis et al., 2009). The crystal
structure of SARS-CoV-2 nsp9 shows that it contains a dimer
in the asymmetric unit (Figure 3E and F). In each monomer,
seven β-strands and one α-helix are arranged into a single
compact domain to form a cone-shaped β-barrel flanked by
the C-terminal α-helix. The dimeric form of nsp9 provides a
single, uninterrupted nucleic acid-binding site. This supports
the view that nsp9 functions as a nucleic acid-binding protein
(Figure 3E and F) (Littler et al., 2020). nsp9 can bind to
nsp12 nidovirus RdRp-associated nucleotidyltransferase
(NiRAN), enabling its N terminus to be inserted into the
catalytic center of nsp12 NiRAN. This inhibits its activity
(Yan et al., 2021) and disrupts the dimer interface of nsp9,
which may be a useful strategy for anticoronavirus drug
design.

nsp15

The crystal structure of SARS-CoV-2 nsp15 has been de-
termined (Kim et al., 2020) (Figure 3G and H), and the nsp15
proteins are conserved in coronaviruses, with each contain-
ing a C-terminal catalytic domain belonging to the EndoU
enzyme family (Kim et al., 2020) in which the active bio-
logical unit is a hexamer (Ricagno et al., 2006) (Figure 3I).
These types of enzymes are found in all living entities, where
they perform various biological functions related to RNA
processing. It has been reported that the NendoU activity of

nsp15 is related to protein interference with the innate im-
mune response, because nsp15 can degrade viral RNA to
hide it from host defenses (Deng et al., 2017). Mutations in
the nsp15 protein may reduce viral replication, resulting in
greatly attenuated disease in mice (Kindler et al., 2017).
Therefore, nsp15 is vital to the viral life cycle and may also
be a potential target for therapeutic intervention against
coronavirus infections.

nsp7, nsp8, nsp12, and nsp13

The structure of the SARS-CoV-2 polymerase complex
consisting of nsp12 and the cofactors nsp7-nsp8 were de-
termined by several research groups (Gao et al., 2020; Hillen
et al., 2020; Peng et al., 2020; Wang et al., 2020). The SARS-
CoV-2 nsp7-nsp8 complex displays a similar structure to that
of the SARS-CoV nsp7-nsp8 complex (Kirchdoerfer and
Ward, 2019; Zhai et al., 2005) (Figure 4A–C), and it shares
~97% amino acid sequence homology with that of SARS-
CoV (Dong et al., 2020). The function of nsp8 is to catalyze
the synthesis of RNA primers for the primer-dependent
primase, nsp12, which is a typical characteristic of cor-
onaviruses. nsp7 most likely acts as a “mortar” to stabilize
nsp8 (Bartlam et al., 2007). nsp12 is a key component of the
SARS-CoV-2 replication and transcription machinery, and
SARS-CoV-2 nsp12 shares ~96% amino acid sequence
homology with its SARS-CoV homolog (Dong et al., 2020),
and adopts the conserved architecture of the viral polymerase
family. In addition, a new β-hairpin domain at its N terminus
was identified (Gao et al., 2020) (Figure 4D). nsp12 cata-
lyzes the synthesis of viral RNAwith the assistance of nsp7-
nsp8 (Bartlam et al., 2007) and is a key target for nucleotide
analog antiviral inhibitors such as remdesivir, which has
been reported to effectively inhibit SARS-CoV-2 prolifera-
tion (Chen et al., 2020; Holshue et al., 2020). The model of
remdesivir binding to nsp12 and its possible inhibitory me-
chanisms have been revealed. Part of the double-stranded
RNA template inserts into the central channel of nsp12
where remdesivir covalently incorporates into the primer
strand at the first replicated base pair to terminate chain
elongation. This provides rational insight into the anti-
SARS-CoV-2 mechanism of remdesivir (Gao et al., 2020;
Hillen et al., 2020; Wang et al., 2020; Yin et al., 2020). The
SARS-CoV-2 nsp12 protein shares high structural similarity
with the hepatitis C virus (HCV) apo state of ns5b. So-
fosbuvir is an effective drug for the treatment of HCV in-
fection and targets HCV ns5b (Gane et al., 2013). Based on
the structural similarity of the nucleoside analogs, such as
remdesivir and sofosbuvir, and the structural conservation of
the catalytic site between SARS-CoV-2 nsp12 and the HCV
ns5b polymerase (Appleby et al., 2015; Gane et al., 2013),
nucleoside analogs are recommended candidates in the
searching for anti-SARS-CoV-2 drugs. In addition to
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antiviral research, the relatively weaker activity and lower
thermal stability of SARS-CoV-2 core polymerase complex
compared with those of SARS-CoV suggest an adaptation of
SARS-CoV-2 toward humans with lower body temperatures
compared with natural bat hosts (Peng et al., 2020).
SARS-CoV-2 nsp13 shares ~99% amino acid sequence

homology with its SARS-CoV homolog (Dong et al., 2020)
and their structures are similar. nsp13 exhibits helicase and
ATPase activity (Jia et al., 2019), and the helicase activity of
nsp13 is enhanced about two fold by nsp12 by increasing the
step size of nucleic acid unwinding (Adedeji et al., 2012).
nsp13 consists of five domains arranged in a triangular

pyramidal shape, and five well-ordered domains of nsp13
enable them to participate in helicase activity (Jia et al.,
2019). The cryo-EM structure of SARS-CoV-2 nsp13 com-
plexed with nsp7, nsp8 and nsp12 revealed that nsp13 in-
teracts with nsp8 and nsp12 (Figure 4C and H) and may be
involved in the modulation of helicase activity (Chen et al.,
2020). The atomic cryo-EM structure of an extended re-
plication and transcription complex (RTC), which is com-
prised of nsp7-nsp82-nsp12-nsp132-RNA and nsp9, reveals
an intermediate state of RTC toward mRNA synthesis, and it
is very important for understanding the architecture of RTC
(Yan et al., 2021). Because of its high sequence conservation

Figure 4 Structures of SARS-CoV-2 protein complexes. All proteins are shown in cartoon representation with rainbow colors. A, nsp7 (PDB ID: 6xez). B,
nsp8 (PDB ID: 6xez). C, nsp7-nsp8-nsp12-nsp13 complex (PDB ID: 6xez). D, nsp12 (PDB ID: 6xez). E, nsp13 (PDB ID: 6xez). F, nsp10 (PBD ID: 6w4h).
G, nsp16 (PBD ID: 6w4h). H, The nsp10-nsp16 complex (PBD ID: 6w4h).
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in coronaviruses and its pivotal role in catalyzing the un-
winding of duplex oligonucleotides into single strands in an
NTP-dependent manner, nsp13 may be considered a perfect
target for the development of anti-coronavirus drugs.

nsp10, nsp14 and nsp16

The crystal structure of the SARS-CoV-2 nsp16-nsp10
complex has been elucidated (to be published) (Figure 4E–
G). nsp10 consists of an antiparallel β-sheet, a helical domain
and two zinc-finger motifs (Rogstam et al., 2020) (Figure
4E), it interacts with both nsp14 and nsp16 as a cofactor to
stimulate their respective activities of 3′–5′ exoribonuclease
and 2′-O-methyltransferase (Bouvet et al., 2014). nsp10,
nsp14 and nsp16 are highly conserved within the cor-
onaviridae family. They share approximately 98%, 95% and
93% amino acid homology with their SARS-CoV homologs,
respectively (Dong et al., 2020; Kim et al., 2020). Since
nsp10 is a vital regulator of SARS-CoV-2 replicase function,
and its interaction with nsp14, nsp16 or possibly other pro-
teins associated with viral replication is essential for optimal
activity (Bouvet et al., 2014), nsp10 may be a target for the
development of anti-SARS-CoV-2 drugs.
nsp14 plays a key role in decreasing the incidence of

