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High-level protein expression is an important means of obtaining large amounts of viral proteins to investigate further their b
roperties. To express the membrane (M) protein of SARS–CoV at high-level in vitro, theM gene fragment was amplified and clone

nto thePichia Pastorisexpression vector pPICZ�A. SDS–PAGE and Western blotting analysis of the induced products of recom
east transformant indicated that successful high-level expression of M protein was achieved, and that the expression product
ntigenically to the natural protein. Purified recombinant M protein was used subsequently as an ELISA antigen for detection of e
amples screened previously by whole virus ELISA and immunofluorescence assay, and consistent results were obtained. Th
uggest that the recombinant M protein may be useful as a diagnostic reagent.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Severe acute respiratory syndrome (SARS), also called
typical pneumonia, is a human severe respiratory infectious
isease that emerged recently in Asia, North America and
urope. The transmission of SARS occurs mainly by direct
ontact, and its incubation period is 2–7 days. Infection is
sually characterized by high fever, which is followed a few
ays, later by a dry non-productive cough and shortness of
reath, and may progress to generalized interstitial infiltrates

n the lung. Death from progressive respiratory failure occurs
n between 3–10% of cases (Rota et al., 2003). At present, no
ffective therapy or vaccine is available.

∗ Corresponding author. Tel.: +86 10 6277 1493; fax: +86 10 6277 3145.
E-mail address:hanxueq@yahoo.com.cn (X. Han).
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A novel coronavirus, named as SARS–CoV, has b
identified as the main causative agent of SARS. The
ons are 80–140 nm in diameter, with 20–40 nm complex
face projections surrounding the periphery. Hemagglu
esterase type glycoprotein projections were not seen (Ksiazek
et al., 2003). The genome of SARS–CoV is a single-strand
positive-sense polyadenylated RNA molecule of appr
mately 29,727 nucleotides. The genomic organization is
ical of coronaviruses, having the characteristic gene o
[5′-replicase (rep), spike (S), envelope (E), membrane
and nucleocapsid (N)-3′] and short untranslated regions
both termini. The SARS–CoV rep gene is predicted to
code two polyproteins that undergo co-translational pr
olytic processing. There are four open reading frames (O
downstream of rep that are predicted to encode the four s
tural proteins S, E, M and N, which are common to all kno
coronavirus. Additionally, SARS–CoV also encodes sev
non-structural proteins (Rota et al., 2003).

166-0934/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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The clinical case definition of SARS is essentially one
of fever and pneumonia, with or without a contact his-
tory. There are many causes of pneumonia and in the ab-
sence of a definite history of contact with other patients
with SARS, therefore, it is difficult to differentiate SARS
from other causes of pneumonia in clinic diagnosis. Lab-
oratory tests that can confirm a diagnosis of SARS–CoV
infection early in the course of the illness are, therefore,
a critical clinical need (Riley et al., 2003). Since the out-
break of SARS in 2003, several laboratory diagnostic meth-
ods have been established, including real-time RT-PCR as-
say, whole-virus-based immunofluorescence assay (IFA), re-
combinant protein-based enzyme-linked immunosorbent as-
say (ELISA) and immunochromatographic tests, antigen-
capturing enzyme-linked immunosorbent assay, and West-
ern blot (WB) assay. These methods were critically impor-
tant for controlling the transmission of SARS; furthermore,
many new laboratory diagnostic methods are being devel-
oped (Poon et al., 2003, 2004; Shi et al., 2003; Guan et al.,
2004; He et al., 2004).

The M protein is an important structural protein of the
coronavirus. In the cases of other known coronaviruses, it is
the most abundant among the structural proteins and can in-
duce antibody-dependent complement-mediated virus neu-
tralization (Woods et al., 1987). In addition, the M protein
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respectively. All four SARS patients had a history of con-
tact with other patients infected with SARS, and exhibited
symptoms including persistent fever (>38.0◦C), cough and
shortness of breath for several days before they were hospi-
talized. Patients were subsequently confirmed to be infected
with SARS by clinical diagnosis combined with laboratory
diagnostic methods.

2.3. PCR amplification and sequence analysis of M gene
fragment

According to the published genomic sequence of
SARS–CoV strain TOR (Poutanen et al., 2003), a pair
of primers were designed and synthesized. The sequence
of the primers were 5′-GAGCCGCGGCCGCTCAATGT-
GGTCATTC-3′(forward primer) and 5′-CGTTCTAGA -
TGTACTAGCAAAGCAATA-3′ (reverse primer), which car-
ried aSacIIandXbaI restriction site, respectively.

