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Nucleocapsid Amino Acids 211 to 254, in Particular, Tetrad Glutamines,
are Essential for the Interaction Between the Nucleocapsid and
Membrane Proteins of SARS-Associated Coronavirus
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GST pull-down assays were used to characterize the SARS-CoV membrane (M) and
nucleocapsid (N) interaction, and it was found that the amino acids 211-254 of N protein
were essential for this interaction. When tetrad glutamines (Q) were replaced with glutamic
acids (E) at positions of 240-243 of the N protein, the interaction was disrupted.
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The outbreak of severe acute respiratory syndrome
(SARS) in 2003 was associated with a newly discovered
coronavirus, SARS-associated coronavirus (SARS-CoV).
This is an enveloped positive-strand RNA virus that enc-
odes four major structural proteins: spike (S), mem-
brane (M), envelope (E), and nucleocapsid (N) (Rota
et al., 2003). The N protein of SARS-CoV contains
422 amino acids (aa) and plays an important role in
virus particle assembly. It can bind viral RNA to
form a helical core structure (Hsieh et al., 2005) and
form dimers through self-association by the SR-rich
motif (aal83-197) (He et al., 2004). The most abun-
dant viral constituent of SARS-CoV is the M protein,
a 25 kDa protein containing three transmembrane seg-
ments flanked by a short amino-terminal ectodomain
and a large carboxy- terminal endodomain. Based on
the information from other known coronaviruses, the
M protein is assumed to be a key player in the
assembly of virions (de Haan et al., 1998).
Assembly of virus particles is an essential step for
a productive viral replication cycle and assembly of
enveloped viruses requires complex interactions be-
tween the lipid envelope, envelope proteins, and in-
ternal viral components. The M-N interaction has been
described for the mouse hepatitis virus (Narayanan
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and Makino, 2001; Kuo and Masters, 2002) and
transmissible gastroenteritis virus (Escors et al., 2001).
Recently, the M-N interaction of SARS-CoV in the
absence of viral RNA was validated in vivo (He et
al., 2004) and the binding site in M protein was
localized to amino acids 194-205 (Fang et al., 2005).
In this study, using the GST pull-down assay we
characterized the M-N interaction of SARS-CoV and
found that amino acids 211-254 in the N protein, in
particular tetrad glutamines (24°QQQQ243), are essential
for this interaction.

The ¢cDNA of SARS-CoV M protein (aa 90-221)
was amplified with pGEM®-T-M as a template and
cloned into the prokaryotic expression vector pET-His
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Fig. 1. Schematic representation of truncated sequences and site
mutation of SARS-CoV N protein. Numbers below the bars in-
dicate the first or last amino acid in the deletion mutations.
Mutant names are indicated in the right column.
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Table 1. Primers for amplifying the M gene, and truncated and site-mutant fragments of N gene

Forward

MF ATGTGGGGATCCATGGCTTAGCTACTTC

NI (N2, N4) F TGAGCAGGATCCGTCATGGGAGCCATTAAATTGGATGAC
N3F GTATTAGGATCCATGGCTAGCGGAGGT

NSF CAAGCTGCAGAGATCTGTCATGGCATCTAAAAAGCCTCG
N6F GCACGTGGATCCGTCATGGGAGCCATTAAATTGGATGAC
NmF AAAGGCGAAGAAGAAGAAGGCCAAACTGTCACT
Reverse

MR GCCTTGCTAGCGAATTCCTGTACTAGCA AAG

N1 (N3, N5, N6) R

ACACTTGAATTCTGCCTGAGTTGAATC

N2R AGCTAAGAATTCTCGAGCAGGAGAATTTCC

N4R GATGATGAATTCGATTAGGTCTTGGTCC

Note: The restriction sites (underlined) were as follows: BamHI in the MF, N1 (N2, N4) F, N3F and N6F, Bglll in the N5SF and EcoRI

in the reverse primers.
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Fig. 2. SDS-PAGE analysis of purified His-tagged SARS-CoV M
(90-211). Lanes 1 and 2: crude lysate from bacterial cultures con-
taining the pET-His-M, before (lane 1) and after (lane 2) 3 h
induction. Lane 3: Ni-NTA affinity column purified recombinant
M protein. M: protein markers.