mismatched nucleotides through its exoribonuclease domain
(ExoN) (Eckerle et al., 2010), and the ExoN activity of nsp14
can be released only by binding to nsp10 (Bouvet et al.,
2012). nsp14 has three zinc-finger motifs, which is crucial
for its ExoN activity and its interaction with nsp10 (Ma et al.,
2015). nsp10 interacts with the ExoN domain of nsp14 to
stabilize its structure and facilitate its proofreading function.
nsp16 2′-O-MTase activity is stimulated by nsp10 through
stabilization of the S-adenosyl-L-methionine (SAM)-binding
pocket and extending the substrate RNA-binding groove of
nsp16 (Bouvet et al., 2010; Decroly et al., 2011). This pro-
cess facilitates virus genome replication and evasion from
innate immunity. The nsp10-nsp16 complex has a robust
2′-O-methyltransferase activity and large conformational
changes associated with substrate binding as the enzyme
transitions from a binary to a ternary state were observed
(Viswanathan et al., 2020), which provides mechanistic in-
sights into the 2′-O-methylation of the viral mRNA cap. The
complex structures of the nsp16-nsp10 heterodimers bound
to the methyl donor, S-adenosyl methionine, the reaction
product S-adenosyl homocysteine (SAH) and the SAH ana-
log sinefungin (SFG) reveal the location of the ribonucleic
acid backbone phosphates in the ribonucleotide-binding
groove and other newly identified nucleotide-binding sites
on the face of the protein opposite the active site (Viswa-
nathan et al., 2020). These sites may be developed as anti-
viral drug targets. MTase function is associated with the
nsp16 protein. The crystal structure of the nsp10-nsp16
complex bound to the pan-MTase inhibitor, sinefungin,

reveals the mechanism of the methyltransferase domain and
the atomic details of how sinefungin inhibits nsp16 MTase
(Krafcikova et al., 2020). Mutation of SARS-CoV nsp16
results in a ten-fold reduction in the synthesis of viral RNA
(Ma et al., 2015), therefore it is an attractive drug target for
anti-CoV strategies.

Structural proteins

The SARS-CoV-2 genome encodes four structural proteins,
S protein, N protein, M protein and E protein, which are
essential for viral assembly and the production of a structu-
rally whole viral particle. The three-dimensional structures
of the S protein and two main domains of the N protein have
been determined. The structures of the M protein and E
protein have not been resolved because of their complicated
transmembrane motifs.

S protein

The S protein mediates attachment of the virus to host cell
surface receptors and promotes subsequent fusion between
the viral and host cell membranes to facilitate viral entry into
the host cell. The cryo-EM structure of the ectodomain tri-
mer of the SARS-CoV-2 S protein has been determined
(Walls et al., 2020) (Figure 5A and B). The SARS-CoV-2 S
protein shares ~78% amino acid sequence homology with the
SARS-CoV S protein (Walls et al., 2020). Similar to its
SARS-CoV homolog and other type I virus membrane fusion
proteins, the SARS-CoV-2 S protein is composed of two
functional subunits: an N-terminal half (S1) (Figure 5C and
D) and a C-terminal half (S2) (Walls et al., 2020) (Figure 5E
and F). SARS-CoV-2 contains two cleavage sites at the
boundary of the S1/S2 subunits. Cleavage at S1/S2 of the
spike protein is essential for efficient viral entry into its target
cells. The furin site is cleaved by host proteases primarily
during maturation, and S2`site cleavage can occur upon
binding to the surface of the host cell. This is a very sig-
nificant difference between SARS-CoV and other β cor-
onaviruses (Örd et al., 2020; Robson, 2020).
The SARS-CoV-2 S1 subunit contains the receptor-bind-

ing domain (RBD), which is responsible for binding to cel-
lular receptors and uses angiotensin-converting enzyme 2
(ACE2) to enter target cells (Lei et al., 2020; Walls et al.,
2020; Yan et al., 2020) (Figure 5D). Importantly, the ACE2-
binding affinity of RBD in the S1 subunit of SARS-CoV-2 is
3–4-fold higher than that of SARS-CoV (Wrapp et al., 2020;
Yan et al., 2020), which may explain the higher infectivity
and transmissibility of SARS-CoV-2 compared with SARS-
CoV.
The SARS-CoV-2 S2 subunit is responsible for mediating

the membrane fusion process. The cleavage site on S2 is
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exposed and cleaved by host proteases after S1 RBD binding
to the host receptor, ACE2. This process is pivotal to viral
infection. There are two regions within the S2 subunit,
heptad repeat 1 region (HR1) and heptad repeat 2 region
(HR2), and their sequences are highly homologous to those
of other coronaviruses. The HR1 and HR2 domains interact
with each other to form an antiparallel six-helix bundle (6-
HB) structure known as the fusion core. This allosteric
process begins immediately after RBD-ACE2 binding and
S2 cleavage, leading to the viral-cellular membrane fusion
(Bosch et al., 2004). A broad-spectrum coronavirus fusion
inhibitor (EK1C4) has been developed, which targets the
HR1 domain and is highly effective against membrane fusion
and infection by coronaviruses, including SARS-CoV-2 (Xia

et al., 2020). The structural basis for membrane fusion
mediated by the RBD and 6-HB fusion core structure of the
SARS-CoV-2 proteins is important for the rational design of
novel coronavirus fusion inhibitors.
Currently, the S protein is the major target for vaccine

development, but various mutations in the antigenic epitopes
of S protein may result in conformational changes in the
protein structure. This should be carefully considered during
the design of a universal vaccine.

M protein

The M protein is a type III glycoprotein, the most abundant
structural protein of SARS-CoV-2, and it defines the shape of

Figure 5 Structure of the SARS-CoV-2 spike protein, shown as a cartoon representation with rainbow colors. A, Structure of the spike protein trimer (PBD
ID: 6vyb). B, A 90° rotation that shows a top view of the spike protein trimer. C, Structure of the spike protein RBD (PBD ID: 6lzg). D, Structure of the spike
protein RBD complexed with the receptor ACE2. E, Structure of the spike protein fusion core (PBD ID: 6lxt). F, A 90° rotation that shows a bottom view of
the subunit of the spike protein fusion core.
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the viral envelope (de Haan et al., 2000). The M protein
interacts with other structural viral proteins and has a central
organizing role in coronavirus assembly as it directs envel-
ope formation and provides the matrix to which the nu-
cleocapsid can attach for budding (Neuman et al., 2011). The
M protein is recognized by the humoral and cellular immune
responses as a significant immunogen (Liu et al., 2010), it
was also identified as a negative regulator of the innate im-
mune response because of its interaction with a common
adaptor protein, MAVS (Fu et al., 2021). These features
suggest that the M protein is a potential target for the de-
velopment of SARS-CoV-2 interventions, including vac-
cines.

Small E protein

The E protein is the smallest of the major structural proteins.
It is a short polypeptide (76–109 amino acids) with a single
α-helical transmembrane domain (Parthasarathy et al., 2008)
that forms homopentameric ion channels with poor ion se-
lectivity (Verdiá-Báguena et al., 2012). E proteins are pri-
marily located in the ER-Golgi intermediate compartment
(Liao et al., 2006) and are expressed abundantly inside in-
fected cells during the replication cycle. However, only a
small portion of the E proteins merge into the virion envel-
ope (Venkatagopalan et al., 2015). Because of the importance
of the E protein to pathogenesis, live attenuated vaccines
based on the deletion of E protein have been developed for
SARS-CoV and SARS-CoV-2 (Abdelmageed et al., 2020;
Jimenez-Guardeño et al., 2015; Surya et al., 2018; Torres et
al., 2015).

N protein

N protein is one of the most abundant structural proteins in
SARS-CoV-2 and contains three intrinsically disordered re-
gions (the N-arm, central linker region and C-tail) and two
structural domains: the N-terminal domain (Kang et al.,
2020) (Figure 2) and the C-terminal domain (Zinzula et al.,
2021) (Figure 2). Unlike other major structural proteins, the
N protein is the only protein that primarily functions to bind
to the coronavirus RNA genome to constitute the nucleo-
capsid (Chang et al., 2016; Schoeman and Fielding, 2019).
Thus, N protein binds to the viral RNA genome to form a
ribonucleoprotein complex, which is essential for keeping
RNA in an ordered conformation for replication and tran-
scription (Liang et al., 2020; Masters et al., 1990). N protein
acts as a molecular chaperone, it is indispensable for viral
RNA synthesis (Zuniga et al., 2010) and regulation of cel-
lular processes, such as cell apoptosis and cell cycle pro-
gression (Du et al., 2008). Furthermore, the N protein is
stable, conserved and highly immunogenic, in addition to
being less prone to mutation during infection. It is considered

a pivotal diagnostic molecular marker and prophylactic tar-
get (Chang et al., 2016; Rahman et al., 2021; Shekhar et al.,
2020; Takeda et al., 2008).

