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The severe acute respiratory syndrome coronavirus (SARS-CoV) was recently identified as the etiology of
SARS. The virus particle consists of four structural proteins: spike (S), small envelope (E), membrane (M),
and nucleocapsid (N). Recognition of a specific sequence, termed the packaging signal (PS), by a virus N
protein is often the first step in the assembly of viral RNA, but the molecular mechanisms involved in the
assembly of SARS-CoV RNA are not clear. In this study, Vero E6 cells were cotransfected with plasmids
encoding the four structural proteins of SARS-CoV. This generated virus-like particles (VLPs) of SARS-CoV
that can be partially purified on a discontinuous sucrose gradient from the culture medium. The VLPs bearing
all four of the structural proteins have a density of about 1.132 g/cm3. Western blot analysis of the culture
medium from transfection experiments revealed that both E and M expressed alone could be released in
sedimentable particles and that E and M proteins are likely to form VLPs when they are coexpressed. To
examine the assembly of the viral genomic RNA, a plasmid representing the GFP-PS580 cDNA fragment
encompassing the viral genomic RNA from nucleotides 19715 to 20294 inserted into the 3� noncoding region
of the green fluorescent protein (GFP) gene was constructed and applied to the cotransfection experiments with
the four structural proteins. The SARS-CoV VLPs thus produced were designated VLP(GFP-PS580). Expres-
sion of GFP was detected in Vero E6 cells infected with the VLP(GFP-PS580), indicating that GFP-PS580 RNA
can be assembled into the VLPs. Nevertheless, when Vero E6 cells were infected with VLPs produced in the
absence of the viral N protein, no green fluorescence was visualized. These results indicate that N protein has
an essential role in the packaging of SARS-CoV RNA. A filter binding assay and competition analysis further
demonstrated that the N-terminal and C-terminal regions of the SARS-CoV N protein each contain a binding
activity specific to the viral RNA. Deletions that presumably disrupt the structure of the N-terminal domain
diminished its RNA-binding activity. The GFP-PS-containing SARS-CoV VLPs are powerful tools for investi-
gating the tissue tropism and pathogenesis of SARS-CoV.

An international outbreak of severe acute respiratory syn-
drome (SARS), an atypical pneumonia, spread through more
than 30 countries and caused about 8,422 cases and 916 deaths
worldwide from its emergence in mid-November 2002 until 7
August 2003 (30). A novel coronavirus SARS-coronavirus
(CoV) that can be isolated from the SARS patients and from
Vero E6 cells inoculated with clinical specimens was identified
to be the causative agent of SARS (7, 14, 15). SARS-CoV is an
enveloped, positive-sense single-stranded RNA virus that is
approximately 30,000 nucleotides (nt) in length, with virus
particles ranging from 80 to 120 nm in diameter. It is phylo-
genetically different from the three previously identified coro-
navirus serotypes, but electron microscopy of the viral particles
revealed that its features are characteristic of coronaviruses
(23). The virus particle consists of four structural proteins:
spike (S), membrane (M), small envelope (E), and nucleocap-
sid (N) (19, 25, 26). S protein is a type I integral membrane
glycoprotein that makes up the crown-like appearance of the

viral particle (23). Angiotensin-coverting enzyme 2 and
CD209L (L-SIGN) were proposed to be the receptors respon-
sible for viral entry by binding of the viral S protein to the
receptors on specific cell types (13, 17). However, the mecha-
nisms involved in the assembly of SARS-CoV are not clear.
Previous studies of mouse hepatitis virus (MHV), a serotype 2
coronavirus, indicated that both transmembrane envelope pro-
teins E and M are essential for the assembly of virus particles
(28). Coexpression of E and M proteins in cultured cells pro-
duced virus-like particles (VLPs) that are not infectious (28).
In addition, the assembly of MHV genomic RNA is nucleo-
capsid independent (21), but binding of the N protein to a
specific sequence, termed the packaging signal (PS), located
near the 3� terminus of the open reading frame 1b in the viral
genome facilitates assembly of the genomic RNA into virus
particles (20, 22, 29). The length of PS required for the pack-
aging of viral genome varies among coronaviruses. Results
from bioinformatics analysis suggested a putative core PS
(PScore) of SARS-CoV with a size of about 70 nt (24). Never-
theless, the precise PS of SARS-CoV has not been biologically
demonstrated, and whether the assembly of SARS-CoV is nu-
cleocapsid dependent remains unclear.

In this study, we established a system to produce SARS-CoV
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VLPs in Vero E6 cells. This VLP system is a valuable tool for
studying the assembly, the tissue tropism, and the pathogenesis
of SARS-CoV. We also identified the PS of SARS-CoV and
found it to confer the packaging of heterologous green fluo-
rescent protein (GFP)-PS mRNA in a nucleocapsid-dependent
manner. Furthermore, two independent RNA-binding do-
mains in the nucleocapsid protein of SARS-CoV were identi-
fied.

