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A new enzyme-linked immunosorbent assay (ELISA)-based immunoglobulin G (IgG)-plus-IgM antibody
detection test for severe acute respiratory syndrome (SARS) has been developed by using a cocktail of four
recombinant polypeptides as the antigen. These recombinant fragments were designed as parts of two different
structural proteins from SARS-associated coronavirus (SARS-CoV). One recombinant polypeptide, S251-683,
was designed as part of the spike glycoprotein, and the other three polypeptides comprised almost the whole
nucleocapsid protein, avoiding the last 25 C-terminal amino acids. Immunization with a cocktail of these four
polypeptides yielded a specific polyclonal antibody that is able to recognize SARS-CoV-infected cells by an
immunofluorescence assay. This polypeptide cocktail was also used to set up an ELISA-based IgG-plus-IgM
antibody detection test, which showed 99% specificity and 90% sensitivity upon evaluation using sera from 100
healthy negative controls and 20 SARS patients. Separate immunoreactivity assays with each recombinant
polypeptide demonstrated that a combination of N and S protein fragments was more suitable than the
individual peptides for developing a serological assay for SARS-CoV.

A new coronavirus (CoV) (order Nidovirales, family Coro-
naviridae, genus Coronavirus) has been implicated as the causal
agent of severe acute respiratory syndrome (SARS) (3, 20). Its
single-stranded plus-sense RNA genome of ~30 kb contains 23
putative open reading frames, including four major structural
proteins that are common to all known CoVs: the spike (S),
membrane (M), envelope (E), and nucleocapsid (N) proteins
(12). The control of an epidemic requires a rapid and accurate
diagnostic technique that can promptly identify the infection
and allow its treatment and the implementation of infection
control measures, including the isolation of cases and the man-
agement of contacts to prevent further transmissions. The de-
velopment of a sensitive and highly specific diagnostic kit that
is effective at early stages of SARS is of great interest because
of (i) the highly contagious and acute nature of the disease, (ii)
the stress caused to individuals by unnecessary quarantines
during an epidemic, and (iii) the absence of effective anti-
SARS therapy. However, the level of virus excretion is com-
paratively low during the initial phase of SARS (15); therefore,
early diagnosis requires a highly sensitive test that can detect
the low levels of viral genome or viral proteins present during
the first few days after SARS onset. Several molecular assays
have been designed to provide an early diagnosis, based on the
detection of specific RNA sequences by PCR. However, RNA
extraction protocols are not straightforward and may produce
RNA preparations that are not useful for reverse transcription
if the protocols are not properly followed, yielding false-posi-
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tive results. A specific antibody or antigen detection test would
be technologically simpler and less expensive. Thus, the objec-
tive of the present study was to develop an easy-to-use diag-
nostic assay by evaluating the use of combinations of recom-
binant proteins obtained from the SARS-associated CoV
(SARS-CoV) in an enzyme-linked immunosorbent assay
(ELISA)-based antibody detection test.

Published studies drew our attention to the N and S pro-
teins, which appeared to be ideal targets for an early and
sensitive SARS-CoV diagnostic kit (25, 26). The S protein, a
projection of the viral surface, is the major neutralizing antigen
of the known CoVs (2, 6, 10, 11, 18). It plays an important role
in the initial stages of infection, forming the characteristic
corona of large, distinctive spikes in the viral envelope (20).
The N protein has been described by Krokhin et al. as the
major immunogen in SARS-CoV (12) and is the most abun-
dant protein throughout infection (13). Previous studies have
suggested that a combination of these two proteins in the same
assay may be needed to confirm the specificity of presumptive
SARS antibodies and to offer a sensitive serodiagnosis (8, 24).
For this reason, our study focused on the natural immune
responses of SARS patients to a recombinant S-protein (S251-
683) and N-protein (N1, N2, and N3) cocktail used as the
antigen in an ELISA-based antibody detection test.

