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bstract

Open reading frame 9b (ORF 9b) encodes a 98 amino acid group-specific protein of severe acute respiratory syndrome (SARS) coronavirus
CoV). It has no homology with known proteins and its function in SARS CoV replication has not been determined. The N-terminal part of the 9b
rotein was used to raise polyclonal antibodies in rabbits, and these antibodies could detect 9b protein in infected cells. We analyzed the sub-cellular

ocalization of recombinant 9b protein using fluorescence microscopy of live transfected cells and indirect immunofluorescence of transfected
xed cells. Our findings indicate that the 9b protein is exported outside of a cell nucleus and localizes to the endoplasmic reticulum. Our data also
uggest that the 46-LRLGSQLSL-54 amino acid sequence of 9b functions as a nuclear export signal (NES).

2007 Elsevier B.V. All rights reserved.
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Severe acute respiratory syndrome (SARS) first appeared in
uangdong Province, Southern China in November 2002. This
ewly emerging infectious disease quickly spread to 29 countries
n five continents along international air travel routes, causing
arge-scale outbreaks in Hong Kong, Singapore and Toronto in
arly 2003.

A novel coronavirus was identified as the etiological agent of
ARS (Peiris et al., 2003). The SARS coronavirus (CoV) is an
nveloped virus with a positive single-stranded RNA genome of
9,727 nucleotides (Marra et al., 2003; Rota et al., 2003). The
enome contains open reading frames (ORFs) which can encode
he replicase, four main structural proteins, as well as proteins
hat vary in length from 39 to 274 amino acids with no homology
o other coronaviruses. These proteins are often referred to as
roup-specific, because despite the absence of homology, they
an be found in each of the four groups of coronaviruses while

heir sequence and their genes location differ among the groups.

Expression of group-specific proteins does not appear to be
ssential for CoV replication in cultured cells (Haijema et al.,
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003). However, there are indications that strains in which these
enes have been deleted may be attenuated in in vivo models of
oV infection (Ortego et al., 2003) and that expression of SARS
oV group-specific proteins by an attenuated murine CoV may

ubstantially increase its virulence (Pewe et al., 2005). These
bservations suggest a possible role for these group-specific pro-
eins in CoV pathogenesis. The objective of the present study
as the characterization of the novel SARS-CoV group-specific
rotein 9b.

The SARS-CoV ORF 9b (also known as ORF13) overlaps
ith the nucleocapsid gene and encodes a 98-amino-acid pro-

ein. Antibodies against the 9b protein were found in the sera of
onvalescent patients (Guo et al., 2004; Qiu et al., 2005; Zhong
t al., 2005), and expression of this protein was demonstrated in
iseased organs and SARS-CoV infected cells by immunohis-
ochemistry (Chan et al., 2005). Recently, the crystal structure
f 9b has been resolved (Meier et al., 2006). The protein has
novel fold, a dimeric tent-like beta structure with an amphi-

athic surface, and a central hydrophobic cavity that binds lipid

olecules.
In our study, the ORF 9b gene was amplified from RNA of

ARS-CoV-infected Vero E6 cells (strain Tor 2) using a one
tep RT PCR kit (Qiagen) (see Table 1 for primer sequences)
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Table 1
Primers used in this study

Primer Sequencea Sense Application

ORF13FOR CGGGATCCATGGACCCCAATCAAACCAA + pcDNA-9b
ORF13STOP GGAATTCTCATTTTGCCGTCACCACCACGA − pcDNA-9b
ORF13GEXF GGAATTCTGATGGACCCCAATCAAACCAA + pGEX-9bN and p9b-EYFP
ORF13XHO GGTCATCTGGACCACTATTG − pGEX-9bN
1 ACG
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3REVBCL TTGATCATTTGCCGTCACCACCACGA

a Restriction sites introduced into primers are in bold.

