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Abstract

COVID-19, caused by SARS-CoV-2, has resulted in severe and
unprecedented economic and social disruptions in the world.
Nucleocapsid (N) protein, which is the major structural component
of the virion and is involved in viral replication, assembly and
immune regulation, plays key roles in the viral life cycle. Here, we
solved the crystal structures of the N- and C-terminal domains
(N-NTD and N-CTD) of SARS-CoV-2 N protein, at 1.8 and 1.5 Å reso-
lution, respectively. Both structures show conserved features from
other CoV N proteins. The binding sites targeted by small mole-
cules against HCoV-OC43 and MERS-CoV, which inhibit viral infec-
tion by blocking the RNA-binding activity or normal
oligomerization of N protein, are relatively conserved in our struc-
ture, indicating N protein is a promising drug target. In addition,
certain areas of N-NTD and N-CTD display distinct charge distribu-
tion patterns in SARS-CoV-2, which may alter the RNA-binding
modes. The specific antigenic characteristics are critical for devel-
oping specific immune-based rapid diagnostic tests. Our structural
information can aid in the discovery and development of antiviral
inhibitors against SARS-CoV-2 in the future.
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Introduction

In December 2019, a new coronavirus (2019-nCoV) was detected

due to emerging viral pneumonia cases in Wuhan, China (Li et al,

2020; Tan et al, 2020; Wang et al, 2020a; Wu et al, 2020a; Zhou

et al, 2020b; Zhu et al, 2020). The World Health Organization

named the infectious disease “COVID-19”, and it declared a global

pandemic on 11 March 2020 (https://www.who.int/dg/speeches/de

tail/who-director-general-s-opening-remarks-at-the-media-briefing-

on-covid-19---11-march-2020).

2019-nCoV, which is the seventh coronavirus capable of infecting

humans, was later named “SARS-CoV-2” by the International

Committee on Taxonomy of Viruses (ICTV) (Gorbalenya et al, 2020),

although with some controversies (Jiang et al, 2020). The other six

coronaviruses are the low-pathogenicity members HCoV-OC43,

HCoV-HKU1, HCoV-NL63 and HCoV-229E and the highly pathogenic

SARS-CoV and MERS-CoV (Lu et al, 2020). Sequence comparison has

shown that SARS-CoV-2 has the closest relationship (96.2%) with the

bat SARS-like coronavirus RaTG13 (Lu et al, 2020; Zhou et al, 2020a,

b), but the origin of this virus is more than likely the bat; what

remains to be identified is a possible intermediate host. Although

many small-molecule drugs targeting the viral polymerase and

protease, such as remdesivir, lipinavir, ritonavir and hydroxychloro-

quine, have been shown to be promising at the beginning (Wang

et al, 2020c; Zhang et al, 2020a), no therapeutics have yet been

proven effective for the treatment of severe illness in recent clinical

trials (Beigel et al, 2020; Cao et al, 2020), and hydroxychloroquine

has been found no benefit to help patients with COVID-19 recover

(Cavalcanti et al, 2020; Hoffmann et al, 2020; Maisonnasse et al,

2020), indicating more effective antiviral drugs are yet to be devel-

oped, and combinational therapeutic approaches are necessary to

improve patient outcomes in COVID-19. Recently, several protective

neutralization antibodies blocking viral entry were rapidly developed

(Shi et al, 2020; Wu et al, 2020b,c), and diverse types of vaccine

candidates are undergoing clinical evaluation (Wang et al, 2020b).

However, there is still no clinically approved specific drug or vaccine

available to treat the disease. Therefore, it is urgent to develop speci-

fic drugs/inhibitors against distinct targets and infection processes.