Accessory proteins

The SARS-CoV-2 genome encodes nine accessory proteins
(3a, 3b, 6, 7a, 7b, 8, 9b, 9c and 10), which play important
roles in its interaction with host cells to help the virus evade
the immune system and enhance its virulence.

ORF3a and ORF3b

The cryo-EM structure of SARS-CoV-2 ORF3a indicates
that it adopts a novel fold and is captured in a closed or
inactivated state, forming three transmembrane regions to
constitute large conductance cation channels in the form of
either a dimer or a tetramer (Figure 2) (Hachim et al., 2020).
ORF3a is one of the three putative ion channels, which is
encoded by SARS-CoV (Castaño-Rodriguez et al., 2018), it
is highly conserved within the β-coronavirus subgenus,
Sarbecovirus (Andersen et al., 2020). ORF3a plays an im-
portant role in virus release and is associated with in-
flammasome activation and cell death (Nieva et al., 2012).
The deletion of ORF3a reduces viral titer and morbidity in
animal models (Castaño-Rodriguez et al., 2018), suggesting
that ORF3a may be a potential therapeutic target for COVID-
19.
The structure of ORF3b could not be resolved because of

its disorder. However, it can be detected in the cytoplasm,
nucleolus and outer membrane of mitochondria of host cells.
Its overexpression is associated with the activation of AP-1
through the ERK and JNK pathways (Yuan et al., 2006).

ORF6, ORF7a and ORF7b

ORF6, ORF7a and ORF7b are conserved with respect to
amino acid substitutions similar to the E and M proteins
(Laha et al., 2020). SARS-CoV-2 ORF6 interacts with the
mRNA export proteins, RAE1 and NUP98, and may inhibit
cellular translation (Gordon et al., 2020a). The crystal struc-
ture of ORF7a, an accessory protein of SARS-CoV-2, has
been determined (to be published) (Figure 2). The ORF7a
protein is also known as X4. It is a 122-amino acid long, type
1 transmembrane protein containing a 15-residue N-terminal
signal peptide sequence, an 81-residue ectodomain and a 21-
residue C-terminal transmembrane domain, followed by a
short 5-residue cytoplasmic tail. ORF7a interacts with the
viral structural proteins, M, E, S and the ribosomal transport
proteins, HEATDR3 and MDN1 (Gordon et al., 2020a;
Huang et al., 2006). It has been shown to inhibit cellular
translation in SARS-CoV (Kopecky-Bromberg et al., 2006),
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implying that ORF7a plays an important role in the viral life
cycle and may function early in the course of viral infection.
ORF7a also interacts with the accessory protein, ORF3a,
which interacts with the M, E and S structural proteins, in-
dicating that these viral proteins likely form complexes in
coronavirus-infected host cells (McBride and Fielding, 2012;
Tan et al., 2004).

ORF8

ORF8 is a rapidly evolving accessory protein exhibiting
frequent mutations and thought to interfere with the immune
response (Laha et al., 2020). The crystal structure of SARS-
CoV-2 ORF8 reveals a ~60 residue core with two unique
dimerization interfaces. This reveals how SARS-CoV-2
ORF8 is able to form unique large-scale assemblies, which
are not observed during SARS-CoV infection. This unique
higher-order assembly may mediate immune suppression
and evasion activities (Flower et al., 2021) (Figure 2).

ORF9b, ORF9c and ORF10

The structures of both SARS-CoV ORF9b and SARS-CoV-2
ORF9b reveal that these proteins have a dimeric tent-like β
sheet structure with an amphipathic outer surface and a long
hydrophobic lipid-binding tunnel (Meier et al., 2006) (Figure
2). The unique structural properties imply that ORF9b may
interact with components of the ER-Golgi network as an
accessory protein during the assembly of the coronavirus
virion (Meier et al., 2006). The structure of human mi-
tochondrial import receptor Tom70 in complex with SARS-
CoV2 ORF9b implies that the loss of mitochondrial import
efficiency resulting from the binding of ORF9b to the Tom70
substrate-binding pocket may induce mitophagy. This pro-
vides insight into how ORF9b may modulate the host im-
mune response (Gordon et al., 2020b). These results suggest
that ORF9b could be crucial as a pancoronavirus therapeutic
target. ORF9c is annotated as a hypothetical protein and not
predicted to encode any functional protein, but it might
modify the mitochondrial activity of the host cell (Gordon et
al., 2020b; Jungreis et al., 2021). ORF10 is supposed to be
unique to SARS-CoV-2 and codes for a 38 amino acid
peptide (Wu et al., 2020). However, there is no evidence to
indicate that ORF10 is expressed during SARS-CoV-2 in-
fection.

Conclusions

The COVID-19 pandemic erupted and rapidly spread
around the world. The quick transmission and more than
2% mortality rate associated with SARS-CoV-2 have had

particularly devastating effects on human health and the
global economy. The proteins of SARS-CoV-2 perform the
function of protecting this pathogen, assisting the virus in
attaching to host cells, blocking the expression of host
genes, and evading the innate immune response to facilitate
virus replication and proliferation. In the past year, the
important structures of the protein and protein complexes of
SARS-CoV-2 have been elucidated by structural biologists,
providing an atomic view of the various processes that
occur in the viral life cycle. These structures are significant
not only to understand the mechanisms by which proteins
and their complexes perform specific switching or reg-
ulatory functions, but also to provide insight into viral
immune evasion strategies.
The direct source of the COVID-19 pathogen has not yet

been determined. Finding the potential intermediate host of
SARS-CoV-2 is essential to prevent the further spread of the
epidemic. Through structural biology, the binding char-
acteristics of viral proteins and different receptors may be
used to evaluate the effectiveness of currently available an-
tiviral therapies and conduct viral tracing studies. Scientists
are re-screening previously known antiviral compounds
against SARS-CoV, MERS-CoV and other viruses, and are
also using convalescent plasma from patients with SARS-
CoV-2 and monoclonal antibodies to inhibit the virus. Al-
though these drugs have been shown to be effective in vitro,
their clinical usefulness has not yet been clearly established.
Structural studies of viral targets will advance the develop-
ment of safe and effective anti-COVID-19 therapies. Indu-
cing a high NAb titer is a crucial factor for COVID-19
vaccine development, and structure-guided design has fur-
ther generalized the single-chain (sc-dimer) strategy to de-
sign coronavirus vaccines against SARS-CoV-2 and SARS-
CoV, achieving 10- to 100-fold enhancement of NAb titers.
This framework of immunogen design can be universally
applied to other coronavirus vaccines to counter any emer-
ging threats.
As available protein structures of SARS-CoV-2 are de-

termined, the importance of structural biology is an im-
portant tool to solve significant health-related issues,
including functional annotation of proteins, identifying drug
targets, and the development of antibodies and vaccines. In
the face of this novel coronavirus, vaccines are still the most
effective preventive measure; however, viral genome muta-
tions of SARS-CoV-2 could pose significant challenges to
existing vaccines that target the prevalent viral strains. Ex-
tensive studies on the safety and antibody-dependent en-
hancement of vaccines are necessary, and the determination
of the international biomedical community to unite and
vigorously fight is the only way to achieve success.

Compliance and ethics The author(s) declare that they have no conflict
of interest.

290 Bai, C., et al. Sci China Life Sci February (2022) Vol.65 No.2



References

Abdelmageed, M.I., Abdelmoneim, A.H., Mustafa, M.I., Elfadol, N.M.,
Murshed, N.S., Shantier, S.W., and Makhawi, A.M. (2020). Design of a
multiepitope-based peptide vaccine against the E protein of human
COVID-19: An immunoinformatics approach. Biomed Res Int 2020, 1–
12.

Adedeji, A.O., Marchand, B., Te Velthuis, A.J.W., Snijder, E.J., Weiss, S.,
Eoff, R.L., Singh, K., and Sarafianos, S.G. (2012). Mechanism of
nucleic acid unwinding by SARS-CoV helicase. PLoS ONE 7, e36521.

Alhammad, Y.M.O., Kashipathy, M.M., Roy, A., Gagné, J.P., McDonald,
P., Gao, P., Nonfoux, L., Battaile, K.P., Johnson, D.K., Holmstrom, E.
D., et al. (2021). The SARS-CoV-2 conserved macrodomain is a mono-
ADP-ribosylhydrolase. J Virol 95, e01969-20.