nd cloned into a pcDNA3 (Invitrogen) vector into BamHI and
coRI sites to create pcDNA-9b. Next, a 196-bp fragment of the
ene was amplified by PCR (primers are listed in the Table 1),
igested with EcoRI and XhoI and subcloned in frame with
he glutathione-S-transferase (GST) gene in EcoRI and XhoI
ites of the vector pGEX5X2 (Amersham Biosciences) to cre-
te pGEX-9bN. Expression of the recombinant GST-9b fusion
rotein in bacteria was induced in the presence of 0.1 mM iso-
ropyl beta-d-thiogalactopyranoside. Proteins from the induced
acterial cultures were separated by SDS-polyacrylamide gel
lectrophoresis and the GST-9b fusion protein was eluted from
he gel by the “crush and soak” method (Sambrook et al., 1989).
his gel-purified protein was used to immunize New Zealand
hite rabbits in order to generate anti-9b serum. The generated

abbit polyclonal antibodies were used for detection of expres-
ion of ORF 9b gene in cultured cells infected with SARS CoV.
ear-confluent monolayer of cultured Vero E6 cells was inocu-

ated with SARS-CoV at a multiplicity of infection (MOI) of 0.1
laque forming units per cell. Forty-eight hours post infection
he cells were harvested and lysed in 1% SDS.

The expression of the 9b protein in African green monkey
idney cells of Vero E6 lineage (derivative of the ATCC line
CL-81) was demonstrated by Western blot analysis. Total pro-

eins from infected cells were separated by 15% polyacrylamide

DS gel electrophoresis in Tris–Tricine buffer, immobilized on
nitrocellulose membrane and probed with polyclonal rabbit

erum raised as described above against recombinant 9b protein
Fig. 1). A unique protein band was detected in the extracts from

f
f
9
c

ig. 1. Immunoblot of total cellular proteins of cells expressing 9b and probed with
denovirus encoding 9b; lane 1, total protein extract from 293 HEK cells infected
ninfected 293 HEK cells; lane 3, Precision Plus Protein Standard (BioRad). (B) Ex
otal protein extract from Vero E6 cells infected with SARS-CoV; lane 2, total prote
adder Plus (Fermentas). Size of the protein standards indicated on the right. Arrow
− p9b-EYFP

nfected Vero E6 cells (Fig. 1, Panel B, lane 1) while such a band
as not present in protein extracts from non-infected cells (Panel
, lane 2), which indicated that ORF 9b was expressed during
ARS-CoV infection and could be detected by specific rabbit
olyclonal antibodies. Using these antibodies, the protein of a
imilar electrophoretic mobility was detected in HEK 293 cells
nfected with recombinant adenovirus expressing the 9b protein
Fig. 1, Panel A, lane 1). Adenovirus expressing the 9b protein
as constructed using AdenoEasy Ad5 homologous recombina-

ion kit (CLONTECH). The observed electrophoretic mobility
f the protein extracted from the infected cells was between
0 and 15 kDa which is close to the 11 kDa calculated molecu-
ar weight of the 9b protein. To our knowledge, this is the first

estern blot analysis of the 9b protein.
Since biological processes are directed and regulated in

ifferent cellular compartments, it is commonly agreed that
bligatory intracellular parasites such as viruses would depend
n appropriate trafficking of host and viral molecules impor-
ant for completion of the viral replication cycle and respective

etabolic pathways. It would be interesting to study the subcel-
ular localization of the 9b protein in the SARS-CoV-infected
ells using anti-9b antibodies for immunofluorescence. Unfortu-
ately, anti-9b rabbit serum we developed in this study appeared
o show a background cross-reactivity with proteins in unin-

ected cultured cells (data not shown), which made it unsuitable
or conclusive demonstration of the cellular localization of the
b in the SARS-CoV infected cells. Therefore, we examined
ellular localization of recombinant 9b tagged with enhanced