Among positive-sense RNA viruses, the family Coronaviridae, of

which SARS-CoV-2 is a member, has the largest genome (~ 30,000

bases). It contains two large overlapping open reading frames

(ORF1a and ORF1b) and encodes four structural proteins, i.e. spike,

envelope, membrane and nucleocapsid (N) proteins, and nine acces-

sory proteins. ORF1a and ORF1b are further processed to generate

16 nonstructural proteins (Nsp1 to 16). Among the viral proteins,

the N protein is the central component of virions. It binds to viral
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genomic RNA to package the RNA into a ribonucleoprotein (RNP)

complex. Besides assembly, N proteins also possess other functions,

including roles in viral mRNA transcription and replication (Zuniga

et al, 2010; Cong et al, 2020), cytoskeleton organization and

immune regulation (Surjit et al, 2004, 2006; Lu et al, 2011). Espe-

cially, SARS-CoV-2 N protein has been found to function as a viral

suppressor of RNA silencing (VSR) through its double-stranded

RNA-binding activity to combat host RNAi-mediated antiviral

responses (Mu et al, 2020). In addition, N protein could induce both

humoral and cellular immune responses after infection (Ni et al,

2020; Xiang et al, 2020), making it a key target for diagnosis and

vaccine development.

Coronavirus N proteins have two conserved and independently

folded structural domains, called the N-terminal domain (NTD) and

C-terminal domain (CTD) (Chang et al, 2014). The two domains are

connected by an intrinsically disordered region (IDR) called the

central linker region (LKR). The LKR includes a Ser/Arg (SR)-rich

region that contains putative phosphorylation sites (Peng et al, 2008).

In addition, the N-NTD and N-CTD of coronaviruses are usually

flanked by two IDRs, which are called N-arm and C-tail. Previous

studies have revealed that N-NTD is responsible for RNA binding, N-

CTD for both RNA binding and dimerization, and the IDR for modulat-

ing the RNA-binding activity of N-NTD and N-CTD and oligomeriza-

tion (Chang et al, 2014). The structures of both N-NTD and N-CTD

from several human-infecting coronaviruses have been solved (Yu

et al, 2006; Chen et al, 2007; Saikatendu et al, 2007; Lin et al, 2014;

Papageorgiou et al, 2016; Szelazek et al, 2017; Nguyen et al, 2019),

but the structure of the full-length N protein remains a mystery due to

the disordered IDR and oligomeric characteristics (Cong et al, 2017).

The importance of N protein in viral assembly, replication and host

immune response regulation makes it an attractive target for develop-

ing broad-spectrum antiviral inhibitors. Previous studies have shown

that small-molecule drugs can be developed by targeting the RNA-

binding activity and the oligomerization of the N protein (Lin et al,

2014; Chang et al, 2016; Zhang et al, 2020b).

Here, we determined the crystal structures of SARS-CoV-2 N-

NTD at a resolution of 1.8 Å and N-CTD at a resolution of 1.5 Å,

and we compared these with other human-infecting coronavirus N-

NTD and N-CTD structures to identify suitable target sites for anti-

COVID-19 drug discovery and elucidate their structural drug-binding

features. These studies provide important structural information to

guide the development of antiviral compounds against SARS-CoV-2

and targeting the N protein.

Results

Domain organization of the SARS-CoV-2 N protein

According to the sequence alignment analysis of SARS-CoV-2 and

other coronaviruses, SARS-CoV-2 has a genome organization similar

to that of SARS-CoV (Fig 1A), and the SARS-CoV-2 N protein also

shares the same modular organization with the SARS-CoV N protein.

It is composed of three IDRs (N-arm, LKR and C-tail) and two struc-

tural domains (NTD and CTD) (Fig 1B). SARS-CoV-2 has a close rela-

tionship with SARS-CoV, and both belong to lineage B beta-

coronaviruses (Fig 1C). Previous studies have shown that coron-

avirus N-NTD is the RNA-binding domain, while N-CTD is the

dimerization domain and also has RNA-binding activity. To further

study the biochemical properties of SARS-CoV-2 N, we produced

SARS-CoV-2 N-NTD and N-CTD in Escherichia coli, and we obtained

the soluble protein domains by metal affinity chromatography and gel

filtration chromatography (Fig EV1A and B). Sedimentation velocity

analytical ultracentrifugation analyses determined that SARS-CoV-2

N-NTD exists as a monomer (~ 15.4 kDa) (Fig 1D), while N-CTD

exists as a dimer (~ 28.7 kDa) (Fig 1E) in solution. These results

further confirm that SARS-CoV-2 N protein shares the same modular

organizationwith other CoVN proteins.