MATERIALS AND METHODS

Bacterial strains, virus, and sera. The bacterial strains used in this study were
purchased from Invitrogen and Novagen and have been described previously (1).
Amplified gene fragments were obtained by reverse transcription-PCR (RT-
PCR) using a sample of genomic RNA extracted from Vero-E6 cells infected
with SARS-CoV. The isolated virus was available to the research community
thanks to H. W. Doerr and colleagues from the University of Frankfurt, Frank-
furt, Germany (3). The RNA sample was prepared at the Robert-Koch Institute,
Berlin, Germany, and was kindly provided by Matthias Niedrig, who also sup-
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TABLE 1. Oligonucleotide primers used for RT-PCR amplification
of recombinant fragments of nucleocapsid and spike proteins
from SARS-CoV*

Primer Sequence Position (bp)
N1-5' ATGTCTGATAATGGACCCAATC 1-23
N1-3’ TCCCTGAGTTGCAACCTATAC 394-417
N2-5' AAAGAAGGCATCGTATGGGTTGC  382-404
N2-3’ GCAGCAATAGCGCGAGGGCAGT 652-673
N3-5' GGAGGTGGTGAAACTGCCCTC 640-660
N3-3’ ATGTCAGCCGCAGGAAGAAGAG 1181-1202
$251-683-5"  TCAGCTGCAGCCTATTTTGTTGGC  753-785

TATTTAAAG
$251-683-3'  TCTTAGGGCCTAAGCTTGCCATG 1334-1366
TCTAACATAC

“ Specific oligonucleotide primers were designed from the sequence of the
SARS-CoV genome in the GenBank nucleotide sequence database (accession
number AY278741) (20).

plied positive sera from 6 SARS patients and performed ELISAs on 14 addi-
tional SARS-CoV-positive sera by using a mixture of the four recombinant
polypeptides described in this study. Negative controls consisted of 86 serum
samples from a healthy population in Saragossa (an area not exposed to SARS)
and 14 serum samples from individuals with other infectious diseases.

DNA manipulations. Covalently closed circular DNA was purified by the
sodium dodecyl sulfate (SDS) lysis method (21), followed by phenol extraction
and ethanol precipitation. Analytical gel electrophoreses of plasmids and restric-
tion fragments were carried out in 0.8% (wt/vol) agarose-Tris-borate-EDTA-
ethidium bromide horizontal slab gels. DNA concentrations were determined by
using molar extinction coefficients of 6,500 M~ - cm ™! at 260 nm (4). The
general DNA manipulation methods have been reported previously (21). Dou-
ble-stranded DNA sequencing reactions were performed at the Lopez Neyra
Institute of Parasitology and Biomedicine in Granada, Spain.

Amplification of gene inserts. The lyophilized RNA was solubilized in 100 pl
of sterile deionized RNase-free water treated with diethyl pyrocarbonate to an
apparent concentration of 107 genome units/ml. Appropriate oligonucleotides
were synthesized at the Analytical Services department of DNA Technology;
their corresponding sequences and positions are shown in Table 1. RT-PCR
conditions for amplification were those recommended by the WHO Collabora-
tive Multi-Centre Research Project on Severe Acute Respiratory Syndrome
Diagnosis (http://www.who.int/csr/sars/project/en/). Each reaction mixture con-
tained 1 pl of RNA, 10 pmol of each of the two oligonucleotide primers,
deoxynucleoside triphosphates at 200 pM each, and 1X buffer for the Super-
Script III RT/Platinum Tag enzyme mix, supplemented with 3 mM Mg?*. The
reaction was initiated with 2 U of the SuperScript III RT/Platinum Tag enzyme
mix (Invitrogen). For expression in Escherichia coli, the sequences amplified with
the appropriate oligonucleotide primers were cloned into the pET-15b (Nova-
gen) and/or pRSET (Invitrogen) expression vector. These plasmids were subse-
quently used to transform the E. coli expression host Rosetta BL21(DE3)pLysS.