to produce pET-His-M. Using pGEM®-T-N (Timani et
al., 2004) as a template, the truncated N genes were
amplified and cloned into the pET-GST vector to pro-
duce a series of prokaryotic expression plasmids (Fig. 1).
This vector introduced a GST tag and a small hex-
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Fig. 3. SDS-PAGE analysis of various truncated and site mutants
of GST-N fusion proteins. Different forms of GST-N proteins
were expressed in E. coli strains, purified by Ni-NTA affinity col-
umn, fractionated by 10% SDS-PAGE. Lane 1: GST-NI1, Lane 2:
GST-N2, Lane 3: GST-N3, Lane 4. GST-N4, Lane 5: GST-N5, Lane
6: GST-N6, Lane 7: GST-Nm, Lane 8: GST, M: protein markers.

ahistidine tag at the N-terminus and the C-terminus of
the target protein respectively. The substitution muta-
tion of N gene (**QQQQ** — *OEEEE**) was ob-
tained by two rounds of PCR using three pairs of pri-
mers (N1F and NmR, NmF and N1R, NI1F and NIR).
All primers are listed in Table 1. The recombinant
plasmids were confirmed by direct sequencing.
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The recombinant plasmids were transformed into
the BL21 E. coli strain (DE3). After 3 h induction
with [PTG at 37°C, high-level expression of recombi-
nant proteins were observed, compared with uninduced
cell lysates (data not shown). The His-tagged GST-
fusion N proteins and M protein were purified on a
Ni-NTA affinity column (Qiagen) and concentrated by
dialysis against polyethyleneglycol 6000. As shown in
Fig. 2 and Fig. 3, the different truncated versions of
GST-N proteins and M (aa 90-211) were successfully
purified.

Anti-M rabbit antiserum was generated by immu-
nizing a rabbit with purified SARS-CoV M protein
(aa 90-211) from E. coli cultures. Western blot analysis
was performed to confirm that antiserum could strongly
and specifically react with recombined M protein
(data not shown).

Equal amounts (approximately 5 pg) of GST or
GST fusion recombinant N proteins were immobilized
on 20 pl of GST resin, and then incubated with 1-2
ug of recombinant M protein in GBT buffer for 2 h
at 4°C. The bound proteins were eluted and detected
by Western blot with anti-SARS-CoV M protein
rabbit antiserum (1:500) and visualized by enhanced
chemiluminescence (Amersham). As shown in Fig. 4,
we found that the recombinant GST-N1, GST-N3, and
GST-N4 could bind to M protein, while other mutant
proteins GST-N2, GST-NS5, GST-N6, and GST-N,
could not. As a negative control, M protein bound to
neither GST nor GST resin. Our results showed that
44 amino acids of N protein from 211 to 254 were
essential for the M-N interaction of SARS-CoV.
When **QQQQ™® was replaced with **EEEE*® in
the N protein, the M-N interaction was disrupted,
suggesting that these four basic amino acids in the N
protein were vital for the M-N interaction of
SARS-CoV.

Using the mammalian two-hybrid method, He et al.
(2004) proposed that amino acids 168-208 of N
protein contributed to the M-N interaction of SARS-

15 kDa— - -

Fig. 4. GST pull-down assay. Lane 1: GST, M protein and GST
resin; Lane 2: M protein and GST resin; Lane 3: GST-NI1, M pro-
tein and GST resin; Lane 4: GST-N2, M protein and GST resin;
Lane 5: GST-N3, M protein and GST resin; Lane 6: GST-N4, M
protein and GST resin; 7: GST-N5, M protein and GST resin; 8:
GST-N6, M protein and GST resin; 9:GST-Nm, M protein and
GST resin.
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CoV. However, using the yeast two-hybrid method,
Luo et al. (2006) demonstrated that the amino acids
351-422 of N protein were vital to this interaction.
GST pull-down assay is widely used as a confirmed
method to analyze protein-protein interaction, but it
cannot characterize the interaction in vivo. Our findings
from the GST pull-down assay are not compatible
with the above mentioned reported results. The con-
tradiction is probably due to the use of different
methods and systems. Furthermore, the Proteam soft-
ware program was used to analyze different properties
of M and N proteins of SARS-CoV. It identified that
the regions for the M-N protein interaction, amino
acids 211-254 of N and 194-205 of M, display high
polarity and hydrophilic properties as well as the for-
mation of f-sheets. It is possible that the M-N inter-
action of SARS-CoV is through hydrophilic interaction.
In conclusion, we found that the amino acids 211-254
of N protein contribute to the M-N interaction
SARS-CoV and four glutamines are critical to this
interaction. Our current work will hopefully help to
clarify the molecular mechanism of the SARS-CoV
M-N interaction and provide valuable information for
future anti-viral strategies.

