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ABSTRACT: The severe acute respiratory syndrome (SARS) virus belongs to the Coronaviridea family of
viruses. Its virion encodes several proteins including a replicase and four structural proteins. Here we
describe the three-dimensional structure of the N-terminal domain of the SARS coronavirus (CoV)
nucleocapsid protein. The protein consists of a five-strandedâ sheet with a folding topology distinct
from other RNA-binding proteins. Single-stranded RNAs bind to the protein surface at the junction between
a flexible, positively chargedâ hairpin and the core structure. NMR-based screening was used to identify
low molecular weight compounds that bind to this site.

The severe acute respiratory syndrome (SARS)1 caused
by the human coronavirus (CoV) is a potential worldwide
health risk (1-4). CoVs are known to be responsible for
virulent respiratory and enteric diseases in animals (5).
However, until the SARS CoV appeared in late 2002, human
CoVs were normally associated with the generally benign
affliction, the common cold (3). The recently determined
sequence data for human SARS CoV indicate that the SARS
CoV is not closely related to any previously known human
or animal CoV (6-10). Its viral RNA genome contains five
major open reading frames that encode the replicase polypro-
tein and four structural proteins composed of the S (spike)
glycoprotein, the envelope E protein, the membrane glyco-
protein M, and the nucleocapsid protein (NP) (6, 8, 9).
Although the three-dimensional structure of the 3CLpro

proteinase from the CoV has been reported (11, 12), none
of the structural proteins from the SARS CoV has been
characterized structurally.

The NP is a structural protein whose primary function is
to recognize a stretch of RNA that serves as a packaging
signal and leads to the formation of the ribonucleoprotein
(RNP) complex during assembly (5). The formation of the
RNP may also be important for maintaining the RNA in an
ordered conformation suitable for replication and transcrip-
tion of the viral genome. The SARS CoV NP2 has some
sequence homology to other CoV NPs, but it exhibits no
significant sequence homology to any other proteins. In
murine hepatitis CoV, the NP contains two RNA-binding

domains that interact with the 3′ RNA, one located in the
amino and one in the carboxy terminal region (13). These
two domains are part of the three conserved regions of the
sequence of the CoV NP and are likely to be conserved to
retain strain-independent protein function. The strain-specific
sequence variations that are present in the different CoV
family members are primarily found between these three
conserved regions (13).

Here we describe the structure of the N-terminal domain
of the SARS CoV NP as determined by nuclear magnetic
resonance (NMR) spectroscopy. By identifying the residues
of the protein whose resonances were perturbed by the
addition of RNA, we have also defined how the protein
interacts with RNA. These data were used in conjunction
with a NMR-based screen to identify low molecular weight
compounds that bind to the RNA-binding face of the protein.
Finally, the structure of the protein and its RNA binding are
compared to other RNA-binding proteins.

MATERIALS AND METHODS

Sample Preparation.Structural studies were conducted
using the N-terminal domain of the SARS CoV NP (residues
45-181), Swiss-Prot accession number P59595. A N-
terminal histidine tag (MGSSHHHHHHSSGLVPRGSAM)
was added to aid in purification. The coding sequence was
amplified by PCR with primers encoding 5′- and 3′-
restriction sites. The PCR product was digested and ligated
into the Nco I and Xho I sites of the pET21d(+) plasmid
(Novagen, Madison, WI), providing the N-terminal His-
tagged protein. Constructs were verified by DNA sequencing.

The protein used in the structural studies was expressed
in Escherichia coliBL21(DE3) grown on M9 media and
purified using Ni-NTA affinity chromatography. Uniformly
15N-labeled, uniformly 15N,13C-labeled, and uniformly
2H,15N,13C-labeled samples were prepared with media con-
taining 15NH4Cl, 15NH4Cl plus [U-13C]glucose, or15NH4Cl
plus [U-13C]glucose grown in 75% D2O, respectively. A
biosynthetically directed, fractionally13C-labeled sample was
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also grown using an approach described earlier (14). NMR
samples contained 0.5-1.0 mM protein in either 90% H2O/
10% 2H2O or 100% 2H2O containing 50 mM sodium
phosphate (pH 6.8) and 100 mM sodium chloride. RNA
samples were obtained from Operon and used without further
purification.

NMR Spectroscopy.All NMR data were acquired at 298
K on a Bruker DRX500, DRX600, or DRX800 NMR
spectrometer. Backbone1H, 13C, and15N resonances were
assigned using triple-resonance experiments (HNCA, HN-
(CO)CA, HN(CA)CB, HN(COCA)CB, HNCO, and HN-
(CA)CO) (15). The side-chain1H and13C NMR signals were
assigned from 3D HCCH-TOCSY (total correlation spec-
troscopy), 3D H(CCO)NH-TOCSY, 3D HC(CO)NH-
TOCSY, and15N-edited TOCSY experiments (16). Nuclear
Overhauser effect (NOE) distance restraints were obtained
from 3D 15N- and 13C-edited nuclear Overhauser effect
spectroscopy spectra acquired with a mixing time of 80 or
150 ms (17, 18). A 15N/1HN or 13C/1H heteronuclear single

quantum coherence spectrum was used in the titration studies
to monitor RNA or compound binding. RNA titrations were
done with a protein concentration of 50 uM and protein/
RNA ratios of 3:1 and 1:1. For compound binding, a total
of 8340 low molecular weight compounds were screened in
mixtures of 10 at concentrations of 0.5 mM each.