MATERIALS AND METHODS

Cell line and culture condition. Cells of the Vero E6 line (African green
monkey kidney cells) were obtained from the Center for Disease Control of
Taiwan. The cells were maintained at 37°C with 5% CO2 in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal bovine serum
(HyClone) plus 100 U of penicillin and 100 �g of streptomycin per ml.

Propagation of SARS-CoV (TW1 strain) and isolation of viral RNA. For virus
propagation, Vero E6 cells were infected with SARS-CoV TW1 strain at 100
50% tissue culture infective doses. Three days postinfection, the culture medium
was collected, and cell debris was clarified in a microcentrifuge for 1 min at
14,000 rpm. Virus particles in the supernatant were precipitated in 50% satu-
rated ammonium sulfate at 4°C for 90 min, collected after centrifugation in a
microcentrifuge at 8,000 rpm for 30 min, and resuspended in phosphate-buffered
saline for further RNA extraction. Isolation of viral genomic RNA followed a
single-step extraction method as described previously (2, 5).

Construction of plasmids. (i) Plasmids pcDNA-E-V5HisTopo92, pcDNA-M-V5
HisTopo158, pcDNA-N-V5HisTopo56, and pcDNA-S-V5HisTopo182. Plasmids
pcDNA-E-V5HisTopo92, pcDNA-M-V5HisTopo158, pcDNA-N-V5HisTopo56,
and pcDNA-S-V5HisTopo182 represent the V5His-tagged small envelope,
membrane, nucleocapsid, and spike protein, respectively, of SARS-CoV (TW1
strain; GenBank accession number AY291451) (11) and were generated by
inserting individual cDNA fragments into pcDNA3.1D/V5-His-TOPO (Invitro-
gen). The cDNA fragments were amplified by reverse transcriptase PCR from
the genomic RNA with the following primer sets: KOZ26117F (caccATGTAC
TCATTCGTTTCGGAAGAAACAGG; lowercase letters indicate extra se-
quences that are not derived from the genomic RNA but are added to the primer
for cloning purposes) and 26344R (GACCAGAAGATCAGGAACTCC) for the
E protein; KOZ26398F (caccATGGCAGACAACGGTACTATTACCG) and
27060R (CTGTACTAGCAAAGCAATATTGTCGTTGCTACCGGCGT) for
the M protein; 28120EF (caccATGTCTGATAATGGACCCCAATCAAACCA
ACGTAGTG) and 29385R (TGCCTGAGTTGAATCAGCAGAAGCTCC) for
the N protein; and KOZ21492mAgF (caccATGTTTATTTTCTTATTATTTCT
TACTCTCACTAGTGGTAGTGACCTTGACCGTTGCA) and 25256XR (ctc
gagTGTGTAATGTAATTTGACACCCTTGAGAACTGGCTC) for the S pro-
tein of SARS-CoV.

(ii) Plasmid pSec-S(14-1255)-Tag2A. For generation of plasmid pSec-S(14-
1225)-Tag2A, a cDNA fragment representing the spike protein of SARS-CoV
from amino acid residues 14 to 1255 was amplified from the viral cDNA with the
primer set 21531SF (cttacggcccagccggccAGTGACCTTGA CCGTTGCACCA
CTT) and 25256XR and cloned into the SfiI-XhoI sites of pSec-Tag2A (Invitro-
gen) after digestion with SfiI and XhoI restriction endonucleases. This plasmid
encodes a MycHis-tagged fusion protein of the spike protein.

(iii) Plasmids pCRII-TOPO-PS63, pCRII-TOPO-PS580, pEGFP-N1-PS63,
and pEGFP-N1-PS580. Plasmids pEGFP-N1-PS63 and pEGFP-N1-PS580 rep-
resent heterologous genes under the control of the cytomegalovirus promoter,
with the putative package signal of SARS-CoV genomic RNA from nt 19888 to
19950 and nt 19715 to 20294, respectively, inserted into the 3� noncoding region
of the GFP gene. These plasmids were derived from pCRII-TOPO-PS63 and
pCRII-TOPO-PS580, respectively. Plasmid pCRII-TOPO-PS63 was generated
by inserting a cDNA fragment amplified from the viral cDNA with primer set
S-PKF (GCGGCCGCAGAGTGCTTGTTCTTCACTTACTGTC) and S-PKR
(AAAGGTCTACCTGTCCTTCC) into pCRII-TOPO (Invitrogen). After treat-
ment of plasmid pCRII-TOPO-PS63 with NotI restriction endonuclease, the
resulting PS-containing fragment was inserted into the NotI site of pEGFP-N1
(Clontech) to generate pEGFP-N1-PS63. Generation of plasmids pCRII-TOPO-
PS580 and pEGFP-N1-PS580 followed the procedures as described for pCRII-
TOPO-PS63 and pEGFP-N1-PS63, respectively, except that the primer set used
was 19715NF (GCGGCCGCTGAGCTTTGGGCTAAGCGTA) and 20294R (A
AGACCGCCAAGTTGTCCAT).