The primers were used to amplify theM gene fragment
without its transmembrane domain from the genomic cDNA
of SARS–CoV strain BJ-01. The PCR reaction contained 5�l
of cDNA, 25 pmol of each of two primers, 5�l of buffer con-
centrate, 4�l of dNTP and 0.5�l of Ex Taq enzyme (TaKaRa,
Japan), and sterile distilled water up to 50�l. PCR was per-
formed with the following settings: 95◦C for 5 min, followed
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s also involved in the assembly and budding of virions
ether with the E protein. (Rottier, 1995; de Haan et al., 200
olekamp and Spaan, 1997; Narayanan and Makino, 2
orse and Machamaer, 2000; Vennema et al., 1996). The M
rotein contains highly conserved glycosylated seque
nd its glycosylation may be related to the interaction

ween virus and host (de Haan et al., 2002, 1998). The impor-
ant role of the M protein in the life cycle of coronaviruses
nducing immunity make it an attractive target for anti-SA
rug research, vaccine development and the establishm
serological detection assay. Here, we report the expre
f recombinant M protein inP. Pastorisand its antigenicity

. Materials and methods

.1. Gene and vector

The genomic cDNA of SARS–CoV strain BJ01 was p
ided by Huada Gene Company. TheP. Pastorisexpression
ector pPICZ�A and yeast host strain GS115 were all p
hased from Invitrogen company.

.2. Human sera

Sera from healthy people and SARS patients were
ected from Peking Union Medical College Hospital betw
pril and June 2003. Sample # 1–4 were from healthy
le, sample # 5–8 were from four SARS patients (age 28

wo males, two females) during the acute phase of infec
hich were collected at day 31, 26, 22, 19 post SARS o
f

y 35 cycles at 95C for 30 s, 50 C for 45 s and 72C for
min, and ending with 72◦C for 10 min.
The amplified products were then sent to the TaK

iotechnology (Dalian) Co. Ltd. for sequencing. The de
ined sequence was analyzed further by DNAMAN bio

cal software.

.4. Construction of the expression plasmid

TheM gene fragment and expression vector pPICZ�A
ere digested bySacII andXbaI, respectively. The large

ragments were purified by QIAquick Gel Extraction
Qiagen, Germany). The concentrations of purified prod
ere measured by Beckman DV-600 (Beckman, U.S.A)

er mixing in a 3:1 molecular ratio, the purified products w
igated by T4 DNA ligase at 16◦C overnight and then tran
ormed intoEscherichia coliTop10 competent cells. Tran
ormants selected on low-salt LB plates containing Ze
25�g/ml) were screened by direct colony PCR, and by
triction digestion of purified plasmids. The sequence o
nserts were verified. The sequence data obtained were
ared with the sequence of theM gene of SARS–CoV stra
J01 (accession number AY278488).

.5. Expression and purification of recombinant protein

The transformation of yeast cells and screening of tr
ormants, as well as expression inP.Pastoris, were performe
s described previously (David and James, 1998). The recom
inant plasmid was linearized by the restriction enzymeSacI,

he purified products were transformed into yeast cells G
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and transformants were selected on low-salt MD plates con-
taining Zeocin (25�g/ml). The colonies of recombinant yeast
cells with high copies of theM gene were screened on low-
salt MD plates containing different concentrations of Zeocin
(500�g/ml, 1 and 2 mg/ml). A screened colony of yeast cells
was selected and inoculated into 100 ml of BMMY in the
presence of Zeocin (25�g/ml). The culture was grown at
28–30◦C until the optical density at 600 nm (OD600) reached
4.0. The culture was then centrifuged at 4◦C at 3000× g for
5 min, the cells were re-suspended in 1/10 prime volume of
MMY, and continued to grow at 28–30◦C until the optical
density at 600 nm (OD600) reached 2–6. Methanol was added
every 24 h to a final concentration of 0.5% to induce the ex-
pression of recombinant M protein, and the incubation was
continued for further 3–4 days. Control cultures were pro-
cessed in parallel. The recombinant M protein was secreted
into the culture supernatant as soluble form. The supernatant
was harvested by centrifugation and used for analysing the
expression level of recombinant M protein by SDS–PAGE.