Acknowledgments

We gratefully acknowledge Dr. Ying Zhu (College of
Life Science, Wuhan University, Wuhan, China) for
providing pGEM®-T-M. We also thank Dr. Rolf
Jensen (College of Life Science, Wuhan University,
Wuhan, China) for improving the manuscript.

References

de Haan, C.A., L. Kuo, P.S. Masters, H. Vennema, and PJ.
Rottier. 1998. Coronavirus particle assembly: primary
structure requirements of the membrane protein. J. Virol.
72, 6838-6850.

Escors, D., J. Ortego, and L. Enjuanes. 2001. The membrane
M protein of the transmissible gastroenteritis coronavirus
binds to the internal core through the carboxy-terminus.
Adv. Exp. Med. Biol. 494, 589-593

Fang, X., L. Ye, K.A. Timani, S. Li, Y. Zen, and M. Zhao.
2005. Peptide domain involved in the interaction between
membrane protein and nucleocapsid protein of SARS-
associated coronavirus. J. Biochem. Mol. Biol. 38, 381-385.

He, R., F. Dobie, M. Ballantine, A. Leeson, Y. Li, N. Bastien,
T. Cutts, A. Andonov, J. Cao, T. Booth, F.A. Plummer, S.
Tyler, L. Baker, and X. Li. 2004. Analysis of multi-
merization of SARS-CoV nucleocapsid protein. Biochem.
Biophys. Res. Commun. 316, 476-483.

He, R., A. Leeson, M. Ballantine, A. Andonov, L. Baker, F.
Dobie, Y. Li, N. Bastien, H. Feldmann, U. Strocher, S.
Theriault, T. Cutts, J. Cao, T. F. Booth, F. A. Plummer, S.
Tyler, and X. Li. 2004. Characterization of protein-protein
interactions between the nucleocapsid protein and mem-



580 Fang et al

brane protein of the SARS coronavirus. Virus Research
105, 121-125.

Hsieh, P, S. Chang, C. Huang, T. Lee, and C. Hsiao. 2005.
Assembly of Severe Acute Respiratory Syndrome Coronavirus
RNA Packaging Signal into Virus-Like Particles Is
Nucleocapsid Dependent. J. Virol. 79, 13848-13855

Kuo, L. and P.S. Masters. 2002. Genetic evidence for a struc-
tural interaction between the carboxy termini of the mem-
brane and nucleocapsid proteins of mouse hepatitis virus.
J. Virol. 76 , 4987-4999.

Luo, H., D. Wu, C. Shen, K. Chen, X. Shen, and H. Jiang.
2006. Severe acute respiratory syndrome coronavirus
membrane protein interacts with nucleocapsid protein
mostly through their carboxyl termini by electrostatic
attraction. JJBCB. 38, 589-599.

Narayanan, K. and S. Makino. 2001. Cooperation of an RNA
packaging signal and a viral envelope protein in coronavi-

J. Microbiol.

rus RNA packaging. J. Virol. 75, 9059-9067.

Rota, P.A., M.S. Oberste, S.S. Monroe, W.A. Nix, R.
Campagnoli, J.P. Icenogle, S. Peneranda, B. Bankamp, K.
Maher, M.H. Chen, S. Tong, A. Tamin, L. Lowe, M.
Frace, J.L. DeRisi, Q. Chen, D. Wang, D.D. Erdman, T.C.
Peret, C. Burns, T.G. Kziazek, P.E. Rollin, A. Sanchez, S.
Liffick, B. Holloway, J. Limor, K. McCaustland, M. Olsen-
Rasmussen, R. Fouchier, S. Gunther, A.D. Osterhaus, C.
Drosten, M.A. Pallansch, L.J. Anderson, and W.J. Bellini.
2003. Characterization of a novel coronavirus associated
with severe acute respiratory science. Science 300, 1394-
1399.

Timani, K.A,, L. Ye, Y. Zhu, Z. Wu, and Z. Gong. 2004. Cloning,
sequencing, expression, and purification of SARS-associated
coronavirus nucleocapsid protein for serodiagnosis of
SARS. J. Clin. Virol. 30, 309-312



