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Severe acute respiratory syndrome (SARS) is an emerging
infectious disease associated with a novel coronavirus
(CoV) that was identified and molecularly characterized in
2003. Previous studies on various coronaviruses indicate
that protein-protein interactions amongst various coronavirus
proteins are critical for viral assembly and morphogenesis.
It is necessary to elucidate the molecular mechanism of
SARS-CoV replication and rationalize the anti-SARS
therapeutic intervention. In this study, we employed an in
vitro GST pull-down assay to investigate the interaction
between the membrane (M) and the nucleocapsid (N)
proteins. Our results show that the interaction between the
M and N proteins does take place in vitro. Moreover, we
provide an evidence that 12 amino acids domain (194-205)
in the M protein is responsible for binding to N protein.
Our work will help shed light on the molecular mechanism
of the virus assembly and provide valuable information
pertaining to rationalization of future anti-viral strategies.
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Introduction

Severe acute respiratory syndrome (SARS), also called
atypical pneumonia, is a human severe respiratory infectious
disease that emerged recently in Asia, North America and
Europe. A novel coronavirus named “SARS-associated
coronavirus” (SARS-CoV) was recently identified as the
causative agent of SARS (Drosten ef al., 2003; Ksiazek ef al.,
2003; Peiris ef al., 2003). Severe morbidity and mortality rate
is up to 10% in the SARS-CoV infected patients (Lee et al.,
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2003). The virions of the SARS-CoV are 80-140 nm in
diameter, with projections surrounding the periphery (Ksiazek
et al., 2003). The SARS-CoV is identified as positive-
stranded RNA viruse with approximately 29,727 nucleotides
genomes packaged in helical nucleocapsids. The genome
organization is similar to that other coronaviruses, where
phylogenic analyses and sequence comparisons showed that
the SARS-CoV is not closely resembled to any of previously
characterized coronaviruses. There are four open reading
frames (ORF) downstream of replicase (rep) that are predicted
to encode the four structural proteins spike (S), envelope (E),
membrane (M), and nucleocapsid (N), which are common to
all known coronaviruses. Besides, SARS-CoV also encodes
several uncharacterized non-structural proteins (Marra ef al.,
2003; Rota et al., 2003).

The M protein of SARS-CoV consists of 221 amino acids
in length and the amino acid sequence has low homology with
M proteins of other members of coronaviruses. Based on the
available information from other known coronaviruses, the 25
kDa M protein is an important and the most abundant structural
protein and can induce antibody-dependent complement-
mediated neutralization reaction (Woods et al., 1987). The M
protein also plays a predominated role in the assembly of both
naked and enveloped virus particles (Kuo and Masters, 2002).
Research has demonstrated that the M protein contains highly
conserved glycosylated sequences, and its glycosylation may
be related to the interaction between virus and host cells (de
Haan et al., 2002, 1998). In addition, the M protein is
characterized as having three domains; these include a short
N-terminal ectodomain, a triple-spanning transmembrane
domain, and a C-terminal endodomain (Armstrong et al.,
1984).

The N protein of SARS-CoV is 422 amino acids in length,
sharing only 20-30% homology with the N proteins of other
members of coronaviruses. Based on the available information,
the N protein is an extensively phosphorylated, highly basic
structural protein, which is known to bind viral RNA to form
the helical core structure (Davies et al., 1981). Several
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functions including viral packaging, viral core formation, and
signal transduction have been attributed to the coronavirus
nucleocapsid protein (Hiscox et al., 2001; He ef al., 2003).

The protein-protein interaction between Coronaviridae M
and N proteins has been reported in several in vitro studies on
mouse hepatitis virus (MHV)(Narayanan and Makino, 2001;
Kuo and Masters, 2002) and transmissible gastroenteritis virus
(TGEV) (Escors et al., 2001). Although the interaction
between M and N proteins of SARS-CoV has been observed
in vivo, the amino acid sequence of the M protein involved in
this viral protein-protein interaction has not been identified
yet. It is undoubted that determination of M-N interaction and
identification of the amino acid sequences involved in this
process will enlighten the molecular mechanism of the virus
assembly which leads to future anti-viral strategies.

In this study, GST pull-down assay has been employed to
investigate the interaction between the N and M proteins. As
is expected, the interaction between the N and M proteins has
been successfully observed in vitro and 12 amino acids
peptide (194-205) in the C-terminal endodomain of M protein
was found to be responsible for this interaction.