The highly expressingPichiacolony was selected for inoc-
ulation into 500 ml of BMMY, and grown at 28–30◦C until
the culture reached an OD600 = 4.0. The culture was cen-
trifuged at 4◦C at 3000× g for 5 min, the cells were re-
suspended in 1/10 prime volume of MMY, and continued to
grow at 28–30◦C until the optical density at 600 nm (OD600)
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was incubated for 1 h with peroxidase labeled goat anti-
human IgG (1:1000, No: A-0170, Sigma). The membrane
was washed three times with PBS-T and once with distilled
water, for 10 min each time. Finally, the washed membrane
was transferred into an appropriate volume of ECL solution
(Amersham) and reacted at room temperature for about 1 min,
then put onto a sensitization film for 1–3 min to develop and
fix.

2.7. ELISA

The purified recombinant M protein was diluted with
50 mmol/l carbonate buffer (15 mmol/l NaCO3, 35 mmol/l
NaHCO3, [pH 9.6]), and then used to coat 96-well plates
(Costar Inc.) (1�g/well) overnight at 4◦C. After wash-
ing with PBS-T (PBS containing 0.5% Tween-20, pH 7.4)
for three times, each well of the plate was incubated with
blocking solution (3% BSA in carbonate buffer) for 2 h at
37◦C. The wells were washed three times with phosphate-
buffered saline (PBS) containing 0.05% Tween-20 (PBS-
T). Hundred microlitres of the primary antibody (SARS pa-
tient sera), diluted 1:800 in PBS-T, was added in dupli-
cate and the plates were incubated for 1 h at 37◦C. Af-
ter four washes with PBS-T, plates were then incubated
with goat anti-human IgG antibody labeled with peroxidase
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eached 2–6. Glycerol and methanol were added every 2
nal concentrations of 0.5 and 0.8%, respectively, to ind
he expression of recombinant M protein, and the incuba
as continued for a further 3–4 days. The supernatant o

ure was harvested by centrifugation at 8000× g for 30 min
t 4◦C, then ammonium sulphate was added to a final sa

ion of 70% to precipitate proteins. The pellet was colle
y centrifugation at 8000× g for 1 h at 4◦C and dialyzed t
000 ml of PBS overnight. The dialysis buffer was repla
very 2 h until it was confirmed that the ammonium sulp
as completely removed. The prepared sample was lo
nto an NTA column equilibrated with NiSO4. This proces
as repeated three times. The loaded column was first w
ith a 10-fold column volume of MCAC0 (20 mM Tris, p
.0; 500 mM NaCl) to remove the contaminant proteins,

hen eluted with 10 ml of 200 mM imidazole in MCAC0. T
ifferent elution parts were analyzed by SDS–PAGE, an
art containing recombinant M protein was concentrate
uperfiltration.

.6. Western blotting

Two microgram of the purified recombinant M prot
as separated by SDS–PAGE and transferred to polyv
ene difluoride membrane (PVDF) by standard methods

er blocking with PBST (14 mmol/l NaCl, 2.7 mmol/l KC
0 mmol/l NaHPO4, 1.8 mmol/l KH2PO4 and 0.02% Tween
0) containing 5% non-fat milk for 1 h at 4◦C, the membran
as incubated for 3 h at room temperature with SARS–C
ositive human serum (1:3000 dilution). After washing th

imes in an appropriate volume of PBST, the memb
1:50,000, No.: A-0170, Sigma) for 1 h at 37C. TMB [3,3 ,
,5′-tetramethylbenzidine] substrate (100�l/well) was added
fter seven washes with PBS-T and the wells were i
ated for 10 min at 37◦C. Fifty microlitres of stop buffe
2 mol/l H2SO4) was added to each well and the optical d
ity (OD) was read at 450 nm in Bio-RAD550. The cut-
alue was defined as the mean OD plus three standar
iations calculated from the four negative samples use
ontrol.

. Results

.1. Amplification and sequence analysis of M gene

TheMgene fragment without transmembrane domain
mplified from the genomic cDNA of SARS–CoV stra
J01. Sequence analysis indicated that the nucleotid
uence of that amplified fragment is completely ide
al to that of SARS–CoV strain BJ01 (accession num
Y278488). The deduced amino acid sequence of the M

ein of SARS–CoV strain BJ01 has identities of 41.0% or
ith the M proteins of other human or animal coronaviru

Fig. 1).