Expression system and protein purification. The truncated His-tagged fusion
proteins, termed N1, N2, N3, and S251-683, were purified from extracts of
Rosetta cells. Bacterial clones transformed with the corresponding plasmid were
grown in Luria-Bertani medium containing 100 pwg/ml ampicillin at 37°C. When
an A of 0.6 was reached, 1 mM isopropyl-B-thio-p-galactopyranoside (IPTG)
was added, and cultures were grown for an additional 3 h. Cells were harvested
by centrifugation at 1,789 X g, and pellets that were not used immediately were
frozen at —80°C. For the scale-up purification procedure, frozen pellets from 4
liters of Rosetta cells overproducing N1, N2, N3, or S251-683 were thawed and
resuspended in denaturing lysis buffer (50 mM Tris-HCI [pH 7.5], 100 mM
sodium phosphate, 8 M urea, 0.1% Emulphogen [polyoxyethylene 10-tridecyl
ether; Sigma], 10 mM imidazole, and 0.2 mM phenylmethylsulfonyl fluoride)
containing 1 M NaCl and were equilibrated at pH 8 with 10 N NaOH. Cells were
lysed by sonication. The crude extract was centrifuged at 50,000 X g for 30 min
at 4°C, and the supernatant was purified by using a nickel-nitrilotriacetic acid-
agarose matrix column according to the manufacturer’s instructions (Qiagen).

Protein manipulations. The apparent molecular mass of each polypeptide was
determined by SDS-polyacrylamide gel electrophoresis (PAGE). The concentra-
tion of proteins was determined by UV absorbance at 280 nm using molar
extinction coefficients, calculated as described by Gill and von Hippel (5).
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Polyclonal antibody against SARS-CoV. The polyclonal antibody was prepared
by immunizing a rabbit with an intramuscular injection of 200 ug of protein (50
pg of each recombinant polypeptide: N1, N2, N3, and S251-683) in 1 ml of an
emulsion containing 50% Freund’s complete adjuvant. The same dose was re-
peated after 15 days, and the same dose prepared in Freund's incomplete
adjuvant was injected at 15 days after the second dose. The serum used corre-
sponded to a blood sample drawn 3 months after the third injection.

IFA. The immunofluorescence assay (IFA) used SARS-CoV-infected Vero-E6
cells from a commercial SARS-CoV IFA kit (Euroimmun). Briefly, the rabbit
polyclonal serum obtained was first purified by protein A affinity chromatography
(HiTrap protein A HP; Amersham BioLabs) and then labeled with fluorescein
isothiocyanate (Sigma). A 1:1,000 dilution of the fluorescein-labeled rabbit poly-
clonal antibody was incubated for 30 min with SARS-CoV-infected cells. Non-
infected cells were used as a control. After a wash, the reaction was visualized by
fluorescence microscopy.

ELISA measurement. Microtiter plates were coated with a mixture of the four
recombinant polypeptides, diluted in phosphate-buffered saline (PBS) at a con-
centration of 1 to 5 pg/ml each (3 wg/mI N1, 2 ng/mI N2, 1 pg/ml N3, and 5 pg/ml
$251-683), and were incubated overnight at room temperature. Plates were
blocked with newborn calf serum, washed, and then incubated with sera from
SARS patients or healthy controls (both at 1:100) in PBS containing newborn
calf serum for 45 min at 37°C. After a wash, a 1:100,000 dilution of peroxidase-
conjugated goat anti-human immunoglobulin G (IgG) plus IgM (Jackson) was
added and incubated at 37°C for 30 min. Finally, the peroxidase reaction was
visualized by using a tetramethylbenzidine-hydrogen peroxide solution as a sub-
strate (Neogen Corporation). ELISAs with the single recombinant proteins, each
applied to a plate, were also performed on six SARS serum samples. The same
antigen dilutions were used, and the protocol described above was followed.

Western blotting. Briefly, 0.25 pg of each purified polypeptide was loaded onto
an SDS-PAGE (12%) gel and transferred to a 0.2-um-pore-size nitrocellulose
membrane using a Bio-Rad Mini Trans-Blot transfer unit. The membrane was
first blocked with PBS containing 0.1% Tween 20 and 5% nonfat dry milk at
room temperature for 2 h and then incubated with the specific primary antibody
diluted 500-fold with washing buffer (PBS with 0.1% Tween 20). The membrane
was washed five times and further incubated with horseradish peroxidase-labeled
anti-rabbit IgG (Sigma). The proteins were visualized by a peroxidase reaction
using a tetramethylbenzidine-hydrogen peroxide solution as the substrate.

Calculations. The sensitivity of the assays was calculated as (number of sam-
ples with true-positive results)/(number of samples with true-positive results +
number of samples with false-negative results). The specificity of the assays was
calculated as (number of samples with true-negative results)/(number of samples
with true-negative results + number of samples with false-positive results).