Materials and methods

Plasmid construction Plasmid pET-GST was used as a
prokaryote expression vector for GST fusion proteins, and this
vector introduces a GST-Tag and small hexahistidine-Tag at the N-
terminus and the C-terminus respectively, to facilitate subsequent
purification. Truncated versions of M protein coding DNA
fragments (M1, M2, M3, and M4) were obtained by polymerase
chain reaction (PCR) using full length pPGEM®-T-M as a template
(gifted from Dr. YingZhu, Wuhan university, Wuhan, China), and
the target DNA fragments were cloned into pET-GST double
digested with BamHI and EcoRI using standard cloning method,
generating a 5' oligonucleotide with an artificial BamHI site and an
initiation codon and a 3' oligonucleotide with EcoRI site. The
recombinant plasmids pET-GST-M1(90-221), pET-GST-M2 (90-
205), pET-GST-M3 (90-193) and pET-GST-M4 (90-180) were
constructed using a pair set of primers, (M-F and M-R1), (M-F and
M-R2), M-F and M-R3) and (M-F and M-R4), respectively
(Table-1) and transformed into DH5a. stains. Positive colonies were
analyzed, confirmed by PCR and sequenced. Construction of pET-
His-N recombinant plasmid for prokaryotic expression of SARS-
CoV N protein was described previously (Timani et al., 2004).

Expression and purification of recombination protein The
recombination plasmids were transformed into E. coli strains BL21

Table 1. Primers for M gene sequential deletion

M-F ATGTGGGGATCCATGTGGCTTAGCTACTTC

M-R-1 GCCTGTGCTAGCGAATTCCTGTACTAGCAA AG
M-R-2 GCCATCGAATTCTAATTTATAGTTTCCAATACGGTAG
M-R-3 CTAATCGAATTCAGCAAAACCTGAATAGTGCC
M-R-4 GCAGTCGAATTCTAATTTGTAATAAGAAAGCGTTC

Note: The restriction sites are underline; it is BamH]1 in the for-
ward primer and EcoR1 in the reverse primers.

(DE3). Protein expression was induced by addition of 1 mmol/l
isopropyl-3-D-thiogalactopyranoside (IPTG) at 37°C for 3 hours.
Cells were harvested by centrifugation and the pellet was
suspended in binding buffer (20 mM Tris-HCI pH 7.9, 500 mM
NaCl, 5mM Imidazole, 1 mM NaF, and 1 mM PMSF), then
sonicated and centrifuged at 12,000 g at 4°C for 30 min. The clear
supernatant was applied onto Ni-NTA affinity column (Qiagen,
Chatsworth, USA) then washed with gradient washing buffers
(20mM Tris-HCI pH7.9, 500 mM NaCl, 5, 20, 40, 60, 100 mM
Imidazole). Purified recombination protein was eluted with elution
buffer (20mM Tris-HCl pH 7.9, 500 mM NaCl, 200 mM
Imidazole) and concentrated by dialysis against polyethyleneglycol
6000. The expression and purification of N protein were described
previously (Timani et al., 2004).

GST pull-down assay Equal amounts (approximately 1 pg) of
GST or GST fusion recombinant M proteins were immobilized on
20 pl of GST resin, then incubated with 100ng of SARS-CoV N
protein in GBT buffer [10% glyceol, 50 mmol/L Hepes-NaOH
pH7.5, 50 mmol/L KCl, 715 mmol/L. MgCl,, 0.1 mmol/L EDTA,
0.1 mmol/L dithiotreitol (DTT), 1% Triton x 100 ] for 2 h at cold
room (4°C). After washing at least 4 times with GBT buffer, the
bound proteins were eluted by heated at 100°C for 10 min with
2 x SDS-PAGE disruption mix and were resolved by 12% SDS-
PAGE, then detected by Western blotting.

Western blotting The proteins were separated by SDS-PAGE
and transferred to polyvinylidene difluoride membrane (PVDF) by
standard methods. After blocking with PBST (14 mmol/L NaCl,
2.7 mmol/L KCl, 10 mmol/L. NaHPO,, 1.8 mmol/L KH,PO, and
0.02% Tween-20) containing 5% non-fat milk for 1 h at 4°C, the
membrane was incubated for 2 h at room temperature with anti-
SARS-CoV N protein rabbit antibody (1 : 750, unpublished data).
After washing three times in an appropriate volume of PBST, the
membrane was incubated for 1 h with peroxidase labeled goat anti-
rabbit IgG (1 : 5000, Sigma, St. Louis, USA). The membrane was
washed three times with PBST and once with distilled water, for 10
min each. Finally, the washed membrane was transferred into an

Table 2. The binding domain in the M protein as being responsible for the interaction with nucleocapsid protein. The numbers indicated

the position of the first amino acids in the binding site sequences

The binding site sequence

Reference

TGEV 233-AYYVKSKAGDYSTEARTDNLSEQEK
MHV 201-AVYVKSVGNYRLPSNKPSGADTAL
SARS-CoV 194-AYNRYRIGNYKL

Escors et al (2001)
Kuo et al (2002)
Determined in this study
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Fig. 1. Schematic description of SARS-CoV M protein sequential
deletion mutations. Numbers above the bars indicated the first or
the last amino acids in the deletion mutation. Mutant names are
indicated in the left column.