Andersen, K.G., Rambaut, A., Lipkin, W.I., Holmes, E.C., and Garry, R.F.
(2020). The proximal origin of SARS-CoV-2. Nat Med 26, 450–452.

Angeletti, S., Benvenuto, D., Bianchi, M., Giovanetti, M., Pascarella, S.,
and Ciccozzi, M. (2020). COVID-2019: The role of the nsp2 and nsp3
in its pathogenesis. J Med Virol 92, 584–588.

Angelini, M.M., Akhlaghpour, M., Neuman, B.W., and Buchmeier, M.J.
(2013). Severe acute respiratory syndrome coronavirus nonstructural
proteins 3, 4, and 6 induce double-membrane vesicles. mBio 4, e00524-
13.

Appleby, T.C., Perry, J.K., Murakami, E., Barauskas, O., Feng, J., Cho, A.,
Fox, D., Wetmore, D.R., McGrath, M.E., Ray, A.S., et al. (2015).
Structural basis for RNA replication by the hepatitis c virus polymerase.
Science 347, 771–775.

Arya, R., Kumari, S., Pandey, B., Mistry, H., Bihani, S.C., Das, A., Prashar,
V., Gupta, G.D., Panicker, L., and Kumar, M. (2021). Structural insights
into SARS-CoV-2 proteins. J Mol Biol 433, 166725.

Bartlam, M., Xu, Y., and Rao, Z. (2007). Structural proteomics of the SARS
coronavirus: A model response to emerging infectious diseases. J Struct
Funct Genomics 8, 85–97.

Benvenuto, D., Angeletti, S., Giovanetti, M., Bianchi, M., Pascarella, S.,
Cauda, R., Ciccozzi, M., and Cassone, A. (2020). Evolutionary analysis
of SARS-CoV-2: How mutation of non-structural protein 6 (nsp6) could
affect viral autophagy. J Infect 81, e24–e27.

Bosch, B.J., Martina, B.E.E., Van Der Zee, R., Lepault, J., Haijema, B.J.,
Versluis, C., Heck, A.J.R., De Groot, R., Osterhaus, A.D.M.E., and
Rottier, P.J.M. (2004). Severe acute respiratory syndrome coronavirus
(SARS-CoV) infection inhibition using spike protein heptad repeat-
derived peptides. Proc Natl Acad Sci USA 101, 8455–8460.

Bouvet, M., Debarnot, C., Imbert, I., Selisko, B., Snijder, E.J., Canard, B.,
and Decroly, E. (2010). In vitro reconstitution of SARS-coronavirus
mRNA cap methylation. PLoS Pathog 6, e1000863.

Bouvet, M., Imbert, I., Subissi, L., Gluais, L., Canard, B., and Decroly, E.
(2012). RNA 3′-end mismatch excision by the severe acute respiratory
syndrome coronavirus nonstructural protein nsp10/nsp14
exoribonuclease complex. Proc Natl Acad Sci USA 109, 9372–9377.

Bouvet, M., Lugari, A., Posthuma, C.C., Zevenhoven, J.C., Bernard, S.,
Betzi, S., Imbert, I., Canard, B., Guillemot, J.C., Lécine, P., et al.
(2014). Coronavirus nsp10, a critical co-factor for activation of multiple
replicative enzymes. J Biol Chem 289, 25783–25796.

Castaño-Rodriguez, C., Honrubia, J.M., Gutiérrez-Álvarez, J., DeDiego, M.
L., Nieto-Torres, J.L., Jimenez-Guardeño, J.M., Regla-Nava, J.A.,
Fernandez-Delgado, R., Verdia-Báguena, C., Queralt-Martín, M., et al.
(2018). Role of severe acute respiratory syndrome coronavirus
viroporins E, 3a, and 8a in replication and pathogenesis. mBio 9,
e02325-17.

Chan, J.F.W., Yuan, S., Kok, K.H., To, K.K.W., Chu, H., Yang, J., Xing, F.,
Liu, J., Yip, C.C.Y., Poon, R.W.S., et al. (2020). A familial cluster of
pneumonia associated with the 2019 novel coronavirus indicating
person-to-person transmission: A study of a family cluster. Lancet 395,
514–523.

Chang, C., Lo, S.C., Wang, Y.S., and Hou, M.H. (2016). Recent insights
into the development of therapeutics against coronavirus diseases by
targeting N protein. Drug Discov Today 21, 562–572.

Chen, J., Malone, B., Llewellyn, E., Grasso, M., Shelton, P.M.M., Olinares,
P.D.B., Maruthi, K., Eng, E.T., Vatandaslar, H., Chait, B.T., et al.
(2020). Structural basis for helicase-polymerase coupling in the SARS-
CoV-2 replication-transcription complex. Cell 182, 1560–1573.e13.

Cottam, E.M., Maier, H.J., Manifava, M., Vaux, L.C., Chandra-
Schoenfelder, P., Gerner, W., Britton, P., Ktistakis, N.T., and
Wileman, T. (2011). Coronavirus nsp6 proteins generate
autophagosomes from the endoplasmic reticulum via an omegasome
intermediate. Autophagy 7, 1335–1347.

de Haan, C.A.M., Vennema, H., and Rottier, P.J.M. (2000). Assembly of the
coronavirus envelope: Homotypic interactions between the m proteins. J
Virol 74, 4967–4978.

Decroly, E., Debarnot, C., Ferron, F., Bouvet, M., Coutard, B., Imbert, I.,
Gluais, L., Papageorgiou, N., Sharff, A., Bricogne, G., et al. (2011).
Crystal structure and functional analysis of the SARS-coronavirus RNA
cap 2′-O-methyltransferase nsp10/nsp16 complex. PLoS Pathog 7,
e1002059.

Deng, X., Hackbart, M., Mettelman, R.C., O′Brien, A., Mielech, A.M., Yi,
G., Kao, C.C., and Baker, S.C. (2017). Coronavirus nonstructural
protein 15 mediates evasion of dsRNA sensors and limits apoptosis in
macrophages. Proc Natl Acad Sci USA 114, E4251–E4260.

Dong, S., Sun, J., Mao, Z., Wang, L., Lu, Y.L., and Li, J. (2020). A
guideline for homology modeling of the proteins from newly discovered
betacoronavirus, 2019 novel coronavirus (2019-nCoV). J Med Virol 92,
1542–1548.

Du, L., Zhao, G., Lin, Y., Chan, C., He, Y., Jiang, S., Wu, C., Jin, D.Y.,
Yuen, K.Y., Zhou, Y., et al. (2008). Priming with rAAV encoding RBD
of SARS-CoV S protein and boosting with RBD-specific peptides for T
cell epitopes elevated humoral and cellular immune responses against
SARS-CoV infection. Vaccine 26, 1644–1651.

Eckerle, L.D., Becker, M.M., Halpin, R.A., Li, K., Venter, E., Lu, X.,
Scherbakova, S., Graham, R.L., Baric, R.S., Stockwell, T.B., et al.
(2010). Infidelity of SARS-CoV nsp14-exonuclease mutant virus
replication is revealed by complete genome sequencing. PLoS Pathog
6, e1000896.

Flower, T.G., Buffalo, C.Z., Hooy, R.M., Allaire, M., Ren, X., and Hurley,
J.H. (2021). Structure of SARS-CoV-2 ORF8, a rapidly evolving
immune evasion protein. Proc Natl Acad Sci USA 118, e2021785118.

Forni, D., Cagliani, R., Clerici, M., and Sironi, M. (2017). Molecular
evolution of human coronavirus genomes. Trends Microbiol 25, 35–48.

Forni, D., Cagliani, R., Mozzi, A., Pozzoli, U., Al-Daghri, N., Clerici, M.,
and Sironi, M. (2016). Extensive positive selection drives the evolution
of nonstructural proteins in lineage C betacoronaviruses. J Virol 90,
3627–3639.

Fu, Y.Z., Wang, S.Y., Zheng, Z.Q., Yi Huang, Z.Q., Li, W.W., Xu, Z.S., and
Wang, Y.Y. (2021). SARS-CoV-2 membrane glycoprotein M
antagonizes the MAVS-mediated innate antiviral response. Cell Mol
Immunol 18, 613–620.