Statistical analysis. MedCalc software (version 9.5.2.0; MedCalc Software,
Mariakerke, Belgium) was used to analyze the ELISA results, and data were
plotted in an interactive dot diagram.

RESULTS

RT-PCR amplification and expression and purification of
the recombinant proteins. The cDNA synthesized by RT-PCR
was cloned into the expression vectors. Four different polypep-
tides were prepared; three corresponded to the nucleocapsid
protein of the virus, and the fourth corresponded to the spike
protein. The amplified fragments were first cloned into pR-
SET, but several problems related to overexpression of the
heterologous genes appeared. Therefore, three of the frag-
ments (N1, N2, and S251-683) were cloned into pET-15b, a T7
system expression vector, which increased production by as
much as 10 to 15% (22). Lysates of the induced cells displayed
the heterologous proteins, which were not present in nonin-
duced cells (data not shown). Densitometric scanning of
stained gels showed that the levels of induced proteins were
approximately 10, 5, 15, and 12%, respectively, of the levels of
soluble protein in E. coli containing the S251-683, N1, N2, and
N3 expression constructs.

A high protein yield was obtained by treating the bacterial
pellets with a buffer containing 8 M urea, followed by strong
probe sonication. Briefly, a clarified extract of E. coli Rosetta
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FIG. 1. Pure recombinant polypeptides from SARS-CoV. Two to 5
pg of each purified recombinant protein was loaded onto an SDS-
PAGE gel. Proteins were analyzed by SDS-PAGE and dyed with
Coomassie blue. The molecular masses of the markers are given on the
left. Lanes: Pm, markers; 1, N1 (18 kDa); 2, N2 (15 kDa); 3, N3 (20
kDa); 4, S251-683 (27 kDa).

BL21(DE3) overproducing N1, N2, N3, or $251-683 was ad-
sorbed in batch mode to an affinity resin, purified by using a
7-ml column (diameter, 0.7 cm; height, 5 cm) equilibrated with
buffer A (50 mM Tris-HCI [pH 7.5], 100 mM sodium phos-
phate, 8 M urea, 0.1% Emulphogen, 10 mM imidazole, and 1
M NaCl) at pH 8, and washed with 10 column volumes of
buffer B (50 mM Tris-HCI [pH 7.5], 100 mM sodium phos-
phate [pH 7.0], 8 M urea, 0.1% Emulphogen, 20 mM imida-
zole, and 1 M NaCl) at pH 8. Recombinant proteins were
eluted with 5 column volumes of buffer C (50 mM Tris-HCI
[pH 7.5], 100 mM sodium phosphate [pH 7.0], 8 M urea, 0.1%
Emulphogen, 250 mM imidazole, and 1 M NaCl) at a flow rate
of 6 ml/h. This procedure yielded highly purified proteins. A
single band was obtained for each protein, as shown in Fig. 1.

N1, N2, N3, and S251-683 peptides showed similar anti-
genicities in an immunized rabbit. Western blot analysis of the
polyclonal serum from the rabbit immunized against the mix-
ture of the four recombinant polypeptides showed that all
recombinant fragments reacted with the antibody in a very
similar manner (Fig. 2). The polyclonal antibody was also sub-
jected to a separate ELISA for each recombinant polypeptide,
and the results obtained were consistent with those of Western
blotting, with S251-683 showing a slightly greater antigenic
capacity than the N protein fragments (in order of highest to
lowest antigenicity, N2, N3, and N1) (data not shown). Several
other pathogen antigens were also tested with the rabbit poly-
clonal serum (Chlamydophila pneumoniae, Mycoplasma pneu-
moniae, Coxiella burnetii, cytomegalovirus, adenovirus, influ-
enza A virus, influenza B virus, respiratory syncytial virus,
herpesvirus), and no cross-reaction was detected (data not
shown).

The polyclonal antibody induced by the polypeptide mixture
showed high reactivity to SARS-CoV-infected cells. The rabbit
polyclonal serum was incubated with SARS-CoV-infected and
noninfected cells and visualized by immunofluorescence. Fig-
ure 3 shows that cells infected with the virus had intact nuclear
membranes and fluorescence signals located in the cytoplasm.
No immunofluorescence was observed in noninfected cells.