Marker GST-M1 GST-M2 GST-M3 GST-M4 GST
(kDa) 66
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Fig. 2. SDS-PAGE analysis of various deletion mutants of GST-
M fusion proteins. Different truncated forms of GST-M proteins
were expressed in E. Coli after 3 h induction with IPTG purified
by Ni-NTA affinity column, fractionated by 12% SDS-PAGE
and visualized by Coomassie Brilliant Blue staining.

appropriate  volume of ECL solution (Amersham, Arlington
Heights, USA) and reacted at room temperature for about 1 min,
then put onto a sensitization film for 1-3 min to develop and fix.

Result

Expression and purification of recombination proteins
Different truncated forms of GST-M proteins (GST-M1, GST-
M2, GST-M3 and GST-M4) with a C-terminal hexahistidine-
tag were expressed in BL21(DE3) and purified by Ni-NTA
affinity column. After 3 h induction with IPTG at 37°C, high
level expression of recombination proteins were observed
when compared with uninduced cells lysates. The His-tagged
GST-fusion proteins were eluted with elution buffer (20 mM
Tris-HCI pH 7.9, 500 mM NaCl, 200 mM Imidazole) and

SARS-CoV N —

Fig. 3. GST pull-down assay. Approximately 1 pg of GST or
GST-M truncation purified proteins from bacterial expressed was
immobilized on glutathione sepharose-4B beads and incubated
with 0.1 pg of bacterial expressed His-N protein. the bound
proteins were eluted by heated at 100°C for 10 min and
separated by 12% SDS-PAGE. Then detected by Western
blotting using anti-SARS-CoV N protein rabbit antibody as the
first antibody and peroxidase labeled goat anti-rabbit IgG as the
second one. Lane 1: GST, N protein and GST resin; Lane 2: N
protein and GST resin; Lane 3: GST-M1, N protein and GST
resin; Lane 4: GST-M2, N protein and GST resin; Lane 5: GST-
M3, N protein and GST resin; Lane 6: GST-M4, N protein and
GST resin.

concentrated by dialysis against polyethyleneglycol 6000
resulting in single bands of expected molecular mass. These
data demonstrated that the different truncated versions of
GST-M proteins were successfully expressed in E. coli and
purified to homogenity (Fig. 2).

The interaction of SARS-CoV M protein with N protein
We examined the possible interaction between SARS-CoV M
and N proteins in vitro and identified the minimal sequence
for this interaction. First, pull-down assay was carried out with
GST-M1 (90-221) and N protein. The result demonstrated that
N protein interacted with N-termini truncated M protein in
GST-fused form. As a negative control, N protein bound
neither GST nor GST resin. This result was in consentience
with previous report by He et al. (2004) and demonstrated that
the binding region didn’t lie in the N-terminal of M protein. In
order to identify the M-N binding domain of SARS-CoV, we
employed GST pull-down with a set of C-terminal truncated
forms of GST-M proteins with N protein. We found that the
deletion mutant GST-M2 (90-205) bound N protein, while
other mutant proteins GST-M3 (90-193), GST-M4 (90-180)
did not bind. The analysis of GST pull-down results showed
that the binding region occurred in the C-terminal of M
protein and a region composed of 12 amino acids from 195 to
206 has been found to be the minimal sequence for the
interaction between SARS-CoV M protein and N protein as
shown in Fig. 3.