Structure of SARS-CoV-2 N-NTD

The crystal structure of SARS-CoV-2 N-NTD was solved by molecular

replacement to a resolution of 1.8 Å, with Rwork and Rfree values of

19.7 and 22.7%, respectively (Table 1). Each asymmetric unit

contains four N-NTD molecules (Fig EV2A) with an overall root-

mean-square difference (RMSD) of 0.16–0.28 Å between each

protomer (Fig EV2B). Each N-NTD molecule presents a right-handed

fist shape and consists of a four-stranded antiparallel b-sheet core

subdomain, which is sandwiched between loops or short 310 helices

and a protruding b-hairpin region formed by b2 and b3 strands out of

the core (Fig 2A and B). Based on the surface charge distribution, the

protruding loops are positively charged, providing a putative site for

RNA binding (Fig 2C). In addition, according to the complex struc-

tures of the previously solved HCoV-NL63 N-NTD with ribonu-

cleotide 50-mono-phosphates (AMP/GMP/UMP/CMP) (Lin et al,

2014), the core domain also contains an RNA-binding site, which is

conserved among different human-infecting coronaviruses (Fig 2D).

The overall structure of SARS-CoV-2 N-NTD strongly resembles

other CoV N-NTD structures, with an RMSD of 0.33–0.76 Å (Fig 3A).

We compared the SARS-CoV-2 N-NTD structure with all of the other

available human-infecting CoV N-NTD structures, i.e. SARS-CoV,

MERS-CoV, HCoV-OC43 and HCoV-NL63. Of note, among these

structures, two regions show the greatest structural differences. First,

the orientations of the N-terminal regions are distinct. The N-term-

inal loops of SARS-CoV-2, SARS-CoV and MERS-CoV N-NTD stretch

outward, while the loops from HCoV-OC43 and HCoV-NL63 N-NTD

rotate towards the core subdomain. Second, the protruding b-hairpin
regions are flexible; particularly, the connecting flexible loops are

invisible in HCoV-OC43 and HCoV-NL63 N-NTD structures (Fig 3A).

The ribonucleotide-binding site is located at the core subdomain in

the HCoV-NL63 N-NTD-AMP complex structure. We then compared

the residues involved in AMP binding in different coronaviruses

(Fig 3B and C). The highly conserved residues S64, Y126 and R164

(HCoV-OC43 N-NTD numbering), located near the base of the

pocket, bind to AMP via hydrogen-bonding interactions, while the

residues on the side wall of the pockets, including Y124 and G68,

further stabilize the binding. However, this region is not conserved

in all human-infecting coronaviruses, and it could be further divided

into two groups. The SARS-CoV-2, SARS-CoV and MERS-CoV NTD

N-terminal regions are similar to that of HCoV-OC43, containing

conserved residues Y124 and G68 (or Ala). The phenolic hydroxyl

group of Y124 interacts with the AMP adenine ring via a hydrogen

bond, and the backbone of G68 forms hydrogen bonds with the

monophosphate group of AMP (Fig 3B). However, for HCoV-NL63,

residues H77 and P24 are present at equivalent positions, and both

residues lack the capability of hydrogen bond formation, and they
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may further occlude AMP binding (Fig 3C). Therefore, the RNA-

binding modes must differ between these two groups. Whether this

is a divergent characteristic between beta-coronavirus (HCoV-OC43,

SARS-CoV-2, SARS-CoV and MERS-CoV) and alpha-coronaviruses

(HCoV-NL63) needs further investigation (Fig 1C). The electrostatic

potential surfaces also show different charge distribution patterns in

different coronavirus N-NTD structures, especially the N-terminal

loop, the top tip of the protruding region and the bottom of core

subdomain (Fig 3D–H). However, all of the structures display an

extended positively charged groove from the AMP-binding site to the
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Figure 1. Domain organization of the SARS-CoV-2 nucleocapsid protein.

