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Abstract

The human coronavirus, associated with severe acute respiratory syndrome (SARS-CoV), was identified and molecularly characterized in
2003. Sequence analysis of the virus indicates that there is only 20% amino acid (aa) identity with known coronaviruses. Previous studies
indicate that protein—protein interactions amongst various coronavirus proteins are critical for viral assembly. Yet, little sequence homology
between the newly identified SARS-CoV and those previously studied coronaviruses suggests that determination of protein—protein interaction
and identification of amino acid sequences, responsible for such interaction in SARS-CoV, are necessary for the elucidation of the molecular
mechanism of SARS-CoV replication and rationalization of anti-SARS therapeutic intervention. In this study, we employed mammalian
two-hybrid system to investigate possible interactions between SARS-CoV nucleocapsid (N) and the membrane (M) proteins. We found that
interaction of the N and M proteins takes place in vivo and identified that a stretch of amino acids (168—208) in the N protein may be critical
for such protein—protein interactions. Importantly, the same region has been found to be required for multimerization of the NHprotein (
et al., 2004 suggesting this region may be crucial in maintaining correct conformation of the N protein for self-interaction and interaction
with the M protein.
© 2004 Elsevier B.V. All rights reserved.
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Coronaviruses are a family of enveloped viruses with 2003. The complete SARS-CoV genome has since been
a single-stranded positive-sense RNA genome approxi-sequenced and all viral proteins including the membrane
mately 30kb in lengthHolmes, 200L The human coro-  glycoprotein and nucleocapsid phosphoprotein identified
navirus, associated with severe acute respiratory syndromgMarra et al., 2008
(SARS-CoV), was identified in April 2003 during a world- In the coronaviruses, the nucleocapsid (N) protein is an
wide outbreak of atypical pneumonia, which started in extensively phosphorylated, highly basic structural protein,
Guangdong Province of the People’s Republic of China which is known to bind viral RNA to form the helical core
(Drosten et al., 2003; Ksiazek et al., 200SARS-CoV is structure Davies et al., 1981 Several functions including
markedly different from other members of the Coronaviri- viral packaging, viral core formation, and signal transduction
dae family and is the only coronavirus currently known to have been attributed to the coronavirus nucleocaptstox
cause severe morbidity and mortality in humaleq et al., et al., 2001; He et al., 2003The M protein was reported to

be the most abundant viral protein expressed during infec-
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the SARS-CoV nucleocapsid protein and membrane proteinreverse transcribed from the SARS-CoV RNA isolated from
share little amino acid (aa) homology with those of others a clinical specimen. The N protein gene was cloned in frame
in the family and the many potential roles of this suspected into the pM vector (Clontech, Palo Alto, CA), which carries
multifunctional proteins are yet to be determined. Similarly, a Gal4 DNA binding domain (BD) (pM-N), while the M pro-
the 25-kDa membrane (M) glycoprotein also has low ho- tein was cloned in pVP16 vector (pVP16-M), which carries a
mology with other coronavirus M proteins. herpesvirus VP16 DNA activation domain (AD). In the case
The protein—protein interaction between Coronaviridae N of an interaction between the two proteins, the BD and AD
and M proteins has been reported in several in vitro stud- domains form a transcriptional activation complex and acti-
ies on mouse hepatitis virubl@rayanan and Makino, 2001; vate the secreted alkaline phosphatase (SEAP) reporter gene
Kuo and Masters, 2002and transmissible gastroenteritis provided on a third transfected vector (0G5SEAP; Clontech,
(Escors et al., 20Q1Although interaction of M—N has been  Palo Alto, CA). The intensity of protein—protein interaction,
observed, the amino acid sequence of the N protein involvedas reflected by reporter activities, was measured by a chemi-
in these viral protein—protein interaction has not been iden- luminescent assay.
tified. Determination of M—N interaction and identification Mammalian two-hybrid analysis of N and M interaction
of the amino acid sequences involved in this process would was carried out by co-transfection of Qug of pM-N and
help shed light on the molecular mechanism of the virus 0.4p.g of pVP16-M vectors along with 029 pG5SEAP
assembly and provide valuable information pertaining to ra- reporter vector into 3x 10° Huh7 cells. The transfection
tionalization of future anti-viral strategies. reagent Effectene (Qiagen, Valencia, CA) was used to deliver
To better understand the process of SARS-CoV viral as- the plasmids into the cells according to the manufacturer’s
sembly, we performed an in vivo mammalian two-hybrid as- instructions. The Huh7 cell line is derived from human
say (Clontech, Palo Alto, CA) to investigate the interaction hepatocellular carcinoma cells that are commonly used for
between the N and M proteins. Mammalian two-hybrid sys- gene expression studie®dgawa-Yamauchi et al., 2002;
tems are one of the most commonly used assays for the deZhang et al., 2002 Control samples are listed iRig. 2
tection of in vivo protein—protein interactions that we have Transformed cells were monitored for protein—protein in-
successfully employed in our studies on multimerization of teraction by assaying culture medium for SEAP activity
SARS-CoV N proteinide et al., 200% Because this assay (Great EscApe SEAP; Clontech). As indicatedHig. 1,
is performed in vivo as opposed to other in vitro biochem- the pM-N+ pVP16-M cotransfected sample showed an ap-
ical methods, viral proteins are prone to be in their native proximately over 5 times higher chemiluminescence activity
conformations and therefore interactions are more likely to compared to controls (pM-M pVP16, and pMt pVP16-M
be biologically accurateL{io et al., 199Y. The N and M co-transfections). The results obtained from the mammalian
proteins were obtained from PCR amplification of cDNA, two hybrids system indicate that interaction between M and