anti-9b rabbit serum. (A) Expression of 9b by 293 HEK cells infected with
with recombinant adenovirus encoding 9b; lane 2, total protein extract from
pression of the 9b by Vero E6 cells infected with SARS coronavirus. Lane 1,
in extract from uninfected Vero E6 cells; lane 3, PageRuler Prestained Protein
indicates the position of the unique 9b-specific protein band.
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ellow-green variant of the Aequorea victoria green fluorescent
rotein (EYFP) protein or with FLAG epitope by fluorescence
icroscopy in transfected Vero E6 cells.
To construct a plasmid encoding the in-frame fusion of 9b

o the N-terminus of EYFP, the gene for 9b was PCR amplified
see Table 1 for primer sequences), cut with EcoRI and BclI
nd cloned into pEYFP-N1 (CLONTECH) vector digested with
coRI and BamHI to create p9b-EYFP. The construct was ana-

yzed by restriction endonuclease digest (data not shown) and
he in-frame fusion was confirmed by DNA sequencing.

Vero E6 cells were transiently transfected with p9b-EYFP
sing a calcium phosphate transfection kit (Promega). Vero E6
ells transfected with the pEYFP-N1 encoding an unmodified
YFP were used as controls for the intracellular distribution
f EYFP green fluorescence without 9b. Forty eight hours post
ransfection, the cellular distribution of the green fluorescence
as examined using a ZEISS model Axiovert 200M micro-

cope and photographed (Fig. 2a and d) using a 520 nm filter.
ell nuclei were counter-stained with Hoechst 33342 (Sigma)

Fig. 2b and e) and the images of the same view fields were taken
sing a 370 nm filter. Comparison of the images and intensity
f green fluorescence indicated that the 9b-EYFP fusion pro-
ein was distributed predominantly in the cytoplasm with the
ighest fluorescence intensity being observed in a perinuclear
pace, while the amount of the fusion protein in the nuclei of
ero E6 cells was substantially reduced (Fig. 2d–g). In contrast,
nmodified EYFP was distributed evenly throughout the cell,
ith slightly higher fluorescence in the nucleus of transfected
ero E6 cells (Fig. 2a–c). This suggests that 9b was responsi-
le for the observed intracellular distribution of 9b-EYFP fusion
rotein.

Since the endoplasmic reticulum/Golgi intermediate com-
artment (ERGIC) is believed to be the primary site for
oronavirus assembly and budding (Garoff et al., 1998), colo-
alization with the Golgi complex may indicate a possible role
f a viral protein in either budding or virion assembly. In order to
etermine the location of the Golgi apparatus, live transfected
ero E6 cells were stained with C5 ceramides (BODIPY TR
eramide, Invitrogen) followed by photographing of the same
iew fields using a 600 nm filter (Fig. 2f). Images of the same
iew field were superimposed (Fig. 2g) using Adobe Photoshop
S2 software (Adobe Systems Inc.) and the intracellular distri-
ution of green fluorescence was examined. It was determined
hat green fluorescence of the 9b-EYFP only partially overlapped
ith red fluorescence of the Golgi complex (Fig. 2g), suggesting

hat 9b was not targeted exclusively to Golgi.
In order to eliminate the possibility that either conformational

hanges in the fusion construct or a novel amino acid sequence
ormed at the point of fusion, affected intracellular distribution
f the fluorescent fusion protein, 9b was tagged with the FLAG
pitope. The gene for 9b was cut out from pcDNA-9b with
indIII and EcoRI and cloned into HindIII and EcoRI sites of
FLAG-CMV2 (Sigma) to create pFLAG-9b. The sequence of

he resulting plasmid was confirmed by restriction endonuclease
nalysis and DNA sequencing (data not shown).

Vero E6 cells cultured on slides were transfected with
FLAG-9b as above, fixed in ice-cold methanol for 10 min and

n
p
h
5
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robed with murine monoclonal anti-FLAG antibodies (Sigma).
o visualize an intracellular distribution of FLAG-9b fusion pro-

ein, slides were treated with FITC-conjugated goat anti-mouse
econdary antibodies (BD Biosciences) and examined by flu-
rescence microscopy (Fig. 2h). Nuclear counterstaining was
one as above (Fig. 2i). Additionally, the cells were stained with
RtrackerTM Red Dye (Invitrogen) (selective for endoplasmic

eticulum), which was visualized using TRITC (600 nm) filter
Fig. 2j). Superimposition of fluorescence images (Fig. 2k) was
erformed as outlined above.