Transient transfection and production of SARS-CoV VLPs. Expression of
SARS-CoV structural proteins was performed by infecting cells with recombi-

nant vaccinia virus (vTF7-3) harboring the T7 RNA polymerase gene (1), fol-
lowed by DNA transfection with cationic liposomes (Invitrogen) as described
previously (16, 32), with modifications. Briefly, 4 � 106 rapidly dividing Vero E6
cells in a 100-mm dish were infected with vTF7-3 at a multiplicity of infection of
0.0625. Two hours postinfection, expression plasmids were mixed with Lipofectin
and added to the cells. At 6 to 8 h posttransfection, the DNA-Lipofectin com-
plexes were removed, and 8 ml of Dulbecco’s modified Eagle’s medium contain-
ing 10% heat-inactivated fetal bovine serum was added. The transfected
cells were incubated at 37°C for 2 days before harvest. For production of SARS-
CoV VLPs with E, M, N, and S proteins, 6 �g of each of the structural pro-
tein-encoding plasmids pcDNA-E-V5HisTopo92, pcDNA-M-V5HisTopo158,
pcDNA-N-V5HisTopo56, and pSec-S(14-1255)-Tag2A (or pcDNA-S-
V5HisTopo182 if indicated) was used in the cotransfection experiments. Two
days posttransfection, 5 ml of medium was added to the transfected cells, and
incubation was continued for another 2 days before harvest of the VLPs. To
examine the assembly of the packaging signal of SARS-CoV, 6 �g of either
pEGFP-N1-PS63 or pEGFP-N1-PS580 was cotransfected with the four structural
protein-encoding plasmids into the Vero E6 cells, generating VLP(GFP-PS63)
and VLP(GFP-PS580), respectively. For generation of VLPdN, cotransfection
experiments were performed with 6 �g of each of the S-, E-, and M-encoding
plasmids and the PS plasmid pEGFP-N1-PS580.

Harvest and purification of SARS-CoV VLPs. Harvest and purification of
SARS-CoV VLPs followed a previously described procedure (27), with modifi-
cations. Briefly, culture medium was harvested 4 days posttransfection and clar-
ified by centrifugation at 3,000 rpm in an RA-4F rotor (Kubota) for 5 min. The
supernatant was layered over a 20% sucrose buffer (20% sucrose, 20 mM
HEPES, pH 7.4, 0.1% bovine serum albumin [BSA]) and centrifuged at 40,000
rpm in an SW41 rotor (Beckman) for 5 h at 4°C. VLPs collected in the pellet
were resuspended in 100 �l of phosphate-buffered saline and stored at �80°C.
For separation of various VLPs with different compositions, the virus suspension
was further loaded on a discontinuous sucrose gradient consisting of 20, 30, 50,
and 60% sucrose in 20 mM HEPES (pH 7.4) and 0.1% BSA and then centrifuged
in the SW41 rotor at 26,700 rpm for 3.5 h at 4°C. Fractions containing VLPs with
different compositions were analyzed for the presence of SARS-CoV structural
proteins by Western blot analysis. The density of VLPs was determined by a
refractometer (ATAGO).

Western blot analysis. To carry out Western blot analysis, protein lysates
prepared from transfected cells and VLPs were resolved by 13% polyacrylamide
gel electrophoresis and electrotransferred onto an Immobilon-P membrane (Mil-
lipore) as described previously (3). The V5His-tagged structural proteins of
SARS-CoV were detected by using as the primary antibodies mouse monoclonal
antibody against the V5 epitope (Invitrogen) and polyclonal antibodies that were
generated by immunizing mice with SARS-CoV previously inactivated by 60Co
irradiation (10). GFP was detected with rabbit polyclonal antibodies against GFP
provided by S.-L. Doong (National Taiwan University, Taipei, Taiwan). Specific
interactions between antigens and antibodies were detected by the enhanced
chemiluminescence system (ECL; Amersham Biosciences).

Purification of recombinant N proteins of SARS-CoV. Recombinant SARS-
CoV N protein and its deletion mutants with a His tag at their N termini were
expressed in Escherichia coli BL21(DE3) cells after induction with 1 mM iso-
propyl-�-D-thiogalactopyranoside. To prepare protein lysates, the bacterial cells
were spun down and resuspended in lysis buffer consisting of 50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 6 M urea. After
centrifugation, the supernatant was loaded onto a Ni-nitrilotriacetic acid affinity
column (QIAGEN), and the His-tagged N proteins were recovered with elution
buffer consisting of 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 250 mM
imidazole, and 6 M urea. The eluate was dialyzed against 50 mM sodium phos-
phate buffer at pH 7.4 containing 150 mM NaCl, 1 mM EDTA, and 0.01% NaN3

and concentrated with an Amicon Ultra-15 concentrator (Millipore) before
being loaded onto a fast-performance liquid chromatography (FPLC) system
equipped with a HiLoad 16/60 Superdex-75 column (Pharmacia Bioscience).
Fractions containing proteins of interest were pooled together for further stud-
ies.