.2. Construction of the expression plasmid

The amplified product of 348 bp was cloned in
PICZ�A expression vector, and the sequences of in
ere verified by sequencing (data not shown). The nucle
equence alignment performed by DNAMAN software
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Fig. 1. Deduced amino acid sequence alignment for the M proteins of selected coronavirus isolates. The sequence alignment was generated by DNAMAN
sequence analysis software, and the region of amplifiedM gene fragment was indicated on the bottom line. GenBank accession numbers for M protein sequences
of selected isolated are as follow: BJ01-SARS–CoV (SARS coronavirus, strain BJ01), AAP30034; 229E-HcoV (human coronavirus, strain 229E), NP073555;
OC43-HcoV (human coronavirus, strain OC43), NP937953; Beaudette-IBV (avian infectious bronchitis virus, strain Beaudette), NP040835; A59-MHV
(murine hepatitis virus, strain MHV-A59), NP045301; BGF10-CcoV (canine coronavirus, strain BGF10), AAQ17224; CV777-PEDV (porcine epidemic
diarrhea virus, strain CV777), NP598313; ENT-BcoV (bovine coronavirus, isolate BCoV-ENT), NP150082; Purdue-TGV (transmissible gastroenteritis virus,
strain Purdue), NP058427; UCD1-FIPV (feline infectious peritonitis virus, strain UCD1), BAC01156.

vealed 100% nucleotide identity between the inserted se-
quence and that of SARS–CoV BJ01.

3.3. Expression and purification of recombinant protein

TheM gene fragment was cloned in pPICZ�A expression
vector and transformed into yeast host strain GS115. The
colonies of recombinant yeast cells with high copies ofM
gene were screened. After inducing with methanol, the su-
pernatant of culture was harvested by centrifugation. The re-
combinant protein with a polyhistidine tag at the C-terminus
was produced in soluble form in the culture supernatant
(Fig. 2).

Twenty microlitres of the supernatant (20�g of protein)
was subjected to SDS–PAGE and Coomassie blue staining,
and a protein band corresponding to the expected molecular
mass of 14 kDa was revealed in supernatant, which was not
present either in the culture before the induction or in the
control culture before and after the induction.

The recombinant M protein was purified by nickel affin-
ity chromatography and the purity was confirmed by sin-
gle banding in SDS–PAGE (Fig. 2). Upon elution from the
NTA column, the protein was >80% pure as estimated from

Fig. 2. SDS–PAGE analysis of expression of M protein in yeast (A) and
purity of recombinant M protein after purified by affinity chromatography
(B). Lane 1: molecular weight marker. Lane 2: supernatant of the induced
culture of recombinant yeast without insert ofM gene fragment. Lane 3:
supernatant of the induced culture of recombinant yeast containing insert of
M gene fragment. Lane 4: flow-through from nickel affinity column. Lane
5: recombinant M protein eluted from the column.
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Fig. 3. Western blotting of the purified recombinant M protein. Lane 1:
supernatant of the induced culture of recombinant yeast without insert ofM
gene fragment. Lane 2: purified recombinant M protein.

SDS–PAGE. Typically, 6 mg of pure recombinant M protein
is obtained per liter ofP. pastorisculture.

3.4. Western blotting

In order to test the reactivity of the recombinant M protein,
Western blotting was carried out using SARS–CoV-positive
human serum. The protein band of 14 kDa showed a strong
and specific reaction with the SARS–CoV-positive serum,
whereas the supernatant of the induced culture of recom-
binant yeast without the insert of theM gene fragment did
not react with the SARS–CoV-positive serum (Fig. 3). These
results confirmed the authenticity of the recombinant M pro-
tein.

3.5. ELISA

To test whether the recombinant M protein is effective as
an ELISA antigen for detecting SARS–CoV patient serum,
the sera from four healthy people and four SARS patients
were used. The mean and the standard deviation obtained
using four SARS–CoV-negative sera were 0.106 and 0.003,
respectively. Therefore, the cut-off value of ODs was deter-
mined as 0.206. Sera from four SARS patients were deter-
mined to be positive using only the M protein as an ELISA
a and
0

sitive
b stic

F d re-
c e, re-
s

kit for antibodies to coronavirus (ELISA) obtained from Bei-
jing BGI-GBI Biotech Co., Ltd., China (unpublished results).