Interaction between SARS-CoV N protein and M protein
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Fig. 1. Mammalian two-hybrid assay on SARS-CoV nucleocapsid protein and membrane protein. Constructs labeled in the figure were co-transfected intc
Huh7 cells. Forty-eight hour post-transfection, cells were harvested and subjected to the SEAP assay. Chemiluminescence values were uged to meast
the interaction activities.
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N does take place, consistent to findings in other coronaviral To further map the regions of interaction within the
systemslarayanan and Makino, 2001; Escors et al., 2001; SARS-CoV N protein, a series of eight sequentially deleted
Kuo and Masters, 2002 mutants were generatedrig. 39. These mutants were
To determine the specific region of the nucleocapsid pro- cloned into mammalian two-hybrid vector pM. The eight
tein where N—M protein interaction occurs, we constructed sequential truncation mutants of the SARS-CoV N pro-
a series of N protein deletions in the 1269 bp sequencetein, designated from S-DpM-N1 to S-DpM-N8, were
(Fig. 29. PCR products of the truncated nucleocapsid se- co-transfected with pG5SEAP reporter vector and pVP-N
quences were ligated in frame into the pM vector. The that contains full-length N gene. We also used a different
truncated constructs wer&pM-N1, ApM-N2, ApM-N3, cell line in this assay, Vero cells that are susceptible to
ApM-N4, ApM-N5, and ApM-N6. Each truncated con- SARS-CoV infection. Forty-eight hours post-transfection,
struct was co-transfected with pVP-M and the pG5SEAP chemiluminescence-based assay was conducted to measure
reporter plasmid separately into Huh7 cells. Forty-eight the protein—protein interaction activity through the SEAP
hour after transfection, SEAP assay was performed to quan-reporter gene. As shown fig. 3l deletion of aa 168-208
tify the level of chemiluminescence activity. As shown in resulted in a loss of SEAP activity, consistent to results
Fig. 2b ApM-N3 construct (aa, 135-220) showed the high- shown inFig. 2
est activity level among all six constructs, whilgpM-N1, In conclusion, we have shown interaction between the
ApM-N2, and ApM-N4 resulted in moderate activity lev- SARS-CoV M and N does take place in vivo. Furthermore, a
els. In addition,ApM-N5 and ApM-N6, which correspond  region in the middle of the N genes appears to be important
to the carboxy region of the N protein, shared the lowest for M—N interaction, an observation that is different from
SEAP activity. The result suggested that the region con- what has been reported in MHV, a coronavirus that may
taining aa 135-220 may be crucial for the N and M protein have the closest genetic resemblance to SARS-CoV among
interaction. all coronaviruses. In MHYV, it is the carboxy terminus of the

Arrangement of truncated nucleocapsid (N) products.

N 1 aa 423 C
ApM-N; 1 71
ApM-N, 62 141
ApM-N; 135 220

ApM-N, 207 284
ApM-Ns 279 353

ApM-N, 347 423
(a) P 6 2%/ 445

Interaction between Truncated N Protein Constructs and M Protein
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Fig. 2. Mutation analysis of the SARS-CoV nucleocapsid (N) protein. Schematic description of the DpM-N related mutants (a), and SEAP chemilu-
minescence values of the mammalian two hybrid assay on protein—protein interaction between SARS-CoV membrane (M) protein and the N protein
truncation mutants (b).
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(@) Sequential deletion constructs of SARS-CoV N protein
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(b)  Mammalian two hybrid assay on N and M Protein
with Sequential Deletion Mutants
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Fig. 3. Sequential deletion analysis of the SARS-CoV nucleocapsid (N) protein. Schematic description afgMeNsrelated mutants (a), and SEAP
chemiluminescence values of the mammalian two-hybrid assay on protein—protein interaction between SARS-CoV membrane (M) protein and the N
protein sequential deletion mutants (b). The mutants were constructed using pM vector as labeled in (b). Each mutant was then co-transfected with th
full-length N gene in pVP16 vector (pVP-N). The pM vector co-transfected with pVP-N was used as the negative control.