FB assay. To examine the RNA-binding activity of the N protein of SARS-
CoV, a filter binding (FB) assay was carried out as previously described (4, 9),
with modifications. Briefly, the recombinant N proteins purified through FPLC
were further dialyzed against FB buffer consisting of 20 mM HEPES-KOH, pH
7.5, 4 mM MgCl2 and 40 mM KCl at 4°C overnight. To prepare RNA probe,
plasmid pCRII-TOPO-PS580 was linearized with NheI restriction endonuclease
and used as the template to perform in vitro transcription by T7 RNA polymer-
ase in the presence of [�-32P]UTP. This generated [�-32P]UTP-labeled PS318
RNA representing SARS-CoV genomic RNA from nt 19715 to 20032. The
PS318 RNA probe was dissolved in the FB buffer and heated at 70°C for 3 min

VOL. 79, 2005 PACKAGING SIGNAL OF SARS-CoV 13849
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and then at 37°C for 15 min. Meanwhile, individual N protein was preincubated
at 37°C for 15 min and then mixed with the preheated RNA probe (10,000
cpm/�l). After incubation at 37°C for another 10 min, the reaction mixtures were
passed through prewetted nitrocellulose filters (0.45-�m pore size). The filters
were then washed in ice-cold FB buffer and air dried. RNA-binding activities of
the N proteins were detected by autoradiography. In addition, to determine the
binding specificity, various amounts of nonlabeled specific (PS318) and nonspe-
cific (hepatitis C virus [HCV] NCR341) RNA competitors were mixed individ-
ually with the labeled PS318 RNA probe before incubating with the N proteins.
The HCV NCR341 RNA represents HCV genomic RNA from nt 1 to 341 and
was synthesized in vitro by T7 RNA polymerase as previously described (31).

RESULTS

Expression of the structural proteins of SARS-CoV in Vero
E6 cells and production of SARS-CoV VLPs. For examination
of the assembly of SARS-CoV, a culture system that expresses
the viral structural proteins and produces SARS-CoV VLPs
was established. The experiments were performed initially by
cotransfecting Vero E6 cells with plasmids that encode a MycHis-
tagged S protein and V5His-tagged E, M, and N proteins of
SARS-CoV. Four days posttransfection, culture medium was col-
lected and subjected to isolation of VLPs by sucrose cushion
centrifugation. Structural proteins assembled into the VLPs were
examined by Western blot analysis with mouse hyperimmune
serum induced by 60Co-inactivated SARS-CoV and with mouse
monoclonal antibody against the V5 epitope of the V5His-tagged
structural proteins. As shown in Fig. 1A, the mouse hyperimmune
serum detected the structural proteins S, M, and N in the SARS-

CoV VLPs but not the E protein (lane 3). This was possibly due
to the lack of any or the presence of only a few antibodies specific
to the E protein in the mouse hyperimmune serum. When an-
ti-V5 epitope antibody was applied, the V5His-tagged fusion pro-
teins N, M, and E were successfully detected (Fig. 1B). We have
recently detected SARS-CoV VLPs consisting of S, E, and M
proteins under electron microscopy (data not shown). To deter-
mine whether S and N proteins are required in forming SARS-
CoV VLPs, cotransfection experiments were performed with the
plasmids encoding the V5His-tagged E and M proteins in the
presence or absence of V5His-tagged S- and N-encoding plas-
mids. The culture medium was collected 4 days posttransfection
and subjected to sucrose cushion centrifugation and Western blot
analysis. In the absence of S and N proteins, both E and M
proteins expressed in Vero E6 cells were detected in the culture
medium (Fig. 2A). Vero E6 cells were then transfected individ-
ually with the E-encoding and M-encoding plasmids. Following a
sucrose cushion centrifugation, the pellets were further purified
on a discontinuous sucrose gradient. Western blot analysis dem-
onstrated that both E and M proteins could be released into the
culture medium when each was expressed alone (Fig. 2B). The M
protein was mainly detected in fractions 4 to 9 (density, 1.081 to
1.228 g/cm3), whereas the E protein was detected in fractions 1 to
6 (density, 1.008 to 1.128 g/cm3). The distribution of M protein
was shifted to fractions 3 to 6, with density ranging from 1.067 to
1.113 g/cm3 when the M protein was coexpressed with the E
protein. It is likely that E and M proteins form VLPs when they
are coexpressed. However, previous studies demonstrated that E
proteins of MHV and infectious bronchitis virus could be released
into medium as vesicles when it was expressed alone (6, 18).
Whether the sedimentable particles of E and of M represent
formation of SARS-CoV VLPs or formation of the viral protein
vesicles is not clear. Different forms of SARS-CoV VLPs pro-
duced in the presence of all four structural proteins were exam-
ined following a discontinuous sucrose gradient (Fig. 2C). Frac-
tions 5 and 6 likely represent VLPs that contain the viral E and M
proteins with densities of about 1.097 and 1.116 g/cm3, respec-
tively. Fraction 7 contained the majority of SARS-CoV VLPs that
bear the four structural proteins with a density of around 1.132
g/cm3.