Gane, E.J., Stedman, C.A., Hyland, R.H., Ding, X., Svarovskaia, E.,
Symonds, W.T., Hindes, R.G., and Berrey, M.M. (2013). Nucleotide
polymerase inhibitor sofosbuvir plus ribavirin for hepatitis C. N Engl J
Med 368, 34–44.

Gao, Y., Yan, L., Huang, Y., Liu, F., Zhao, Y., Cao, L., Wang, T., Sun, Q.,
Ming, Z., Zhang, L., et al. (2020). Structure of the RNA-dependent
RNA polymerase from COVID-19 virus. Science 368, 779–782.

Gordon, D.E., Jang, G.M., Bouhaddou, M., Xu, J., Obernier, K., White, K.
M., O′Meara, M.J., Rezelj, V.V., Guo, J.Z., Swaney, D.L., et al. (2020a).
A SARS-CoV-2 protein interaction map reveals targets for drug
repurposing. Nature 583, 459–468.

Gordon, D.E., Hiatt, J., Bouhaddou, M., Rezelj, V.V., Ulferts, S., Braberg,
H., Jureka, A.S., Obernier, K., Guo, J.Z., Batra, J., et al. (2020b).
Comparative host-coronavirus protein interaction networks reveal pan-
viral disease mechanisms. Science 370, eabe9403.

Graham, R.L., Sims, A.C., Baric, R.S., and Denison, M.R. (2006). The
nsp2 proteins of mouse hepatitis virus and SARS coronavirus are dis-
pensable for viral replication. In: Perlman, S., and Holmes, K.V., eds.
The Nidoviruses. Advances in Experimental Medicine and Biology.

291Bai, C., et al. Sci China Life Sci February (2022) Vol.65 No.2

https://doi.org/10.1155/2020/2683286
https://doi.org/10.1371/journal.pone.0036521
https://doi.org/10.1128/JVI.01969-20
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1002/jmv.25719
https://doi.org/10.1128/mBio.00524-13
https://doi.org/10.1126/science.1259210
https://doi.org/10.1016/j.jmb.2020.11.024
https://doi.org/10.1007/s10969-007-9024-5
https://doi.org/10.1007/s10969-007-9024-5
https://doi.org/10.1016/j.jinf.2020.03.058
https://doi.org/10.1073/pnas.0400576101
https://doi.org/10.1073/pnas.1201130109
https://doi.org/10.1074/jbc.M114.577353
https://doi.org/10.1128/mBio.02325-17
https://doi.org/10.1016/S0140-6736(20)30154-9
https://doi.org/10.1016/j.drudis.2015.11.015
https://doi.org/10.1016/j.cell.2020.07.033
https://doi.org/10.4161/auto.7.11.16642
https://doi.org/10.1128/JVI.74.11.4967-4978.2000
https://doi.org/10.1128/JVI.74.11.4967-4978.2000
https://doi.org/10.1073/pnas.1618310114
https://doi.org/10.1002/jmv.25768
https://doi.org/10.1016/j.vaccine.2008.01.025
https://doi.org/10.1371/journal.ppat.1000896
https://doi.org/10.1073/pnas.2021785118
https://doi.org/10.1016/j.tim.2016.09.001
https://doi.org/10.1128/JVI.02988-15
https://doi.org/10.1038/s41423-020-00571-x
https://doi.org/10.1038/s41423-020-00571-x
https://doi.org/10.1056/NEJMoa1208953
https://doi.org/10.1056/NEJMoa1208953
https://doi.org/10.1126/science.abb7498
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1126/science.abe9403


Boston: Springer. 67–72.
Hachim, A., Kavian, N., Cohen, C.A., Chin, A.W.H., Chu, D.K.W., Mok,

C.K.P., Tsang, O.T.Y., Yeung, Y.C., Perera, R.A.P.M., Poon, L.L.M., et
al. (2020). Orf8 and orf3b antibodies are accurate serological markers of
early and late SARS-CoV-2 infection. Nat Immunol 21, 1293–1301.

Harcourt, B.H., Jukneliene, D., Kanjanahaluethai, A., Bechill, J., Severson,
K.M., Smith, C.M., Rota, P.A., and Baker, S.C. (2004). Identification of
severe acute respiratory syndrome coronavirus replicase products and
characterization of papain-like protease activity. J Virol 78, 13600–
13612.

Helmy, Y.A., Fawzy, M., Elaswad, A., Sobieh, A., Kenney, S.P., and
Shehata, A.A. (2020). The COVID-19 pandemic: A comprehensive
review of taxonomy, genetics, epidemiology, diagnosis, treatment, and
control. J Clin Med 9, 1225.

Hillen, H.S., Kokic, G., Farnung, L., Dienemann, C., Tegunov, D., and
Cramer, P. (2020). Structure of replicating SARS-CoV-2 polymerase.
Nature 584, 154–156.

Holshue, M.L., DeBolt, C., Lindquist, S., Lofy, K.H., Wiesman, J., Bruce,
H., Spitters, C., Ericson, K., Wilkerson, S., Tural, A., et al. (2020). First
case of 2019 novel coronavirus in the united states. N Engl J Med 382,
929–936.

Hu, Y., Li, W., Gao, T., Cui, Y., Jin, Y., Li, P., Ma, Q., Liu, X., and Cao, C.
(2017). The severe acute respiratory syndrome coronavirus
nucleocapsid inhibits type I interferon production by interfering with
TRIM25-mediated RIG-I ubiquitination. J Virol 91, e02143-16.

Huang, C., Ito, N., Tseng, C.T.K., and Makino, S. (2006). Severe acute
respiratory syndrome coronavirus 7a accessory protein is a viral
structural protein. J Virol 80, 7287–7294.

Imbert, I., Snijder, E.J., Dimitrova, M., Guillemot, J.C., Lécine, P., and
Canard, B. (2008). The SARS-coronavirus PLnc domain of nsp3 as a
replication/transcription scaffolding protein. Virus Res 133, 136–148.

Jia, Z., Yan, L., Ren, Z., Wu, L., Wang, J., Guo, J., Zheng, L., Ming, Z.,
Zhang, L., Lou, Z., et al. (2019). Delicate structural coordination of the
severe acute respiratory syndrome coronavirus Nsp13 upon ATP
hydrolysis. Nucleic Acids Res 47, 6538–6550.

Jimenez-Guardeño, J.M., Regla-Nava, J.A., Nieto-Torres, J.L., DeDiego,
M.L., Castaño-Rodriguez, C., Fernandez-Delgado, R., Perlman, S., and
Enjuanes, L. (2015). Identification of the mechanisms causing reversion
to virulence in an attenuated SARS-CoV for the design of a genetically
stable vaccine. PLoS Pathog 11, e1005215.

Jin, Z., Du, X., Xu, Y., Deng, Y., Liu, M., Zhao, Y., Zhang, B., Li, X.,
Zhang, L., Peng, C., et al. (2020). Structure of Mpro from SARS-CoV-2
and discovery of its inhibitors. Nature 582, 289–293.

Jungreis, I., Sealfon, R., and Kellis, M. (2021). SARS-CoV-2 gene content
and COVID-19 mutation impact by comparing 44 Sarbecovirus
genomes. Nat Commun 12, 2642.

Kamitani, W., Narayanan, K., Huang, C., Lokugamage, K., Ikegami, T., Ito,
N., Kubo, H., and Makino, S. (2006). Severe acute respiratory
syndrome coronavirus nsp1 protein suppresses host gene expression
by promoting host mRNA degradation. Proc Natl Acad Sci USA 103,
12885–12890.

Kang, S., Yang, M., Hong, Z., Zhang, L., Huang, Z., Chen, X., He, S.,
Zhou, Z., Zhou, Z., Chen, Q., et al. (2020). Crystal structure of SARS-
CoV-2 nucleocapsid protein RNA binding domain reveals potential
unique drug targeting sites. Acta Pharm Sin B 10, 1228–1238.

Kim, Y., Jedrzejczak, R., Maltseva, N.I., Wilamowski, M., Endres, M.,
Godzik, A., Michalska, K., and Joachimiak, A. (2020). Crystal structure
of Nsp15 endoribonuclease NendoU from SARS-CoV-2. Protein Sci 29,
1596–1605.