Recombinant-protein-based ELISA for antibody detection.
A mixture of the four recombinant polypeptides was used as a
coating antigen to develop an ELISA-based IgG-plus-IgM test
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FIG. 2. Western blot analysis of the heterologous SARS-CoV pro-
teins expressed. Western blot analysis was performed with the rabbit
polyclonal serum in order to determine the presence of epitopes in the
four SARS-CoV recombinant polypeptides obtained. The gel was
loaded with 0.25 pg of each protein, and a 1:500 dilution of the
polyclonal antibody was used. The recombinant polypeptides were
loaded as follows: lane 1, S251-683; lane 2, N1; lane 3, N2; lane 4, N3.

for the detection of S- and N-specific antibodies against SARS-
CoV. The assay specificity was studied by using serum samples
from 86 healthy IFA-validated controls (dilution, 1:100), and
only 1 was above the selected cutoff value, giving a specificity of
99%. Diluted (1:100) sera from 20 SARS patients (clinically
diagnosed and IFA validated) were studied by using the S- and
N-based ELISA, and 2 samples were below the cutoff value,
giving a sensitivity of 90% (Fig. 4). The specificity of the assay
was also tested using sera from 14 individuals infected with
non-SARS-related respiratory viruses (adenovirus, respiratory
syncytial virus, influenza A virus, influenza B virus, and para-
influenza virus), antinuclear antibodies, or rheumatoid factor.
These sera were also validated by IFA as negative-control
samples for SARS-CoV. No cross-reactivity was detected,
since none of the serum samples were positive (Table 2).

All control serum samples (n = 100) (data not shown) but
only 6 SARS patient serum samples could be tested using the

B

FIG. 3. Immunofluorescence of Vero-Eo6 cells infected with SARS-
CoV as determined using the polyclonal antibody. Photographs show
SARS-CoV-infected cells (A) and noninfected cells (B) incubated with
the polyclonal serum obtained by immunization with a mixture of the
four recombinant proteins. Apple-green fluorescence marks the bind-
ing sites of the rabbit antibodies; the red color corresponds to Evans
blue, used as a counterstain to prevent nonspecific reactions.
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FIG. 4. Scatter chart of absorbance values in sera from SARS pa-
tients and healthy controls for IgG plus IgM antibodies obtained by the
newly developed ELISA. The test results were plotted as optical den-
sities at 450 nm. The cutoff line for positive diagnosis is drawn at a
value that equals the sum of the mean and two times the standard
deviation for healthy samples.

recombinant polypeptides separately (Table 2). Regarding
their individual sensitivities, S251-683 was more immunogenic
than the N polypeptides, and N2 was more immunogenic than
N3 and N1, which were equal to each other. With respect to
their specificities, recombinant fragment N1 was responsible
for the false-positive result obtained.

DISCUSSION

Four recombinant polypeptides corresponding to two differ-
ent structural proteins were evaluated for use in a SARS-CoV
diagnostic kit.

In this study, a fragment of spike glycoprotein between
amino acids 251 and 683 was selected by means of bioinfor-
matic analysis (19). The S fragment overlaps with several re-
gions reported to contain linear epitopes. Thus, Lu et al. (14)
identified the C domain (bp 1323 to 2100) (S438-680) as the
major immunodominant domain in S protein, and Zhou et al.
(27) found that S-protein residues 485 to 625 elicited neutral-
izing antibodies against the virus.

A cocktail of these recombinant antigens was used to pro-
duce a polyclonal antibody in order to test their capacities to
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trigger an immune reaction that recognized the native antigen.
It was demonstrated that this antibody was able to detect
SARS-CoV by immunofluorescence of infected cells, showing
that the functional antigenicities of the recombinant polypep-
tides were similar to those of their native counterparts.