A Genome organization of SARS-CoV-2.
B Schematic representation of SARS-CoV-2 N protein domains. Three intrinsically disordered regions, i.e. N-arm, linker region (LKR) and C-tail, and the N-terminal

domain (NTD) and C-terminal domain (CTD) are illustrated. The charged Ser/Arg (SR)-rich motif (coloured purple) is shown.
C Phylogenetic analysis of N proteins from seven human-infecting coronaviruses. SARS-CoV-2 is highlighted by a red asterisk.
D Analytical ultracentrifugation absorbance data analysis of N-NTD. The clear peak at ~ 15.4 kDa molecular weight (MW) corresponds to the N-NTD monomer.
E Analytical ultracentrifugation absorbance data analysis of N-CTD. The clear peak at ~ 28.7 kDa MW corresponds to the N-CTD dimer.
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protruding region, indicating this patch is responsible for RNA bind-

ing in different coronaviruses.

Structure of SARS-CoV-2 N-CTD

The crystal structure of SARS-CoV-2 N-CTD was solved by molecu-

lar replacement to a resolution of 1.5 Å, with Rwork and Rfree values

of 17.7 and 19.0%, respectively (Table 1). SARS-CoV-2 N-CTD

forms a tight homodimer and displays an overall rectangular slab

shape (Fig 4A). Each protomer has the shape of the letter C (Fig 4B)

and is comprised of five a-helices, two b-strands, and two 310
helices (Fig 4C). The b-hairpin from one protomer is inserted into

the cavity of the other protomer, resulting in the formation of the

four-stranded, antiparallel b-sheet at the dimer interface. The b-
sheet forms one face of the slab dimer, while on the opposite face of

the dimer, the surface is formed by a-helices and loops. The dimer

interface buries a surface area of 2,590 Å2. Extensive hydrogen bond

interactions between the two hairpins and hydrophobic interactions

between the b-sheet and the alpha helices make the dimeric struc-

ture highly stable. This is consistent with our previous biochemical

characterization that N-CTD exists as a dimer in solution (Fig 1E).

We then compared the SARS-CoV-2 N-CTD structure with the

available N-CTD structures of SARS-CoV, MERS-CoV and HCoV-

NL63, and we found that the overall structure is highly similar,

with an RMSD of 0.31–0.98 Å (Fig 5A). They all show a

conserved positively charged groove in the helix face of the N-

CTD dimer, due to the distribution of several positively charged

residues, including K256, K257, K261 and R262 in SARS-CoV-2 N-

CTD (Figs 5B and EV3). Interestingly, the electrostatic potential

surfaces in the b-sheet faces of these proteins show distinct

features. The MERS-CoV structure displays a positively charged

central region, whereas SARS-CoV-2 and SARS-CoV structures

both display a negatively charged region. For NL63, the central

region of its b-sheet face shows a highly negatively charged region

(Fig 5B). These differences may affect the binding modes of RNA

recognition. Our structure shows SARS-CoV-2 N-CTD functions as

the dimerization domain and the RNA-binding domain involved in

RNP assembly.

Drug target sites in the N protein

As the RNA-binding activity of the N protein is critical for viral RNP

formation and genome replication, blocking RNA binding of N-NTD

has been proved to be a good strategy to develop antiviral drugs.

The compound PJ34, which targets the ribonucleotide-binding site

in N-NTD, displays potent inhibition of the RNA-binding activity of

the HCoV-OC43 N protein and can inhibit viral replication of HCoV-

OC43 (Lin et al, 2014). PJ34 mimics the binding of AMP to N-NTD,

and it fits in the ribonucleotide-binding pocket of N-NTD with an

extended trend to the N-terminal loop. We have compared the corre-

sponding binding site for PJ34 in our SARS-CoV-2 N-NTD structure

with that in the HCoV-OC43 N-NTD structure (Fig 6A), and we

found that the key residues that are involved in the interactions,

including S51, F53, Y109, Y111 and R149 (in SARS-CoV-2 N-NTD

numbering), are conserved (Fig 6B).

Another strategy is to block normal N protein oligomerization,

thereby halting RNP formation or inducing abnormal aggregation.