Kindler, E., Gil-Cruz, C., Spanier, J., Li, Y., Wilhelm, J., Rabouw, H.H.,
Züst, R., Hwang, M., V′kovski, P., Stalder, H., et al. (2017). Early
endonuclease-mediated evasion of RNA sensing ensures efficient
coronavirus replication. PLoS Pathog 13, e1006195.

Kirchdoerfer, R.N., and Ward, A.B. (2019). Structure of the SARS-CoV
nsp12 polymerase bound to nsp7 and nsp8 co-factors. Nat Commun 10,
2342.

Knoops, K., Kikkert, M., Worm, S.H.E., Zevenhoven-Dobbe, J.C., van der

Meer, Y., Koster, A.J., Mommaas, A.M., and Snijder, E.J. (2008).
SARS-coronavirus replication is supported by a reticulovesicular
network of modified endoplasmic reticulum. PLoS Biol 6, e226.

Kopecky-Bromberg, S.A., Martinez-Sobrido, L., and Palese, P. (2006). 7a
protein of severe acute respiratory syndrome coronavirus inhibits
cellular protein synthesis and activates p38 mitogen-activated protein
kinase. J Virol 80, 785–793.

Krafcikova, P., Silhan, J., Nencka, R., and Boura, E. (2020). Structural
analysis of the SARS-CoV-2 methyltransferase complex involved in
RNA cap creation bound to sinefungin. Nat Commun 11, 3717.

Laha, S., Chakraborty, J., Das, S., Manna, S.K., Biswas, S., and Chatterjee,
R. (2020). Characterizations of SARS-CoV-2 mutational profile, spike
protein stability and viral transmission. Infect Genet Evol 85, 104445.

Lei, X., Dong, X., Ma, R., Wang, W., Xiao, X., Tian, Z., Wang, C., Wang,
Y., Li, L., Ren, L., et al. (2020). Activation and evasion of type I
interferon responses by SARS-CoV-2. Nat Commun 11, 3810.

Liang, Y., Wang, M.L., Chien, C.S., Yarmishyn, A.A., Yang, Y.P., Lai, W.
Y., Luo, Y.H., Lin, Y.T., Chen, Y.J., Chang, P.C., et al. (2020). Highlight
of immune pathogenic response and hematopathologic effect in SARS-
CoV, MERS-COV, and SARS-CoV-2 infection. Front Immunol 11,
1022.

Liao, Y., Yuan, Q., Torres, J., Tam, J.P., and Liu, D.X. (2006). Biochemical
and functional characterization of the membrane association and
membrane permeabilizing activity of the severe acute respiratory
syndrome coronavirus envelope protein. Virology 349, 264–275.

Littler, D.R., Gully, B.S., Colson, R.N., and Rossjohn, J. (2020). Crystal
structure of the SARS-CoV-2 non-structural protein 9, nsp9. iScience
23, 101258.

Liu, J., Sun, Y., Qi, J., Chu, F., Wu, H., Gao, F., Li, T., Yan, J., and Gao, G.
F. (2010). The membrane protein of severe acute respiratory syndrome
coronavirus acts as a dominant immunogen revealed by a clustering
region of novel functionally and structurally defined cytotoxic T-
lymphocyte epitopes. J Infect Dis 202, 1171–1180.

Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., Wang, W., Song, H.,
Huang, B., Zhu, N., et al. (2020). Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins
and receptor binding. Lancet 395, 565–574.

Ma-Lauer, Y., Carbajo-Lozoya, J., Hein, M.Y., Müller, M.A., Deng, W.,
Lei, J., Meyer, B., Kusov, Y., von Brunn, B., Bairad, D.R., et al. (2016).
p53 down-regulates SARS coronavirus replication and is targeted by the
SARS-unique domain and PLpro via E3 ubiquitin ligase RCHY1. Proc
Natl Acad Sci USA 113, E5192–E5201.

Ma, Y., Wu, L., Shaw, N., Gao, Y., Wang, J., Sun, Y., Lou, Z., Yan, L.,
Zhang, R., and Rao, Z. (2015). Structural basis and functional analysis
of the SARS coronavirus nsp14-nsp10 complex. Proc Natl Acad Sci
USA 112, 9436–9441.

Masters, P.S. (2006). The molecular biology of coronaviruses. In: Mar-
amorosch, K., and Shatkin, A.J., eds. Advances in Virus Research.
Amsterdam: Elsevier Ltd. 193–292.

Masters, P.S., Parker, M.M., Ricard, C.S., Duchala, C., Frana, M.F.,
Holmes, K.V., and Sturman, L.S. (1990). Structure and function studies
of the nucleocapsid protein of mouse hepatitis virus. In: Cavanagh, D.,
and Brown T.D.K., eds. Coronaviruses and Their Diseases. Advances in
Experimental Medicine and Biology. Boston: Springer. 239–246.

McBride, R., and Fielding, B. (2012). The role of severe acute respiratory
syndrome (SARS)-coronavirus accessory proteins in virus
pathogenesis. Viruses 4, 2902–2923.

Meier, C., Aricescu, A.R., Assenberg, R., Aplin, R.T., Gilbert, R.J.C.,
Grimes, J.M., and Stuart, D.I. (2006). The crystal structure of ORF-9b,
a lipid binding protein from the SARS coronavirus. Structure 14, 1157–
1165.

Miknis, Z.J., Donaldson, E.F., Umland, T.C., Rimmer, R.A., Baric, R.S.,
and Schultz, L.W. (2009). Severe acute respiratory syndrome
coronavirus nsp9 dimerization is essential for efficient viral growth. J
Virol 83, 3007–3018.

Neuman, B.W., Kiss, G., Kunding, A.H., Bhella, D., Baksh, M.F., Connelly,
S., Droese, B., Klaus, J.P., Makino, S., Sawicki, S.G., et al. (2011). A

292 Bai, C., et al. Sci China Life Sci February (2022) Vol.65 No.2

https://doi.org/10.1038/s41590-020-0773-7
https://doi.org/10.1128/JVI.78.24.13600-13612.2004
https://doi.org/10.3390/jcm9041225
https://doi.org/10.1038/s41586-020-2368-8
https://doi.org/10.1056/NEJMoa2001191
https://doi.org/10.1128/JVI.02143-16
https://doi.org/10.1128/JVI.00414-06
https://doi.org/10.1016/j.virusres.2007.11.017
https://doi.org/10.1093/nar/gkz409
https://doi.org/10.1371/journal.ppat.1005215
https://doi.org/10.1038/s41586-020-2223-y
https://doi.org/10.1038/s41467-021-22905-7
https://doi.org/10.1073/pnas.0603144103
https://doi.org/10.1016/j.apsb.2020.04.009
https://doi.org/10.1002/pro.3873
https://doi.org/10.1371/journal.ppat.1006195
https://doi.org/10.1038/s41467-019-10280-3
https://doi.org/10.1371/journal.pbio.0060226
https://doi.org/10.1128/JVI.80.2.785-793.2006
https://doi.org/10.1038/s41467-020-17495-9
https://doi.org/10.1016/j.meegid.2020.104445
https://doi.org/10.1038/s41467-020-17665-9
https://doi.org/10.3389/fimmu.2020.01022
https://doi.org/10.1016/j.virol.2006.01.028
https://doi.org/10.1016/j.isci.2020.101258
https://doi.org/10.1086/656315
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1073/pnas.1603435113
https://doi.org/10.1073/pnas.1603435113
https://doi.org/10.1073/pnas.1508686112
https://doi.org/10.1073/pnas.1508686112
https://doi.org/10.3390/v4112902
https://doi.org/10.1016/j.str.2006.05.012
https://doi.org/10.1128/JVI.01505-08
https://doi.org/10.1128/JVI.01505-08


structural analysis of M protein in coronavirus assembly and
morphology. J Struct Biol 174, 11–22.

Nieva, J.L., Madan, V., and Carrasco, L. (2012). Viroporins: Structure and
biological functions. Nat Rev Microbiol 10, 563–574.

Oostra, M., Hagemeijer, M.C., van Gent, M., Bekker, C.P.J., te Lintelo, E.
G., Rottier, P.J.M., and de Haan, C.A.M. (2008). Topology and
membrane anchoring of the coronavirus replication complex: Not all
hydrophobic domains of nsp3 and nsp6 are membrane spanning. J Virol
82, 12392–12405.