These recombinant polypeptides were then used to develop
an ELISA-based IgG-plus-IgM antibody detection test. Only
20 sera from clinically diagnosed SARS patients were available
for these studies. Assays performed with the combination of all
four recombinant polypeptides, using sera from healthy donors
with no exposure to SARS-CoV as controls, showed a sensi-
tivity of 90% and a specificity of 99%. One possible explana-
tion for the two false-negative results may be that some essen-
tial linear antigenic sites are located outside the selected spike
protein fragment, since polypeptide S251-683 covers less than
one-third of the S protein sequence. Furthermore, the immu-
nogenicity of the recombinant S protein in SARS-CoV may be
lower than that of its native counterpart due to effects of the
expression system used to overproduce the recombinant
polypeptide, with the possible loss of essential conformation-
and/or glycosylation-dependent epitopes. The N protein is re-
ported to be free of glycosylation sites and does not appear to
change its immunological characteristics, even when expressed
in a prokaryotic system (17). Nevertheless, the heavy glycosy-
lation of the spike protein with mannose and/or hybrid oligo-
saccharides (7) may make it a suitable candidate for use in a
eukaryotic rather than a bacterial system.

However, the separate analysis of each polypeptide with six
SARS-CoV-positive serum samples showed that the S251-683
fragment (reactive with three of six sera) was less immunogenic
than the nucleocapsid protein (reactive with five of six sera due
to the additive results of the three fragments). However, the
spike protein fragment reacted with one serum sample (sample
3) that did not react with the N antigen. Similar findings have
been published by Woo et al. (24) and Yu et al. (25), who
concluded that a recombinant N-based IgG ELISA was more
sensitive than a recombinant S-based IgG ELISA for the se-
rodiagnosis of SARS-CoV. ELISAs with polypeptides ob-
tained from the nucleocapsid protein showed that N2 was the
most immunogenic region. It should be taken into account that
these studies used only six positive serum samples; therefore,
these results should be confirmed with a more representative
number of SARS-CoV-positive sera.

TABLE 2. Analysis of the sensitivity and specificity of a recombinant S- and/or N-based ELISA for detection of IgG and IgM antibodies in
samples of SARS-CoV-positive and -negative sera

Result with the following SARS patient serum sample”:

No. of SARS-CoV-negative serum
samples testing positive”

Fragment Sen;iti\clity Speca;ﬁcity

1 2 3 4 5 6 Blood donor sera Cross-reaction (%) (%)

(n = 86) sera (n = 14)

N1 - - - + - + 1 0 333 99
N . : _ - M - 0 0 50 100
& ! : . - - - 0 0 333 100
S + + + — _ _ 0 0 % 1o
Mixture + + + + + i 1 0 - o

“ + and —, results above and below the cutoff, respectively.

b Negative controls comprised 86 serum samples from healthy blood donors, of which 1 gave a false-positive result, and 14 SARS-CoV-negative sera from individuals
infected with non-SARS-related respiratory viruses, antinuclear antibodies, or rheumatoid factor, which were used for cross-reaction experiments.
¢ Data correspond to analyses of the individual recombinant polypeptides and the combination of all of them for only six SARS-CoV-positive serum samples.

4 Fragment S251-683 of spike protein.
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No direct serology was performed against other human CoV
strains in the cross-reaction assays, but a large percentage of
the serum samples from our negative controls probably contain
antibodies against these highly prevalent viruses (16). Thus,
human CoVs are reported to be responsible for around 30% of
all common colds (9). In fact, this may explain the false-posi-
tive result we obtained. Since cross-reactivity with the N1
polypeptide has been identified, it may be attributable to a
highly conserved N111-118 motif described by Vlasova et al.
and present in the N proteins of all CoVs (23). Although only
one false-positive serum specimen was obtained from unex-
posed individuals (1%), the potential for cross-reactivity be-
tween SARS-CoV and other human CoVs was not directly
assessed in this study and remains a concern.

Analysis with our ELISA showed that the recombinant
polypeptides had different levels of immunogenicity with the
SARS-CoV-positive sera, and one specific mixture of all four
recombinant proteins demonstrated higher sensitivity and
specificity in detecting antibodies in sera from patients. Hence,
we can report a new ELISA-based IgG-plus-IgM antibody
detection test for the diagnosis of SARS. Due to the high
degrees of pathogenicity and infectivity of SARS-CoV for hu-
mans, detection of IgM and IgG antibodies may be the method
of choice for this serodiagnosis. We have increased the sensi-
tivity and specificity of the assay by using a cocktail of SARS-
CoV N and S proteins. Furthermore, the use of protein frag-
ments or polypeptides instead of whole recombinant proteins
for antibody detection may in part resolve the issue of potential
cross-reactivity with proteins of other human CoVs.
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