Structure Calculations.SARS CoV NP structures were
calculated using a simulated annealing protocol with CNX
(Accelrys, San Diego, CA) (19). A square-well potential
(FNOE ) 50 kcal mol-1) was employed to constrain NOE-
derived distances. On the basis of the cross-peak intensities,
NOE-derived distance restraints were given upper bounds
of 3.0, 4.0, 5.0, or 6.0 Å. Torsion angle restraints were
generated from an analysis of N, C′, CR, and HR chemical
shifts using TALOS (20). A force constant of 200 kcal mol-1

rad-2 was applied to all torsional restraints. Explicit hydrogen
bonds were included in theâ sheets for residues observed
to have slowly exchanging amide protons, backbone chemical
shifts consistent with aâ-sheet secondary structure, and
appropriate short-range NOEs (21).

RESULTS AND DISCUSSION

The N-terminal domain of the SARS CoV NP (residues
45-181) was cloned and expressed inE. coli. Shorter
constructs truncated at the N or C terminus were found to
be unfolded in solution. The 3D structure of the N-terminal
domain of the SARS CoV NP (residues 45-181) was
determined using NMR spectroscopy. The resonances were
assigned using a suite of triple-resonance experiments on
uniformly 15N-, 15N- and13C-, and2H,15N- and13C-labeled
protein samples. The structure was determined from 1804
NOE-derived distance restraints, 19 hydrogen bond restraints
derived from an analysis of amide exchange rates, and 49
torsional restraints from an analysis of the backbone chemical
shifts (Table 1).

Figure 1 depicts a stereoview of the backbone superposi-
tion of 20 low-energy structures of the N-terminal domain
of the SARS CoV NP. The structure of the backbone is well-
defined by the NMR data except for the extendedâ hairpin
(â2′, â3′). This region has significantly smaller heteronuclear
15N{1H} NOEs, indicating that theâ hairpin is very flexible
in solution (Figure 2). The internal hydrophobic residues of
the protein (W53, F54, L57, L65, F67, Y88, W109, F111,
W133, L160, L162, and F172) are all well-defined by the
NMR data. The atomic root-mean-squared deviation (RMSD)
for residues 49-176 is 1.15( 0.43 Å for the backbone atoms
and 1.52( 0.38 Å for all heavy atoms. Excluding the
residues in the flexible extendedâ hairpin (â2′, â3′, residues

Table 1: Structural Statistics and RMSDs for 20 Structures of the
N-Terminal SARS CoV NP

〈SA〉a 〈SAh〉r

RMSD from Experimental Distance Restraints (Å)
all (1823) 0.015( 0.001 0.014
intraresidue (408) 0.007( 0.003 0.005
sequential (433) 0.009( 0.003 0.009
short range (158) 0.015( 0.003 0.015
long range (805) 0.016( 0.002 0.014
hydrogen bonds (19) 0.031( 0.003 0.032

RMSD from Experimental Torsional Angle Restraints (deg)
φ andψ angles (49) 0.39( 0.06 0.28

CNX Potential Energies (kcal mol-1)
Etot 129.1( 7.8 107.7
Ebond 6.8( 0.6 5.5
Eang 72.2( 4.1 62.8
Eimp 6.4( 0.9 4.8
Erepel 22.5( 2.3 17.3
ENOE 20.4( 3.5 16.9
Ecdih 0.8( 0.3 0.4

Cartesian Coordinate RMSD (Å)

backbone all heavy

〈SA〉 versus〈SAh〉b 1.15( 0.43 1.52( 0.38
〈SA〉 versus〈SAh〉c 0.64( 0.06 1.09( 0.08

ProCheck (30) Ramachandran Analysis of〈SAh〉r
b

residues in the most favored and allowed regions 90.9%
residues in generously allowed regions 9.1%
residues in disallowed regions 0.0%

a 〈SA〉 is the ensemble of the 20 lowest-enegy structures,〈SAh〉 is
the mean structure, and〈SAh〉r is the energy-minimized mean structure.
b For residues 49-176. c Excluding residues 91-106.