Analysis of the fluorescence images indicated that the FLAG-
b fusion protein was distributed predominantly outside of the
ell nuclei, with the highest fluorescence signal intensity found
n the perinuclear space (Fig. 2h–k). This was consistent with
he results obtained with 9b-EYFP fusion protein and suggested
hat 9b was associated with the extranuclear localization of
oth fusion proteins. Staining of transfected fixed cells with
Rtracker indicated that FLAG-9b fusion protein was localized

o the endoplasmic reticulum (Fig. 2k).
To further verify localization of the 9b protein to the endo-

lasmic reticulum, Vero E6 cells transfected with the 9b-EYFP
onstruct were fixed as above, stained with ERtracker and ana-
yzed using a Zeiss LSM410 confocal microscope equipped with
xternal Argon Ion Laser. Enhanced yellow fluorescence protein
as excited by Argon Ion Laser beam (488 nm), while ERtracker
as excited by Helium/Neon Laser beam (594 nm). Both signals
ere detected simultaneously, separate images were taken and

uperimposed as described above (Fig. 2l–n). Confocal images
urther confirmed localization of 9b to the endoplasmic reticu-
um (Fig. 2n).

Interestingly, a confocal microscopy of the 9b-EYFP trans-
ected cells and an indirect immunofluorescence staining of
ransfected Vero E6 cells with anti-FLAG antibodies revealed
ytoplasmic inclusion bodies of 9b protein, whereas live cells
ransfected with p9b-EYFP showed diffuse cytoplasmic fluo-
escence. These differences may be explained by cell fixation or
y influence of the tags on 9b distribution patterns. Moreover,
eier et al. (2006) have recently shown speckled cytoplasmic

ocalization of the 9b in transfected 293T cells, which were
xed and stained with an anti-His tag fluorochrome-conjugated
onoclonal antibody.
Since the diameter of a nuclear pore (Paine et al., 1975)

llows passive passage of ions and small proteins (less than
0 kDa) (van der Aa et al., 2006), it can be presumed that either
nmodified 9b (11 kDa), EYFP (27 kDa), or 9b-EYFP fusion
rotein (38 kDa), may be capable of passive diffusion between
he nucleus and the cytoplasm. This assumption was consis-
ent with the observed subcellular distribution of an unmodified
YFP (Fig. 2a) which was homogenously distributed both in

he nuclei and the cytoplasm. In contrast, 9b-EYFP fusion was
xcluded from the nucleus (Fig. 2d), and such exclusion could
e explained by active extranuclear transport.

The amino acid sequence of the 9b protein (Accession

umber AAP41048) was analyzed using publicly available
rotein sequence analysis tools (la Cour et al., 2003) at
ttp://www.cbs.dtu.dk. Amino acid residues 46-LRLGSQLSL-
4 were predicted to form a nuclear export sequence (NES).

http://www.cbs.dtu.dk/
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Fig. 2. Subcellular localization of recombinant 9b protein in transiently transfected Vero E6 cells. Top row: Vero E6 cells transfected with the plasmid expressing
EYFP: (a) fluorescence of cells expressing EYFP; (b) nuclei stained with Hoechst 33342; (c) merge of images a and b. Second row: Vero E6 cells transfected
with the plasmid expressing 9b-EYFP fusion protein: (d) fluorescence in the cells expressing 9b-EYFP protein; (e) nuclei stained with Hoechst 33342; (f) Golgi
complex stained with C5 ceramide BODIPY TR; (g) merge of images d, e and f. Third row: indirect immunofluorescence of Vero E6 cells transfected with the
plasmid expressing the FLAG-9b fusion protein: (h) fixed cells probed with monoclonal murine anti-FLAG antibodies and visualized with Goat anti-mouse FITC-
conjugated serum; (i), nuclei stained with Hoechst 33342; (j) endoplasmic reticulum stained with ERtrackerTM Red; (k) merge of images h, i and j. Bottom row:
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onfocal fluorescence microscopy of Vero E6 cells transfected with 9b-EYFP:
RtrackerTM Red; (n) merge of images l and m.