Packaging of SARS-CoV RNA required sequences beyond
the 63-nt putative PScore. It was previously demonstrated that
binding of the MHV N protein to the PS located near the 3�
terminus of the open reading frame 1b facilitates the assembly
of viral genomic RNA (20, 22, 29). The PScore of MHV was
mapped to a stem-loop structure consisting of 69 nt, but a
190-nt PScore-containing RNA has a much higher packaging
activity (22). The PS of SARS-CoV has been predicted by
bioinformatics analysis (24) but not yet functionally defined. In
this study, secondary structure analysis by the Mfold program
revealed a distinct stem-loop structure that remains conserved
in the 63-nt putative PScore (PS63) RNA of SARS-CoV and
the PScore-containing PS580 RNA (Fig. 3). PS63 and PS580
RNA represent SARS-CoV genomic RNA from nt 19888 to
19950 and nt 19715 to 20294, respectively. To establish a cul-
ture system in which the packaging activities of PS63 and
PS580 RNA can be easily followed, plasmids pEGFP-N1-PS63
and pEGFP-N1-PS580 that represent heterologous mRNAs
GFP-PS63 and GFP-PS580 consisting of PS63 and PS580, re-
spectively, inserted into the 3� noncoding region of GFP re-

FIG. 1. Analysis of structural proteins that are assembled into
SARS-CoV VLPs. Vero E6 cells previously infected with recombinant
vaccinia virus vTF7-3 were cotransfected with plasmids pSec-S(14-
1255)-Tag2A, pcDNA-E-V5HisTopo92, pcDNA-M-V5HisTopo158,
and pcDNA-N-V5HisTopo56 encoding MycHis-tagged S and V5His-
tagged E, M, and N structural proteins, respectively, of SARS-CoV.
Four days posttransfection, culture medium was collected, and VLPs
were isolated after 20% sucrose cushion centrifugation. Structural
proteins assembled into the VLPs were detected by Western blot
analysis with mouse polyclonal antibodies generated with 60Co-inacti-
vated SARS-CoV (A) and mouse monoclonal antibody against the V5
epitope of the V5His-tagged structural proteins N, M, and E (B).
Lanes 1 and 2 in panel A represent protein lysates of untransfected
Vero E6 cells and Vero E6 cells transfected with N-encoding plasmid
as negative and positive controls, respectively. Lanes 1 and 2 in panel
B represent duplicate experiments.
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porter were generated and transiently transfected into Vero E6
cells. Two days posttransfection, the green fluorescence of
GFP was detected by fluorescence microscopy, indicating that
GFP-PS63 and GFP-PS580 RNA can be expressed in the
transfected cells (Fig. 4). Assembly of the viral genomic RNAs
was then examined by transfecting Vero E6 cells with plasmids
encoding the viral structural proteins S, E, M, and N and one
of the packaging signal plasmids, pEGFP-N1-PS63 and
pEGFP-N1-PS580. Four days posttransfection, VLPs were iso-
lated from the culture medium. The VLP produced from cells
cotransfected with pEGFP-N1-PS63 was tentatively named
VLP(GFP-PS63), whereas that from cells transfected with

FIG. 3. Secondary structures of the SARS-CoV putative packaging
signal PS63 and PS580 RNA. The Mfold program was used to predict
the secondary structures of SARS-CoV PScore PS63 RNA encompass-
ing the viral genomic RNA from nt 19888 to 19950 (A) and the
PScore-containing PS580 RNA from nt 19715 to 20294 (B). The black
rectangle in panel B marks the unique stem-loop structure of the
PScore that remains conserved in the PS580 RNA.