4. Discussion

Coronaviruses are important pathogens in human and an-
imals, where they cause mostly respiratory and enteric dis-
eases. SARS–CoV is a newly identified human coronavirus
that differs from all previously known human coronaviruses
(for example, HCOV-229E and HCOV-OC43) in both the
speed of transmission and the severity of disease. Both the
lack of understanding and effective methods to control the
virus means that the threat of SARS still exists, and there-
fore, there is an urgent need to develop effective vaccines and
anti-viral drugs. The key role of the M protein in coronavirus
assembly, budding and inducing virus neutralization make it
an attractive target for the development of vaccines and drugs,
as well as for effective diagnostic reagents. SARS–CoV dif-
fers from other coronaviruses in nucleotide sequence, and the
exact function of its M protein is unknown. Since SARS–CoV
is a pathogen with high infectivity and mortality, special fa-
cilities are required when the live virus is used to prepare
viral proteins given the high risk of infection. Therefore, it is
important to obtain large amounts of M protein by expression
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.004, respectively (seeFig. 4for detailed data).

The same sera from four SARS patients were also po
y whole SARS–CoV ELISA in parallel, using a diagno

ig. 4. Detection results of eight human sera by ELISA using purifie
ombinant M protein as antigen.# 1–4: sera from four healthy peopl
pectively, # 5–8: sera from four SARS patients, respectively.
n vitro.
The M protein is a structural glycoprotein, and the gly

ylation modification is important for its activity. A previo
eport indicated that the recombinant M protein, when
ressed in inclusion body form inE. coli, reacted weakly wit
uman SARS sera (Yi et al., 2003). P. Pastorisis a eukary
tic expression system with high efficiency, and proteins
ressed in this system can get appropriate post-transla
odifications, including glycosylation. Therefore, theP.Pas-
oris system is more suitable for expression of the M p
ein in vitro than E. coli (Grinner and Tschopp, 198
ukuruzinska et al., 1987; Romanos et al., 1992). However
e cannot rule out the possibility that the glycosylation s
f the SARS–CoVM gene inP. Pastoris, while suitable fo
etection of antibodies, may be quite different from th
resent in the virus.

We expressed successfully the M protein of SARS–C
train BJ01 inP. Pastoris, and the expressed M protein w
imilar to the native protein in its immune response. This p
an be demonstrated by the reaction of recombinant M pr
ith SARS-positive sera in Western blotting and ELISA. T
vailability of large amounts of recombinant M protein off
better chance to study its biological characteristics an

ole in SARS immunity during infection.
Due to the lack of an effective vaccine or special t

peutic drugs, the control of SARS infection relies ma
n early detection of the virus or its antibodies, and r
uarantine measures. At present, well-established labor
iagnostic methods for SARS include real-time PCR, wh
irus-based indirect immunofluorescence assay and EL
n these assays, however, the viral nucleic acid and
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gens needed were commonly prepared from live pathogen,
so there is a strong associated risk of individual exposure to
this pathogen. Compared with these methods, preparing vi-
ral antigens by expression in vitro is both easier and safer.
Among the proteins encoded by the SARS coronavirus, the
M protein can induce an immunological response and thus
may be used for detection of SARS–CoV antibodies. ELISA
with the expressed recombinant M protein of canine coron-
avirus has been reported, and was demonstrated to be a valid
and effective detection method (Elia et al., 2003). In order to
evaluate whether our expressed recombinant M protein could
be applied as a diagnostic antigen for SARS, we used it as an
ELISA antigen to detect eight collected SARS-positive and
SARS-negative human sera. The results were in complete
accordance with those of other assays, thus indicating that
the recombinant M protein may be useful as an ELISA anti-
gen for detecting specific antibodies to SARS–CoV in human
sera. Furthermore, the recombinant M protein offers several
advantages over the cell-prepared SARS–CoV antigen.

In summary, theP. Pichiasystem is a viable tool to ex-
press the M protein at high-levels in vitro. The availability of
large amounts of SARS–CoV recombinant M protein offers
an opportunity to better investigate the biological properties
of the M protein during SARS–CoV infection as well as its
immunological role, and thus provide a basis for development
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