Recently, the novel inhibitor 5-benzyloxygramine (P3) was identi-

fied by virtual screening (Lin et al, 2020). This compound could

mediate MERS-CoV N-NTD non-native dimerization and induce N

protein aggregation. It was shown to have potent antiviral activity

against MERS-CoV. The complex structure of MERS-CoV N-NTD

and P3 shows that P3 targets the non-native interface of dimeric N-

NTD and binds to two hydrophobic pockets in two N-NTD proto-

mers. P3 occupies the N-terminal vector-fusion residue-binding

cavity of NTD promoter 1 in the ligand-free MERS-CoV N-NTD

structure (Fig 6C) and further stabilizes the dimeric status by

massive hydrophobic interactions. We compared the binding cavity

Table 1. Data collection and refinement statistics.

SARS-CoV-2 N-NTD SARS-CoV-2 N-CTD

Data collection

Wavelength (Å) 0.97919 0.97919

Space group P 1 21 1 P 1

Cell dimensions

a, b, c (Å) 59.27, 55.43, 85.68 43.73, 50.31, 69.13

a, b, c (°) 90.00, 95.38, 90.00 73.88, 89.94, 82.55

Resolution (Å) 50.00–1.80 (1.86–1.80)a 50.00–1.39 (1.41–1.39)

Rp.i.m.
b 0.023 (0.330) 0.020 (0.321)

I/rI 32.724 (2.538) 30.265 (2.035)

CC1/2 0.998 (0.963) 0.996 (0.808)

Completeness (%) 98.4 (97.6) 91.7 (67.2)

Redundancy 6.6 (6.6) 3.4 (3.0)

Refinement

Resolution (Å) 29.50–1.80 26.83–1.50

No. reflections 46,709 81,130

Rwork/Rfree
c 0.197/0.227 0.177/0.190

No. atoms

Protein 3,956 3,534

Ligand/ion 0 0

Water 611 740

B-factors

Protein 29.6 17.2

Ligand/ion – –

Water 30.5 28.3

R.m.s. deviations

Bond lengths (Å) 0.005 0.003

Bond angles (°) 0.808 0.651

Ramachandran plot

Favoured (%) 99.40 99.77

Allowed (%) 0.60 0.23

Outliers (%) 0.00 0.00

aValues in parentheses are for highest-resolution shell.
bRp.i.m. = Σhkl[1/(N � 1)]1/2 Σi |Ii � <I>|/ΣhklΣiIi, where Ii is the observed
intensity and <I> is the average intensity from multiple measurements.
cRwork = Σ | |Fo| � |Fc| |/Σ |Fo|, where Fo and Fc are the structure-factor
amplitudes from the data and the model, respectively. Rfree is the R factor for
a subset (5%) of reflections that was selected prior to refinement calculations
and was not included in the refinement.
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of P3 with the corresponding site in our SARS-CoV-2 N-NTD struc-

ture, and we found that almost all of the residues involved in the

interactions are conserved, except F135 in MERS-CoV, which is

replaced by I146 in SARS-CoV-2 (Fig 6D). Although both residues

are nonpolar amino acids, the difference in hydrophobic force may

affect the dimerization efficiency.

Discussion

In this study, we solved the crystal structures of both SARS-CoV-2

N-NTD and N-CTD. Both structures show conserved features with

other coronaviruses (Yu et al, 2006; Chen et al, 2007; Saikatendu

et al, 2007; Lin et al, 2014; Papageorgiou et al, 2016; Szelazek

et al, 2017; Nguyen et al, 2019). N-NTD has a right-handed fist

shape consisting of an antiparallel b-sheet core subdomain and a

protruding b-hairpin region. N-CTD is present as a tight inter-

twined homodimer and displays an overall rectangular slab shape.

Based on the surface electronic distribution and superimposition

with other coronavirus N-NTD structures, we compared the

ribonucleotide-binding pocket in SARS-CoV-2 N-NTD, and we

found that the binding residues are highly conserved, which could

be a verified target for antiviral drugs that block the RNA-binding

activity of the N protein.
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Figure 2. Structure of SARS-CoV-2 N-NTD.