FIGURE 1: Stereoview of the backbone (N,CR,C′) superposition of 20 low-energy NMR-derived structures for the N-terminal RNA-binding
domain of the NP from SARS (residues 49-178). The extendedâ hairpin is located on the right-hand side of the molecule.
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91-106), the backbone RMSD is reduced to 0.64( 0.06 Å
for the backbone atoms and 1.09( 0.08 Å for all heavy
atoms. The structural statistics for the ensemble and energy-
minimized structure are given in Table 1.

The structure of the protein consists of a five-stranded
antiparallelâ sheet with the topologyâ4-â2-â3-â1-â5
(Figure 3Α). The first strand (â1) is located near the N
terminus and is followed by a long loop toâ2. â2 is
connected toâ3 via a â hairpin (â2′-â3′) that extends
beyond the core of the protein. The residues in the extended
â hairpin are predominantly basic with 5 of the 15 residues
being arginines or lysines. A loop located above theâ sheet
connectsâ3 toâ4. â4 runs antiparallel toâ2 and is connected
by another loop that lies below theâ sheet toâ5, which
runs antiparallel toâ1. The placement of loops on both faces
of the â sheet is a distinctive feature of the topology of the

protein. The central strand of theâ sheet,â3, contains the
highly conserved sequence RWYFYYLGT, which is found
in the reported CoV NPs (6, 8, 9).

A 3D structural homology search with DALI (22) found
no structure with aZ score greater than 1.5, indicating that
the N-terminal domain of the SARS CoV NP has very little
structural homology to any other protein in the database.
Even though the overall fold is very different from any
known protein, the N-terminal domain of the SARS CoV
NP has some similarities to the RNP-binding motif (23-
25). In particular, neglectingâ4, theâ strands of the SARS
CoV NP â sheet are analogous to theâ strands of an RNP
protein (Figure 3B). In addition, the SARS CoV NP as well
as the otherâ-sheet RNA-binding folds all have an exposed
loop (â2′-â3′) that extends from twoâ strands (24). In the
RNP (23, 25, 26) and oligonucleotide/oligosaccharide (OB)
(27) RNA complexes, this loop is used to clamp RNA against
the â sheet of the protein. Thus, despite the low sequence
and structural homology to known RNA-binding proteins,
the SARS CoV NP contains unique structural features
consistent with its role in binding RNA.

The ability of the SARS CoV NP to bind RNA was
investigated by the addition of several viral 3′ untranslated
sequence RNAs. Both a 16mer RNA (AUAUGGAAGAGC-
CCUA) and a 32mer RNA (CGAGGCCACGCGGAGUAC-
GAUCGAGGGUACAG) showed similar residue-specific
shifts or broadening around the junction between the long
flexible â hairpin and the core of the protein (Figure 4A).
The broadening is most likely due to chemical exchange,
which is a result of these residues contacting RNA (28). The
longer 32mer viral RNA exhibited a greater degree of
broadening of the resonances from residues of the protein
in this region. Interestingly, addition of a 15mer polyadenine
nucleotide still showed some small perturbations. This RNA-
binding site of the SARS CoV NP is consistent with the
localization of a high concentration of positively charged
lysine and arginine residues on its surface (Figure 4B). The
long flexible â hairpin with its positively charged surface
may grasp RNA against theâ sheet similar to what was
found for the U1A RNP RNA-binding protein, where a
highly positively charged loop betweenâ2 andâ3 and the
face of theâ sheet is involved in RNA binding (25, 26).

Using an NMR-based screen (29), we have identified
several small molecules that bind to the N-terminal domain
of the SARS CoV NP. For example, 6-amino-4-hydroxy-
naphthalene-2-sulfonic acid is a low molecular weight (MW
) 239), low affinity (Kd ∼ 1 mM) ligand for the SARS CoV
NP that binds to the same face of the protein as RNA (Figure
4C). Intriguingly, this compound contains a sulfonate group,
which may mimic the phosphate backbone of RNA and
interact with the arginines and/or lysines in this region. These
compounds may serve as leads for obtaining high-affinity
ligands that bind tightly to the protein and impair its function.

CONCLUSIONS

In this paper, we describe the three-dimensional structure
of the N-terminal domain of the SARS CoV NP. The protein
represents another folding topology that can recognize RNA.
The structural elements that the protein uses to recognize
RNA are similar to those used by the RNP RNA-binding
proteins. We have also identified a low molecular weight

FIGURE 2: Plot of the measured heteronuclear15N{1H} NOEs of
the backbone amides and their uncertainties as a function of the
residue number. The residues for which no results are shown
correspond to 11 prolines and the residues for which the backbone
amide assignments could not be obtained.

FIGURE 3: (A) Ribbons (31) representation of the RNA-binding
domain of the N-terminal domain of the NP from SARS (residues
49-178). (B) Ribbons plot showing the U1A RNA-binding protein
(PDB 1URN) (26).
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compound that binds to the same face of the protein as RNA.
These data may be useful in developing new strategies to
treat this human pathogen as well as the animal diseases
caused by related CoVs.
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