Discussion

In our research we employed GST pull-down assay to
investigate the molecular interaction between the SARS-CoV
M and N proteins and confirmed it did take place in vitro.
Furthermore, series of truncated forms of GST-fused M
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Fig. 4. Deduced amino acid sequence alignment for the M
proteins of selected coronavirus isolates. The sequence alignment
was generated by Clustal X (1.83) multiple sequence alignment
software and the interaction site of SARS-CoV M protein was
indicated on the bottom line. GenBank accession numbers for M
protein sequences of selected isolated are as follow: SARS-CoV
WHU (SARS coronavirus, strain WHU), AY39480; OC43-HcoV
(human coronavirus, strain OC43), NP 937953; ENT-BcoV
(bovine coronavirus, isolate BCoV-ENT), NP 150082; AS59-
MHV (murine hepatitis virus, strain MHV-A59), NP 045301,
BGF10-CcoV (canine coronavirus, strain BGF10), CV777-PEDV
(porcine epidemic diarrhea virus, strain CV777), NP 598313;
(transmissible gastroenteritis coronavirus, strain RM4), A36607;
HK-IBV(infectious bronchitis virus, strain HK), AAV28726.

proteins were expressed in E. coli and purified by Ni-NTA
affinity column. Using GST pull-down assay, we found that a
region in the carboxy terminal of M protein appears to be vital
for M-N interaction and the interaction site has been identified
to the residues 194 to 205 of the SARS-CoV M protein. An
early study by Sturman ef a/ (1980) was the first to show a
direct and temperature-dependent association between the M
and N proteins purified from MHV. Nearly two decades later,
Lili et al. used targeted recombination with MHV for the
systematic genetic analysis of coronavirus M-N proteins
interaction and they found residues 201 to 224 of the MHV M
protein were the contributory parts for the interaction of M-N
protein (Lili ef al., 2002). For the TGEV, Escors et al defined
an interaction between the carboxy terminus of in vitro-
translated M protein and purified viral nucleocapsid, Using a
combination of M protein mutagenesis, inhibition by
antibodies of defined specificity, and peptide competition,
they were able to map this interaction to residues 233 to 257aa
of the M protein (Escors et al., 2001). Our result corresponds
to roughly homologous segments of residues 233 to 257aa
and 201 to 224aa of the TGEV M and MHV M proteins
respectively. Alignment of the SARS-CoV M protein with M
proteins from other member of coronaviridea family showed
that the binding region (194-205 aa) was one of the highly
conserved regions in the coronavirus M protein (Fig. 4) and
these homologous regions showed highly polar and
hydrophilic properties.

The M-N interaction appears to be an essential process for
coronaviral assembly because the coronaviruses differ from
other enveloped viruses such as paramyxoviruses and
rhabdoviruses, which own the structural matrix protein that
commonly links the envelope to the nuclecapsid. Thereby, it
can be envisaged that replacing the matrix protein in the role

of core stabilization through nucleocapsid binding appears to
be one of the functions of the coronavirus M protein. A recent
study on MHV suggests a multiple binding role for the
nucleocapsid protein in virus assembly and morphogenesis
and the M protein has also been found to have a viral RNA
binding site that interacts with the RNA packaging signal
(Narayanan et al., 2003). Through the complex of viral RNA,
nucleocapsid protein, and M protein, it is evident that the
assembly of a mature coronavirus is a multi-step process
involving in protein-protein and protein-RNA interactions.
Although SARS-CoV M and N proteins share low homology
with others in the coronaviral family, our current study reveals
that the M-N interaction exists in SARS-CoV as it does in
other members of the Coronaviridae family, reinforcing a
notion that M-N interaction forms the crucial structure for
coronaviruses. However, the intermolecular interaction of
SARS-CoV M and N protein remains unclear. Recently He et
al employed the mammalian two-hybrid system to investigate
the possible interaction between SARS-CoV M and N
proteins and they found that interaction takes place in vivo and
identified that a stretch of amino acids 168 to 208 which
includes SR rich domain in the N protein may be critical for
such protein-protein interactions. The same region has also
been found to be indispensable for multimerization of the N
proteins (He et al., 2004). In other words, it can be assumed
that this region may not serve as contact site for either N-N or
N-M interaction. Overall, the SARS-CoV N protein is highly
basic but there is concentration of acidic residues in its
carboxy-terminal domain; this general pattern is common to
all coronaviruses N proteins (Laude and Masters, 1995).
Residues 195 to 206 of the SARS-CoV M protein concentrate
with basic amino acids. We hypothesize that the residues 195
to 206 of the SARS-CoV M protein are electrostatically
linked with one or more glutamate residues in carboxy-
terminal domain of N protein. To test this, we are currently
carrying out a comprehensive mutagenesis of the charged
residues of the carboxy terminus of the N protein. In
conclusion, our data has shown that the SARS-CoV M and N
proteins can interact with each other in vitro and the minimal
sequence for the interaction has been mapped to the residues
(194-205aa) in SARS-CoV M protein. This region of the M
protein appears to be important for one of the critical steps of
viral assembly and maturation process. Our work would help
shed light on the molecular mechanism of the virus assembly
and provide valuable information, which regards to rationalize
the future anti-viral strategies.
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