A Cartoon representation of SARS-CoV-2 N-NTD.
B Topology diagram for SARS-CoV-2 N-NTD; g represents the 310 helix and b represents the b-sheet.
C The electrostatic surface potential of SARS-CoV-2 N-NTD. Red and blue colours indicate negative and positive potential, respectively. The RNA-binding sites are

highlighted in dotted circles and labelled.
D Surface representation of SARS-CoV-2 N-NTD coloured according to sequence conservation based the alignment of N protein sequences from seven human-infecting

CoVs using the ConSurf server (Ashkenazy et al, 2016); dark magenta indicates the most conserved, dark cyan indicates the most divergent.
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Figure 3. Comparison of the structure of SARS-CoV-2 N-NTD with other human-infecting CoV N-NTD structures.

A Superposition of the SARS-CoV-2 N-NTD structure with other human-infecting CoV N-NTD structures. The ribbon representation of each structure is coloured
separately (SARS-CoV, PDB: 2OFZ, cyan; HCoV-OC43, PDB: 4LI4, pink; MERS-CoV, PDB: 4UD1, orange; HCoV-NL63, PDB: 5N4K, blue) (Saikatendu et al, 2007; Lin et al,
2014; Papageorgiou et al, 2016; Szelazek et al, 2017). The loops that show significant differences are highlighted by dotted circles. The AMP ligand in the HCoV-
OC43 N-NTD-AMP complex is shown as a stick structure.

B Structural superimposition of SARS-CoV-2, SARS-CoV and MERS-CoV N-NTDs with that of HCoV-OC43 bound to AMP to show the detailed interactions involved in
AMP binding.

C Structural superimposition of HCoV-NL63 N-NTD with HCoV-OC43 N-NTD bound to AMP to show the detailed interactions involved in AMP binding.
D–H Comparison of the electrostatic surfaces with other human-infecting CoV N-NTD structures. The electrostatic surface of N-NTD from (D) SARS-CoV-2, (E) SARS-CoV,

(F) HCoV-OC43 bound to AMP, (G) MERS-CoV and (H) HCoV-NL63 are shown, and the AMP-binding sites are highlighted in dotted circles. Red and blue colours
indicate negative and positive potential, respectively.
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Although both N-NTD and N-CTD structures resemble those of

other coronaviruses, especially SARS-CoV, the electrostatic potential

surfaces display different charge distribution patterns in some areas,

including the N-terminal loop, the top tip of the protruding region,

the bottom of the core subdomain in N-NTD and the b-sheet face of

N-CTD. These divergent features may alter the RNA-binding modes

or binding efficiency. Of note, we found that the orientations of the

N-terminal loops of N-NTD were distinct. The N-terminal loops of

SARS-CoV-2, SARS-CoV and MERS-CoV N-NTD stretch outward,

while the loops from HCoV-OC43 and HCoV-NL63 N-NTD rotate

towards the core subdomain. This result suggests that different N-

NTD may have group-specific characteristics and that the distinc-

tions may alter the locations of N-arms and then lead to different

structural and functional properties. In addition, as the N protein

could interact with many host proteins during the infection process

and cause a robust humoral immune response after infection, the

divergent charge distribution surfaces could be critical to identify

specific interacting cellular proteins and develop specific immune-

based rapid diagnostic test (Burbelo et al, 2020; Ni et al, 2020).

Besides the serological assays for detection of SARS-CoV-2 antibod-

ies (Hörber et al, 2020), the rapid detection of viral antigens based

on specific antibodies can provide essential information for disease

monitoring (Che et al, 2004). Therefore, to develop high-affinity

and specific anti-N antibodies would be critical to enhance the rapid

molecular diagnosis for COVID-19. During our manuscript prepara-

tion, other groups also solved crystal structures of N-NTD or

N-CTD, which show similar structural features (Kang et al, 2020;

Ye et al, 2020).