his amino acid sequence represents a novel NES, belonging to
he LX1–3LX2–4LXL protein motif, where X is any amino acid
Rodriguez et al., 2003; Wen et al., 1995). This motif acting as
nuclear export signal has been found in a series of proteins

ncluding mitogen-activated protein kinase kinase (MAPKK)
Fukuda et al., 1996), Rev protein of the human immunodefi-
iency virus (Fukuda et al., 1997) and an inhibitor of cAMP-
ependent protein kinase (PKI) (Wen et al., 1994). Nucleo-
ytoplasmic proteins with leucine-rich NES sequences are
ransported across the nuclear envelope through nuclear pores
ut of the cell nucleus by an energy-dependent mechanism using
xportin 1 (Ossareh-Nazari et al., 1997; Fornerod et al., 1997).

To prove that 46-LRLGSQLSL-54 may function as a NES,

e used two approaches. First, we investigated the effect of

eptomycin B on the cytoplasmic localization of 9b in trans-
ected Vero E6 cells. Leptomycin B inhibits NES-dependent
xport of NES-containing proteins (Wolff et al., 1997) by bind-

t
c
o
v

en fluorescence of the fusion protein; (m) endoplasmic reticulum stained with

ng to exportin 1 and preventing assembly of the NES-exportin
complexes (Ossareh-Nazari et al., 1997). Second, we gener-

ted a mutant 9b in which codons for leuicine residues L46,
48, L52 and L54 were replaced by codons for glycine. In
rder to generate this mutant, a synthesis of the 297 bp ORF
b gene with mutated codons was ordered from EZBiolab Inc.
Wesfield, IN, USA), and the gene was cloned into the pEYFP-
1 vector in frame with the EYFP gene creating the plasmid
9bDeltaNES-EYFP.

When Vero E6 cells transiently transfected with the ORF
b-EYFP fusion construct were incubated in growth medium
ontaining 20 nM leptomycin B (Sigma) for 24 h, the intracellu-
ar distribution of green fluorescence (Fig. 3a–c) differed from

hat of untreated cells transfected with ORF 9b-EYFP fusion
onstruct (Fig. 2d). Essentially, it was similar to the distribution
f the green fluorescence in cells transfected with the pEYFP-N1
ector (Fig. 2a).
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Fig. 3. Role of a nuclear export sequence (NES) in subcellular localization of recombinant 9b in transiently transfected Vero E6 cells. Top: (a) fluorescence in
Vero E6 cells expressing 9b-EYFP fusion protein after 24 h treatment with leptomycin B; (b) nuclei stained with Hoechst 33342; (c) merge of images a and b.
Middle: (d) fluorescence in Vero E6 cells expressing 9bDeltaNES-EYFP fusion protein; (e) nuclei stained with Hoechst 33342; (f) merge of images d and e. Bottom:
c ein: (g
r
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r
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G
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onfocal microscopy of Vero E6 cells expressing 9bDeltaNES-EYFP fusion prot
eticulum stained with ERtrackerTM Red; (i) merge of images g and h.

Similarly, the character of distribution of the green fluores-
ence in cells transfected with p9bDeltaNES-EYFP (Fig. 3d–f),
epeated that of the cells transfected with pEYFP (Fig. 2a). In
ddition, confocal microscopy of Vero E6 cells transfected with
9bDeltaNES-EYFP (Fig. 3g–i) indicated that the alteration of
he NES of the 9b aborted predominantly extranuclear local-
zation of green fluorescence. Taken together, these data suggest
hat cytoplasmic localization of 9b results from its transport from
he nucleus to the cytoplasm by interaction with exportin 1 via
leucine-rich NES.
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