FIG. 2. Purification and analysis of SARS-CoV VLPs. (A) E and M
proteins could be released from transfected Vero E6 cells in the
absence of S and N proteins. To examine the requirements for the
formation of SARS-CoV VLPs, Vero E6 cells previously infected with
recombinant vaccinia virus vTF7-3 were cotransfected with plasmids
encoding the V5His-tagged E and M proteins (lane 2); E, M, and S
proteins (lane 3); or E, M, S, and N proteins (lane 4). Culture medium
collected 4 days posttransfection was subjected to a 20% sucrose cush-
ion centrifugation and Western blot analysis with the mouse monoclo-
nal antibody against the V5 epitope. Lane 1 represents the nontrans-
fected control. (B) Both E and M proteins could be released into the
culture medium when each was expressed alone. Culture medium was
collected from Vero E6 cells transfected with plasmids encoding E and
M (upper panel), M (middle panel), or E (lower panel). Following a
sucrose cushion centrifugation, the pellets were further purified on a
discontinuous sucrose gradient as described in Materials and Methods.
Fractions were collected and subjected to Western blot analysis. Lanes
C represent protein lysates of transfected cells and were used as pos-
itive controls. (C) Analysis of different forms of SARS-CoV VLPs.
SARS-CoV VLPs formed in the presence of all four structural proteins
as demonstrated in panel A (lane 4) were further purified through a
discontinuous sucrose gradient. Fractions 4 to 9 were analyzed by
Western blot analysis with the V5 epitope-specific antibody for the
presence of SARS-CoV structural proteins. Fraction 7 contained the
majority of SARS-CoV VLPs, which consisted of all four structural
proteins and had a density of around 1.132 g/cm3.
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pEGFP-N1-PS580 was named VLP(GFP-PS580). Western
blot analysis demonstrated that the structural proteins of
SARS-CoV can be assembled into both VLP(GFP-PS63) and
VLP(GFP-PS580) (Fig. 5A). In addition, GFP was detected
only in the transfected cells but not in the VLPs (Fig. 5B).

These results indicate that GFP expressed in the transfected
cells is not copackaged into the VLPs and that the VLPs
purified from culture medium are not contaminated with GFP.
Whether the GFP-PS63 and GFP-PS580 RNA had been pack-
aged into the VLPs was determined by infecting Vero E6 cells
with VLP(GFP-PS63) and VLP(GFP-PS580), respectively,
and examining GFP expression in the infected cells. As shown
in Fig. 6, green fluorescence of GFP in Vero E6 cells was
detected by fluorescence microscopy 2 days posttransfection of
the VLP(GFP-PS580) (Fig. 6D) but not in the cells infected
with VLP(GFP-PS63) (Fig. 6F). However, the green fluores-
cence signal in VLP(GFP-PS580)-infected cells was low. This
was probably due to the low copy number of GFP mRNA
assembled into the VLPs, which may have been limited to one
or only a few copies. To further confirm the packaging activity
of the GFP-PS580 RNA, Western blot analysis was performed
with antibodies specific to the GFP. These results clearly dem-
onstrated expression of GFP in VLP(GFP-PS580)-infected
cells (Fig. 5C) but not in the VLP(GFP-PS63)-infected cells
(data not shown). Taken together, these results indicate that
the PScore-containing PS580 RNA bears a functional packaging
signal of SARS-CoV important for the assembly of the viral
RNA into VLPs.

FIG. 4. Expression of pEGFP-N1-PS63 and pEGFP-N1-PS580 in
Vero E6 cells. Vero E6 cells were transfected individually with
pEGFP-N1-PS63 (panels A and B) and pEGFP-N1-PS580 (panels C
and D) bearing 63 and 580 nt, respectively, of the putative packaging
signals of SARS-CoV inserted into the 3� noncoding region of the GFP
gene. Two days posttransfection, green fluorescence of GFP in the
transfected cells was visualized by fluorescence microscopy (panels B
and D). Panels A and C show the phase contrast images of the trans-
fected cells.

FIG. 5. Expression of GFP in VLP(GFP-PS580)-infected Vero E6
cells. Plasmid pEGFP-N1-PS63 or pEGFP-N1-PS580 was transfected
into Vero E6 cells together with plasmids pSec-S(14-1255)-Tag2A,
pcDNA-E-V5HisTopo92, pcDNA-M-V5HisTopo158, and pcDNA-N-
V5HisTopo56 that encode a MycHis-tagged S and V5His-tagged E, M,
and N structural proteins of SARS-CoV, respectively. Four days post-
transfection, VLPs were harvested from the culture medium, partially
purified, and used to infect Vero E6 cells to examine the infectivity of
the VLPs and the packaging activity of the PS RNAs. The viral pro-
teins that were assembled into the VLPs, VLP(GFP-PS63) and
VLP(GFP-PS580), were examined by Western blot analysis with an-
ti-V5 antibody (panel A). Expression of GFP in the VLP(GFP-PS580)-
infected cells was examined with anti-GFP antibodies 2 days postin-
fection (panel C, lane 3). Whether GFP was simultaneously
incorporated into the VLPs was also examined (panel B, lanes 3 and
4). Cell lysates prepared from untreated Vero E6 cells (panels B and
C, lanes 1) and pEGFP-N1-PS580-transfected cells (panels B and C,
lanes 2) were used as negative and positive controls, respectively.