Until now, there are no structures of the full-length N proteins

from coronaviruses reported, due to their dynamic and oligomeric

characteristics. Based on our dimeric structure of N-CTD and previ-

ous studies, the N protein forms a dimer by N-CTD interaction,

and the disordered LKRs serve as the two arms connecting the two

N-NTDs to the N-CTD dimers (Chen et al, 2007; Nguyen et al,

2019). In the RNP complex, the N-CTDs form the helical core. The

RNA molecule twists around the helical groove and further inter-

acts with the NTDs (Chang et al, 2014). According to previous

cryo-electron tomography studies of the vRNP complex isolated

from murine hepatitis virus (MHV) and SARS-CoV virions, each

dimeric N unit packs in a long loose helical or a supercoiled orga-

nization (Neuman et al, 2006; Bárcena et al, 2009; Gui et al,

2017). Recently, preprint: Klein et al (2020) observed that SARS-

CoV-2 RNPs organizing like string beads, indicating the high steri-

cal flexibility of RNP assembly. However, a lack of high-resolution

structures of RNP limits our understanding of the precise RNP

assembly mechanism.
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Figure 4. Structure of SARS-CoV-2 N-CTD.

A Cartoon representation of SARS-CoV-2 N-CTD. Ribbon representation of SARS-CoV-2 N-CTD showing the separated monomer and dimer. One monomer is coloured in
pink, and the other is coloured in yellow.

B Rotation of (A) along the x-axis by 90° to show the top view.
C Topology diagram for SARS-CoV-2 N-CTD. The a-helices are numbered A, B and C, g represents the 310 helix and b represents the b-sheet, according to a previous

SARS N-CTD structural element numbering rule (Yu et al, 2006).
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SARS-CoV-2

SARS-CoV

MERS-CoV

HCoV-NL63

A

B

Figure 5. Comparison of the structure of SARS-CoV-2 N-CTD with other coronavirus N-CTD structures.

A Superimposed structures in ribbon representation of N-CTD from SARS-CoV-2 (pink), SARS-CoV (PDB: 2CJR, cyan) (Chen et al, 2007), MERS-CoV (PDB: 6G13, orange)
(Nguyen et al, 2019) and HCoV-NL63 (PDB: 5EPW, blue) (Szelazek et al, 2017).

B Electrostatic surface views of the four N-CTD structures. Red and blue colours indicate negative and positive potential, respectively.
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Coronavirus N proteins have been attractive targets for antiviral

drugs as they are critical for viral replication and assembly. Few inhibi-

tors have been identified through various approaches based on HCoV-

OC43 or MERS-CoV (Lin et al, 2014; Zhang et al, 2020b). We analysed

the binding sites of the representative inhibitors in our crystal structures

and found that the drug targeting sites are relatively conserved, indicat-

ing further structure-based drug optimization for broad-spectrum agent

development is very promising. Our structural information of SARS-

CoV-2 N-NTD and C-CTD can aid in the discovery and development of

antiviral inhibitors against SARS-CoV-2 in the future.
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Figure 6. Conserved drug target sites in SARS-CoV-2 N protein.

A, B Superimposition of the structure of SARS-CoV-2 N-NTD (light blue) with HCoV-OC43 N-NTD (light pink) bound to PJ34 (magenta) (PDB: 4KXJ) (Lin et al, 2014). The
detailed interactions are shown in (B). The water molecule mediating hydrogen-bonding interactions is shown as a red sphere.

C, D Superimposition of the structure of SARS-CoV-2 N-NTD (light blue) with MERS-CoV N-NTD dimer (grey) or MERS-CoV N-NTD bound to P3 (cyan) (PDB: 6KL6) (Lin
et al, 2020). The detailed interactions are shown in (D).
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Materials and Methods

Gene cloning protein production and purification

SARS-CoV-2 N-NTD (amino acid residues 44–174, GISAID accession

ID: EPI_ISL_402119) fused at its N-terminus with a hexa-histidine tag

was cloned into the pET-21a vector (Novagen) with NdeI and XhoI

restriction sites (Li et al, 2019). Transformed E. coli strain BL21 (DE3)

clones were grown in LB medium containing 100 lg/ml ampicillin to

an OD600 of 0.6–0.8 at 37°C. Expression of the recombinant proteins

was induced by the addition of 0.5 mM isopropyl-b-D-1-thiogalacto-
pyranoside (IPTG), and incubation was continued for a further 16 h

at 16°C. Cells were harvested by centrifugation at 7,000 g for 15 min

at 4°C and then resuspended in lysis buffer [20 mM Tris–HCl (pH 8.0)