Örd, M., Faustova, I., and Loog, M. (2020). The sequence at spike s1/s2
site enables cleavage by furin and phospho-regulation in SARS-CoV2
but not in SARS-CoV1 or MERS-COV. Sci Rep 10, 16944.

Parthasarathy, K., Ng, L., Lin, X., Liu, D.X., Pervushin, K., Gong, X., and
Torres, J. (2008). Structural flexibility of the pentameric SARS
coronavirus envelope protein ion channel. Biophys J 95, L39–L41.

Peng, Q., Peng, R., Yuan, B., Zhao, J., Wang, M., Wang, X., Wang, Q., Sun,
Y., Fan, Z., Qi, J., et al. (2020). Structural and biochemical
characterization of the nsp12-nsp7-nsp8 core polymerase complex
from SARS-CoV-2. Cell Rep 31, 107774.

Perlman, S., and Netland, J. (2009). Coronaviruses post-SARS: Update on
replication and pathogenesis. Nat Rev Microbiol 7, 439–450.

Rahman, M.S., Islam, M.R., Alam, A.S.M.R.U., Islam, I., Hoque, M.N.,
Akter, S., Rahaman, M.M., Sultana, M., and Hossain, M.A. (2021).
Evolutionary dynamics of SARS-CoV-2 nucleocapsid protein and its
consequences. J Med Virol 93, 2177–2195.

Ricagno, S., Egloff, M.P., Ulferts, R., Coutard, B., Nurizzo, D.,
Campanacci, V., Cambillau, C., Ziebuhr, J., and Canard, B. (2006).
Crystal structure and mechanistic determinants of SARS coronavirus
nonstructural protein 15 define an endoribonuclease family. Proc Natl
Acad Sci USA 103, 11892–11897.

Robson, B. (2020). COVID-19 Coronavirus spike protein analysis for
synthetic vaccines, a peptidomimetic antagonist, and therapeutic drugs,
and analysis of a proposed achilles’ heel conserved region to minimize
probability of escape mutations and drug resistance. Comput Biol Med
121, 103749.

Rogstam, A., Nyblom, M., Christensen, S., Sele, C., Talibov, V.O.,
Lindvall, T., Rasmussen, A.A., André, I., Fisher, Z., Knecht, W., et al.
(2020). Crystal structure of non-structural protein 10 from severe acute
respiratory syndrome coronavirus-2. Int J Mol Sci 21, 7375.

Rut, W., Lv, Z., Zmudzinski, M., Patchett, S., Nayak, D., Snipas, S.J., El
Oualid, F., Huang, T.T., Bekes, M., Drag, M., et al. (2020). Activity
profiling and crystal structures of inhibitor-bound SARS-CoV-2 papain-
like protease: A framework for anti-COVID-19 drug design. Sci Adv 6,
eabd4596.

Schoeman, D., and Fielding, B.C. (2019). Coronavirus envelope protein:
Current knowledge. Virol J 16, 69.

Shekhar, N., Sarma, P., Prajapat, M., Avti, P., Kaur, H., Raja, A., Singh, H.,
Bhattacharya, A., Sharma, S., Kumar, S., et al. (2020). In silico
Structure-based repositioning of approved drugs for spike glycoprotein
S2 domain fusion peptide of SARS-CoV-2: Rationale from molecular
dynamics and binding free energy calculations. mSystems 5, e00382-
20.

Shin, D., Mukherjee, R., Grewe, D., Bojkova, D., Baek, K., Bhattacharya,
A., Schulz, L., Widera, M., Mehdipour, A.R., Tascher, G., et al. (2020).
Papain-like protease regulates SARS-CoV-2 viral spread and innate
immunity. Nature 587, 657–662.

Sparrer, K.M.J., Pfaller, C.K., and Conzelmann, K.K. (2012). Measles virus
C protein interferes with beta interferon transcription in the nucleus. J
Virol 86, 796–805.

Strahle, L., Marq, J.B., Brini, A., Hausmann, S., Kolakofsky, D., and
Garcin, D. (2007). Activation of the beta interferon promoter by
unnatural sendai virus infection requires RIG-I and is inhibited by viral
c proteins. J Virol 81, 12227–12237.

Surya, W., Li, Y., and Torres, J. (2018). Structural model of the SARS
coronavirus E channel in LMPG micelles. Biochim Biophys Acta 1860,
1309–1317.

Takeda, M., Chang, C., Ikeya, T., Güntert, P., Chang, Y., Hsu, Y., Huang, T.,

and Kainosho, M. (2008). Solution structure of the C-terminal
dimerization domain of SARS coronavirus nucleocapsid protein
solved by the sail-NMR method. J Mol Biol 380, 608–622.

Tan, J., Vonrhein, C., Smart, O.S., Bricogne, G., Bollati, M., Kusov, Y.,
Hansen, G., Mesters, J.R., Schmidt, C.L., and Hilgenfeld, R. (2009).
The SARS-unique domain (SUD) of SARS coronavirus contains two
macrodomains that bind G-quadruplexes. PLoS Pathog 5, e1000428.

Tan, Y.J., Teng, E., Shen, S., Tan, T.H.P., Goh, P.Y., Fielding, B.C., Ooi, E.
E., Tan, H.C., Lim, S.G., and Hong, W. (2004). A novel severe acute
respiratory syndrome coronavirus protein, U274, is transported to the
cell surface and undergoes endocytosis. J Virol 78, 6723–6734.

Tang, J.W., Cheung, J.L.K., Chu, I.M.T., Sung, J.J.Y., Peiris, M., and Chan,
P.K.S. (2006). The large 386-nt deletion in SARS-associated
coronavirus: evidence for quasispecies? J Infect Dis 194, 808–813.

Thoms, M., Buschauer, R., Ameismeier, M., Koepke, L., Denk, T.,
Hirschenberger, M., Kratzat, H., Hayn, M., Mackens-Kiani, T., Cheng,
J., et al. (2020). Structural basis for translational shutdown and immune
evasion by the nsp1 protein of SARS-CoV-2. Science 369, 1249–1255.

Tomar, S., Johnston, M.L., St. John, S.E., Osswald, H.L., Nyalapatla, P.R.,
Paul, L.N., Ghosh, A.K., Denison, M.R., and Mesecar, A.D. (2015).
Ligand-induced dimerization of middle east respiratory syndrome
(MERS) coronavirus nsp5 protease (3CLpro). J Biol Chem 290,
19403–19422.

Torres, J., Surya, W., Li, Y., and Liu, D.X. (2015). Protein-protein
interactions of viroporins in coronaviruses and paramyxoviruses: New
targets for antivirals? Viruses 7, 2858–2883.

Venkatagopalan, P., Daskalova, S.M., Lopez, L.A., Dolezal, K.A., and
Hogue, B.G. (2015). Coronavirus envelope (E) protein remains at the
site of assembly. Virology 478, 75–85.

Verdiá-Báguena, C., Nieto-Torres, J.L., Alcaraz, A., DeDiego, M.L.,
Torres, J., Aguilella, V.M., and Enjuanes, L. (2012). Coronavirus E
protein forms ion channels with functionally and structurally-involved
membrane lipids. Virology 432, 485–494.

Viswanathan, T., Arya, S., Chan, S.H., Qi, S., Dai, N., Misra, A., Park, J.G.,
Oladunni, F., Kovalskyy, D., Hromas, R.A., et al. (2020). Structural
basis of RNA cap modification by SARS-CoV-2. Nat Commun 11,
3718.

Walls, A.C., Park, Y.J., Tortorici, M.A., Wall, A., McGuire, A.T., and
Veesler, D. (2020). Structure, function, and antigenicity of the SARS-
CoV-2 spike glycoprotein. Cell 181, 281–292.e6.

Wang, B., Asarnow, D., Lee, W.H., Huang, C.W., Faust, B., Ng, P.M.L.,
Ngoh, E.Z.X., Bohn, M., Bulkley, D., Pizzorno, A., et al. (2020). Bi-
valent binding of a fully human IgG to the SARS-CoV-2 spike proteins
reveals mechanisms of potent neutralization. bioRxiv doi: 10.1101/
2020.07.14.203414.