N protein not the central region, which has been implicated tions of the coronavirus M protein. A recent study on MHV
previously in M protein binding by indirect mutational anal- suggests a multiple binding role for the nucleocapsid pro-
ysis (Kuo and Masters, 2002 tein in virus assembly and morphogenesisiayanan et al.,
The importance of M—N interaction in viral interaction 2003. The M protein has also been found to have a viral
appears to be an essential process for coronaviral assemblyRNA binding site that interacts with the RNA packaging sig-
as coronaviruses differ from other enveloped viruses suchnal (Narayanan et al., 2003Through the complex of viral
as paramyxoviruses and rhabdoviruses in that they lack theRNA, nucleocapsid protein, and M protein, it is evident that
structural matrix protein that commonly links the envelope the assembly of a mature coronavirus is a multi-step process
to the nuclecapsid. Thereby, it can be envisaged that re-involving protein—protein and protein—RNA interactions.
placing the matrix protein in the role of core stabilization Interaction between M and N in coronaviruses has been
through nucleocapsid binding appears to be one of the func-reported in the literature, however, most of these studies were
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focused on identifying the binding domains in the M, but not
the N gene Narayanan et al., 2003Although SARS-CoV

nucleocapsid protein shares low homology with others in
the coronaviral family, our current study revealed that the
M-N protein—protein interaction exists in SARS-CoV as it

125

core through the carboxy-terminus. Adv. Exp. Med. Biol. 494, 589—
593.

He, R., Leeson, A., Andonov, A, Li, Y., Bastien, N., Cao, J., Osiowy,

C., Dobie, F., Cutts, T., Ballantine, M., Li, X., 2003. Activation of
AP-1 signal transduction pathway by SARS coronavirus nucleocapsid
protein. Biochem. Biophys. Res. Commun. 28, 311(4), 870-876.

does in other members of the Coronaviridae family, reinforc- He, R., Dobie, F., Ballantine, M., Leeson, A, Li, Y., Bastien, N., Cutts, T.,

ing a notion that M—N interaction forms the crucial struc-

ture for coronaviruses. Interestingly enough, aa 168-208

Andonov, A., Cao, J., Booth, T., Plummer, F.A., Tyler, S., Baker, L.,
Li, X., 2004. Analysis of multimerization of SARS-CoV nucleocapsid
protein. Biochem. Biophys. Res. Commun. 316 (2), 476-483.

have also been found to be indispensable for multimeriza- Hiscox, J.A., Wurm, T., Wilson, L., Britton, P., Cavanagh, D., Brooks,

tion of N proteins He et al., 200% suggesting that this re-
gion is pivotal for maintaining the native structure of the N

G., 2001. The coronavirus infectious bronchitis virus nucleoprotein
localizes to the nucleolus. J. Virol. 75 (1), 506-512.

protein so that physical interaction can take place for both Holmes, K.V., 2001. Coronaviruses. In: Knipe, D.M., Howley, P.M. (Eds.),

N-N self-interaction and N—M interaction. In other words,

Field’s Virology, vol. 1, Lippincott, Williams & Wilkins, Philadelphia,
pp. 1187-1203.

it could be envisaged that this region may not serve as con-gsjazek, T.G., Erdman, D., Goldsmith. C.S., Zaki, S.R., Peret, T., Emery,

tact site for either N-N or N—M interaction, future studies

using techniques such as cross-linking and peptide mapping

could be helpful in identifying the exact role of this region.

It should be noted, however, that the region (168—208) may

be critical in maintaining M and N interaction, other regions

S., Tong, S., Urbani, C., Comer, J.A., Lim, W., Rollin, P.E., Dowell,
S.F, Ling, A.E., Humphrey, C.D., Shieh, W.J., Guarner, J., Paddock,
C.D., Rota, P., Fields, B., DeRisi, J., Yang, J.Y., Cox, N., Hughes, J.M.,
LeDuc, J.W., Bellini, W.J., Anderson, L.J.,. SARS Working Group
2003. A novel coronavirus associated with severe acute respiratory
syndrome. N. Engl. J. Med. 348 (20), 1953-1966.

in the N protein may provide accessory roles in facilitating Kuo, L., Masters, P.S., 2002. Genetic evidence for a structural interac-

this process since all truncated and deletion mutants demon-
strated relatively lower chemiluminescence than that of the

full-length N protein Fig. 3b). More studies are ongoing in
our laboratories to further investigate the functional role of

this region using other experimental approaches such as re-

tion between the carboxy termini of the membrane and nucleocapsid
proteins of mouse hepatitis virus. J. Virol. 76 (10), 4987-4999.

Lee, N., Hui, D., Wu, A., Chan, P., Cameron, P., Joynt, G.M., Ahuja,

A., Yung, M.Y., Leung, C.B., To, K.F., Lui, S.F., Szeto, C.C., Chung,
S., Sung, J.J., Li, 2003. A major outbreak of severe acute respiratory
syndrome in Hong Kong. N. Engl. J. Med. 348 (20), 1986—1994.

verse genetics. Taken together, our data has shown for the-uo, Y., Batalao, A., Zhou, H., Zhu, L., 1997. Mammalian two-hybrid

first time that the SARS-CoV N and M proteins can inter-
act with each other in cells susceptible to SARS-CoV infec-

tion and amino acids 168—208 of the N-protein appear to be
necessary for one of the critical steps of viral assembly and

maturation process.
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