and 150 mM NaCl] and further homogenized with a low-temperature

ultra-high pressure cell disrupter (JNBIO, China). The lysate was clari-

fied by centrifugation at 20,000 g for 60 min at 4°C. The supernatant

was purified by metal affinity chromatography using a HisTrap HP

5 ml column (GE Healthcare). Proteins were eluted using lysis buffer

supplemented with 300 mM imidazole. The proteins were further

purified by gel filtration chromatography using a HiLoad 16/600

Superdex� 75 PG (GE Healthcare) with a running buffer of 20 mM

Tris–HCl (pH 8.0) and 50 mM NaCl, and the collected protein frac-

tions were concentrated to 15 mg/ml using a membrane concentrator

with a molecular weight cut-off of 10 kDa (Millipore).

SARS-CoV-2 N-CTD (amino acid residues 255–364) was

constructed and expressed in the same way as N-NTD. During metal

affinity chromatography, N-CTDs were eluted using lysis buffer

supplemented with 500 mM imidazole. The proteins were further

purified by gel filtration chromatography using a HiLoad 16/600

Superdex� 75 PG (GE Healthcare) with a running buffer of 20 mM

Tris–HCl (pH 8.0) and 150 mM NaCl, and the collected protein frac-

tions were concentrated to 10 mg/ml using a membrane concentra-

tor with a molecular weight cut-off of 10 kDa (Millipore).

Crystallization, data collection and structure determination

Crystallization trials were set up with commercial crystallization kits

(Hampton Research) using the sitting drop vapour diffusion method.

The resultant drop was then sealed, equilibrating against 100 ll reser-
voir solution at 18°C. Diffractable crystals of SARS-CoV-2 N-NTD

were obtained in 0.1 M SPG (succinic acid, sodium phosphate

monobasic monohydrate and glycine mix buffer pH 6.0) (Molecular

Dimensions, MD2-59) with 25% w/v polyethylene glycol 1,500 at

18°C. SARS-CoV-2 N-CTD crystals were obtained in 4 M potassium

formate, 0.1 M Bis-Tris propane (pH 9.0) and 2% w/v polyethylene

glycol monomethyl ether 2,000 at 18°C. Crystals were flash-cooled in

liquid nitrogen after a brief soaking in reservoir solutionwith the addi-

tion of 17% (v/v) glycerol. The X-ray diffraction data were collected

under cryogenic conditions (�173°C) at Shanghai Synchrotron Radia-

tion Facility (SSRF) beam line BL19U1 and indexed, integrated and

scaled with HKL3000 (Minor et al, 2006).

SARS-CoV-2 N-NTD and N-CTD structures were solved by the

molecular replacement method using Phaser (Read, 2001) from the

CCP4 programme suite (Winn et al, 2011), with the structures of

SARS-CoV N-NTD (PDB: 2OFZ) (Saikatendu et al, 2007) and N-CTD

(PDB: 2CJR) (Chen et al, 2007) as the search models, respectively.

Initial restrained rigid-body refinement and manual model building

were performed using REFMAC5 (Murshudov et al, 1997) and

COOT (Emsley & Cowtan, 2004), respectively. Further refinement

was performed using Phenix (Adams et al, 2010). Final statistics for

data collection and structure refinement are presented in Table 1.

Biochemical characterization of N proteins

The purified protein was analysed with an analytical gel filtration

assay with a calibrated Superdex� 75 10/300 GL column (GE

Healthcare). The sample was further analysed with SDS–PAGE.

The analytical ultracentrifugation assay was performed according

to a previously reported method (Wang et al, 2017). The proteins

were prepared in 20 mM Tris (pH 8.0) and 150 mM NaCl at a

concentration of 0.8 mg/ml. The assay was performed on an opti-

mal ProteomeLab XL-I analytical ultracentrifuge (Beckman Coulter)

at a speed of 228,000 g. The molecular mass analysis was performed

with XL-I data analysis software.

Data availability

Atomic coordinates and structure factors have been deposited in the

Protein Data Bank with accession codes 7CDZ (https://www.rcsb.org/

structure/7CDZ) and 7CE0 (https://www.rcsb.org/structure/7CE0).

Expanded View for this article is available online.
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