FIG. 6. Packaging of GFP-PS heterologous mRNA into VLPs re-
quired sequences beyond the putative 63-nt PScore and was nucleocap-
sid dependent. Vero E6 cells were infected with either VLP(GFP-
PS580) (panels C and D) or VLP(GFP-PS63) (panels E and F). Two
days postinfection, green fluorescence in VLP(GFP-PS580)-infected
cells was detected by fluorescence microscopy. Panels G and H repre-
sent Vero E6 cells that were infected with VLPdN. Untreated Vero E6
cells are shown as negative controls (panels A and B).
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Packaging of GFP-PS heterologous mRNA into SARS-CoV
VLPs is nucleocapsid dependent. Previous study showed that
MHV VLPs could be assembled in a nucleocapsid-indepen-
dent manner and that viral RNA could be packaged in the
absence of the viral N protein (20, 28). To determine whether
the N protein of SARS-CoV is dispensable in the packaging of
the viral RNA, Vero E6 cells were cotransfected with the
packaging signal plasmid pEGFP-N1-PS580 and the expressing
plasmids encoding the viral structural proteins, S, E, and M in
parallel with a control experiment that included the N-encod-
ing plasmid. VLPdN that lacks the N protein was harvested
from the culture medium of transfected cells and used to infect
Vero E6 cells. Two days postinfection, green fluorescence was
detected in VLP(GFP-PS580)-infected cells (Fig. 6D) but not
in VLPdN-infected cells (Fig. 6H). These results indicate that
the assembly of SARS-CoV RNA is nucleocapsid dependent.

Two independent RNA-binding domains in the viral N pro-
tein specifically bind to SARS-CoV RNA. To investigate the
RNA-binding characteristics of the N protein of SARS-CoV,
PS318 RNA representing SARS-CoV genomic RNA from nt
19715 to 20032 was transcribed in vitro in the presence of
[�-32P]UTP. As predicted by the Mfold program, PS318 RNA
possesses the conserved stem-loop structure of the 63-nt PScore

(PS63) RNA (data not shown). The [�-32P]UTP-labeled PS318
RNA was used as the probe to perform a filter binding assay
with FPLC-purified recombinant N proteins of SARS-CoV.
BSA and a putative RNA recognition motif (RRM) of the
eIF3 subunit p116 (M.-F. Chang et al., unpublished data) were
used as controls. As shown in Fig. 7, both N1 and N2 that
represent the N-terminal 235 amino acid residues of the N
protein and the C-terminal domain from amino acid residues
236 to 384, respectively, were capable of interacting with PS318
RNA, but the control proteins had no binding activity. The
RNA-binding activity of the N-terminal domain was signifi-
cantly diminished when deletions were generated that removed
the N protein amino acid sequences from 1 to 80 (N3) or from
152 to 235 (N11). Specificity of the RNA-binding activity of the
N protein was further examined by RNA competition analysis.
Various amounts of nonlabeled specific competitor (PS318
RNA) and nonspecific competitor (HCV NCR341 RNA) were
added to the reaction mixtures of the [�-32P]UTP-labeled
PS318 RNA and the N1 or N2 protein in the filter binding

FIG. 7. The RNA-binding activity of the full-length SARS-CoV N
protein and its deletion mutants. (A) Schematic representation of the
recombinant N proteins and their relative binding activities to PS318
RNA. (B) Coomassie blue staining of the purified N proteins used in
the FB assay. BSA and a putative RRM of the eIF3 subunit p116 were
used as controls. (C) The FB assay was performed with [�-32P]UTP-
labeled PS318 RNA and 40 ng each of the purified N proteins, BSA,
and RRM. (D) Specificity of the RNA-binding activity of the N protein
subdomains N1 and N2. For determination of the binding specificity of
the N1 and N2 subdomains to SARS-CoV PS318 RNA, various
amounts of nonlabeled specific competitor (PS318 RNA) and nonspe-
cific competitor (HCV NCR341 RNA) as indicated were mixed with
[�-32P]UTP-labeled PS318 RNA before addition of the purified N1
and N2 proteins. Autoradiograms are shown. Relative binding activi-
ties (RBA) of the N1 and N2 proteins to the PS318 RNA in the
presence of competitors were calculated by normalization of the in-
tensities of signals in each set to that without competitors.
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assay. At a 25-fold molar excess of specific competitor, the
relative RNA-binding activities of the N1 and N2 proteins were
decreased to 20% and 62%, respectively, values much lower
than those obtained with the nonspecific competitor (Fig. 7).
We conclude that there are two RNA-binding sites in the N
protein of SARS-CoV, the N-terminal domain from amino
acid residues 1 to 235 and the C-terminal domain from amino
acid residues 236 to 384.