Wang, Q., Wu, J., Wang, H., Gao, Y., Liu, Q., Mu, A., Ji, W., Yan, L., Zhu,
Y., Zhu, C., et al. (2020). Structural basis for RNA replication by the
SARS-CoV-2 polymerase. Cell 182, 417–428.e13.

Wolff, G., Limpens, R.W.A.L., Zevenhoven-Dobbe, J.C., Laugks, U.,
Zheng, S., de Jong, A.W.M., Koning, R.I., Agard, D.A., Grünewald, K.,
Koster, A.J., et al. (2020). A molecular pore spans the double membrane
of the coronavirus replication organelle. Science 369, 1395–1398.

Wrapp, D., Wang, N., Corbett, K.S., Goldsmith, J.A., Hsieh, C.L., Abiona,
O., Graham, B.S., and McLellan, J.S. (2020). Cryo-EM structure of the
2019-nCoV spike in the prefusion conformation. Science 367, 1260–
1263.

Wu, F., Zhao, S., Yu, B., Chen, Y.M., Wang, W., Song, Z.G., Hu, Y., Tao, Z.
W., Tian, J.H., Pei, Y.Y., et al. (2020). A new coronavirus associated
with human respiratory disease in China. Nature 579, 265–269.

Xia, S., Liu, M., Wang, C., Xu, W., Lan, Q., Feng, S., Qi, F., Bao, L., Du,
L., Liu, S., et al. (2020). Inhibition of SARS-CoV-2 (previously 2019-
nCoV) infection by a highly potent pan-coronavirus fusion inhibitor
targeting its spike protein that harbors a high capacity to mediate
membrane fusion. Cell Res 30, 343–355.

Xu, J., Zhao, S., Teng, T., Abdalla, A.E., Zhu, W., Xie, L., Wang, Y., and
Guo, X. (2020a). Systematic comparison of two animal-to-human
transmitted human coronaviruses: SARS-CoV-2 and SARS-CoV.

293Bai, C., et al. Sci China Life Sci February (2022) Vol.65 No.2

https://doi.org/10.1016/j.jsb.2010.11.021
https://doi.org/10.1038/nrmicro2820
https://doi.org/10.1128/JVI.01219-08
https://doi.org/10.1038/s41598-020-74101-0
https://doi.org/10.1529/biophysj.108.133041
https://doi.org/10.1016/j.celrep.2020.107774
https://doi.org/10.1038/nrmicro2147
https://doi.org/10.1002/jmv.26626
https://doi.org/10.1073/pnas.0601708103
https://doi.org/10.1073/pnas.0601708103
https://doi.org/10.1016/j.compbiomed.2020.103749
https://doi.org/10.3390/ijms21197375
https://doi.org/10.1126/sciadv.abd4596
https://doi.org/10.1186/s12985-019-1182-0
https://doi.org/10.1128/mSystems.00382-20
https://doi.org/10.1038/s41586-020-2601-5
https://doi.org/10.1128/JVI.05899-11
https://doi.org/10.1128/JVI.05899-11
https://doi.org/10.1128/JVI.01300-07
https://doi.org/10.1016/j.bbamem.2018.02.017
https://doi.org/10.1016/j.jmb.2007.11.093
https://doi.org/10.1371/journal.ppat.1000428
https://doi.org/10.1128/JVI.78.13.6723-6734.2004
https://doi.org/10.1086/507044
https://doi.org/10.1126/science.abc8665
https://doi.org/10.1074/jbc.M115.651463
https://doi.org/10.3390/v7062750
https://doi.org/10.1016/j.virol.2015.02.005
https://doi.org/10.1016/j.virol.2012.07.005
https://doi.org/10.1038/s41467-020-17496-8
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.05.034
https://doi.org/10.1126/science.abd3629
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41422-020-0305-x


Viruses 12, 244.
Xu, X., Chen, P., Wang, J., Feng, J., Zhou, H., Li, X., Zhong, W., and Hao,

P. (2020b). Evolution of the novel coronavirus from the ongoing Wuhan
outbreak and modeling of its spike protein for risk of human
transmission. Sci China Life Sci 63, 457–460.

Yan, L., Ge, J., Zheng, L., Zhang, Y., Gao, Y., Wang, T., Huang, Y., Yang,
Y., Gao, S., Li, M., et al. (2021). Cryo-EM structure of an extended
SARS-CoV-2 replication and transcription complex reveals an
intermediate state in Cap synthesis. Cell 184, 184–193.e10.

Yan, R., Zhang, Y., Li, Y., Xia, L., Guo, Y., and Zhou, Q. (2020). Structural
basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 367, 1444–1448.

Yang, H., Xie, W., Xue, X., Yang, K., Ma, J., Liang, W., Zhao, Q., Zhou, Z.,
Pei, D., Ziebuhr, J., et al. (2005). Design of wide-spectrum inhibitors
targeting coronavirus main proteases. PLoS Biol 3, e324.

Yin, W., Mao, C., Luan, X., Shen, D.D., Shen, Q., Su, H., Wang, X., Zhou,
F., Zhao, W., Gao, M., et al. (2020). Structural basis for inhibition of the
RNA-dependent RNA polymerase from SARS-CoV-2 by remdesivir.
Science 368, 1499–1504.

Yuan, X., Shan, Y., Yao, Z., Li, J., Zhao, Z., Chen, J., and Cong, Y. (2006).
Mitochondrial location of severe acute respiratory syndrome cor-
onavirus 3b protein. Mol Cells 21, 186–191.

Zhai, Y., Sun, F., Li, X., Pang, H., Xu, X., Bartlam, M., and Rao, Z. (2005).
Insights into SARS-CoV transcription and replication from the structure
of the nsp7-nsp8 hexadecamer. Nat Struct Mol Biol 12, 980–986.

Zhang, L., Lin, D., Sun, X., Curth, U., Drosten, C., Sauerhering, L., Becker,
S., Rox, K., and Hilgenfeld, R. (2020). Crystal structure of SARS-CoV-
2 main protease provides a basis for design of improved α-ketoamide
inhibitors. Science 368, 409–412.

Ziebuhr, J. (2004). Molecular biology of severe acute respiratory syndrome
coronavirus. Curr Opin Microbiol 7, 412–419.

Ziebuhr, J. (2005). The coronavirus replicase. In: Enjuanes, L., ed. Cor-
onavirus Replication and Reverse Genetics. Current Topics in Micro-
biology and Immunology. Berlin, Heidelberg: Springer. 57–94.

Zinzula, L., Basquin, J., Bohn, S., Beck, F., Klumpe, S., Pfeifer, G., Nagy,
I., Bracher, A., Hartl, F.U., and Baumeister, W. (2021). High-resolution
structure and biophysical characterization of the nucleocapsid
phosphoprotein dimerization domain from the COVID-19 severe
acute respiratory syndrome coronavirus 2. Biochem Biophys Res
Commun 538, 54–62.

Zuniga, S., Cruz, J.L.G., Sola, I., Mateos-Gomez, P.A., Palacio, L., and
Enjuanes, L. (2010). Coronavirus nucleocapsid protein facilitates
template switching and is required for efficient transcription. J Virol
84, 2169–2175.

294 Bai, C., et al. Sci China Life Sci February (2022) Vol.65 No.2

https://doi.org/10.3390/v12020244
https://doi.org/10.1007/s11427-020-1637-5
https://doi.org/10.1016/j.cell.2020.11.016
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1371/journal.pbio.0030324
https://doi.org/10.1126/science.abc1560
https://doi.org/10.1038/nsmb999
https://doi.org/10.1126/science.abb3405
https://doi.org/10.1016/j.mib.2004.06.007
https://doi.org/10.1016/j.bbrc.2020.09.131
https://doi.org/10.1016/j.bbrc.2020.09.131
https://doi.org/10.1128/JVI.02011-09

	Overview of SARS-CoV-2 genome-encoded proteins 
	Introduction
	NSPs
	nsp1
	nsp2
	nsp3
	nsp4
	nsp5
	nsp6
	nsp9
	nsp15
	nsp7, nsp8, nsp12, and nsp13
	nsp10, nsp14 and nsp16

	Structural proteins
	S protein
	M protein
	Small E protein
	N protein

	Accessory proteins
	ORF3a and ORF3b
	ORF6, ORF7a and ORF7b
	ORF8
	ORF9b, ORF9c and ORF10

	Conclusions