DISCUSSION

In this study, we found that SARS-CoV structural proteins
S, E, M, and N expressed in Vero E6 cells could form VLPs
that were subsequently released into the culture medium. The
E and M proteins are likely to form SARS-CoV VLPs when
they are coexpressed. In addition, both E and M expressed
alone were capable of forming sedimentable particles and re-
leased from transfected cells. Packaging of viral RNA into
VLPs required the viral N protein and a packaging signal
within a domain from nt 19715 to 20294 of the genomic RNA.
Two RNA-binding domains of the N protein specific to SARS-
CoV RNA were identified.

In MHV, M protein is the most abundant transmembrane
envelope glycoprotein in the virus particles and infected cells,
whereas E protein is present only in a minute amount (8).
However, we found that in some cases, the amounts of E
protein in different forms of SARS-CoV VLPs were equivalent
or even higher than the amounts of M protein (Fig. 2A). This
may be partially explained by the fact that the SARS-CoV E
protein can be released from cells when it is expressed alone
(Fig. 2B), similar to the E proteins of MHV and infectious
bronchitis virus (6, 18). However, it is interesting that the E
and M proteins were detected in several fractions in the ab-
sence of the viral S and N proteins (Fig. 2B), whereas SARS-
CoV VLPs containing S, E, M, and N were detected in a single
fraction (Fig. 2C).

Packaging signals are defined as the cis-acting sequences
required for efficient packaging of the genomic RNA during
virus assembly. As predicted by the Mfold program, the puta-
tive PScore of SARS-CoV possesses a stem-loop structure that
remains conserved in the PScore-containing PS580 RNA (Fig.
3). Nevertheless, green fluorescence of GFP can only be de-
tected in VLP(GFP-PS580)-infected but not the VLP(GFP-
PS63)-infected cells (Fig. 6D and F), indicating that packaging
of viral RNA requires sequences beyond the stable stem-loop
structure. In contrast to MHV, which is capable of packaging
viral RNA in the absence of N protein, the assembly of
GFP-PS RNA into SARS-CoV VLPs is nucleocapsid depen-
dent (Fig. 6H). The successful utilization of GFP as a tracker
for the packaging of SARS-CoV RNA implies a possible ap-
plication in generating other heterologous mRNAs that con-
tain the SARS-CoV packaging signal. The heterologous
mRNAs would be packaged into SARS-CoV VLPs and ex-
pressed upon infection of specific human tissues by these
VLPs. Thus, the SARS-CoV VLPs could be used as a tissue-
specific viral vector for gene therapy or drug delivery.

By performing a filter binding assay with the PScore-contain-
ing PS318 RNA and FPLC-purified recombinant N proteins of
SARS-CoV, we identified two independent RNA-binding do-
mains of the N protein located each in the N-terminal and the

C-terminal domains (Fig. 7). Deletion in the region from
amino acid residues 1 to 80 (N3 mutant) or 152 to 235 (N11
mutant) significantly diminished the RNA-binding activity of
the N-terminal domain. These results are consistent with nu-
clear magnetic resonance studies indicating that the N-termi-
nal domain from amino acid residues 49 to 178 of the nucleo-
capsid protein possesses RNA-binding activity (12). Our
preliminary studies also demonstrated that the N protein con-
sists of two structurally independent domains (T.-H. Huang et
al., unpublished data). The deletion from amino acid residues
1 to 80 or 152 to 235 both resulted in disruption of the struc-
ture of the N-terminal domain from amino acid residues 49 to
178. Taken together, these results indicate that the N-terminal
structure is essential for the RNA-binding activity of the N-
terminal domain. Serial deletion analysis in both the N-termi-
nal and the C-terminal domain would reveal the minimal se-
quences required for the RNA-binding activity of the
nucleocapsid protein. Furthermore, cotransfection experi-
ments may be performed to determine whether PS318 RNA
can interact with the nucleocapsid protein in Vero E6 cells
and, as PS580 RNA does, form infectious VLPs in the pres-
ence of other structural proteins.

Although viral particles of SARS-CoV have been detected
in tissues such as lung of infected patients (23), the cell types
that are most susceptible to SARS-CoV infection in patients
are not fully understood. Using mouse polyclonal antibodies
against 60Co-inactivated SARS-CoV generated in our labora-
tory, we have detected viral proteins in type II pneumocytes of
SARS patients (10). Angiotensin-coverting enzyme 2 was pre-
viously proposed to be a receptor of SARS-CoV (17). A recent
study also demonstrated that CD209L (L-SIGN) could be a
receptor of SARS-CoV on type II pneumocytes (13). Never-
theless, the mechanism by which SARS-CoV causes SARS
remains unclear. The VLPs generated in this study may be
used to safely study the tissue tropisms and pathogenesis of
SARS-CoV.
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