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Abstract

Severe acute respiratory syndrome-coronavirus (SARS-CoV) causes an infectious disease through respiratory route. Diagnosing
the disease effectively and accurately at early stage is essential for preventing the disease transmission and performing antiviral treat-
ment. In this study, we raised monoclonal antibodies (mAbs) against the nucleocapsid (N) protein of SARS-CoV and mapped epi-
topes by using different truncated N protein fragments. The mapping of those epitopes was valuable for constructing pair-Abs used
in serological diagnosis. The results showed that all of the six raised mAbs were divided into two groups recognizing the region of
amino acids 249-317 (A group) or 317-395 (B group). This region spanning amino acids 249-395 contains predominant B cell epi-
topes located at the C-terminus of N protein. One pair-Abs, consisting of N protein-specific rabbit polyclonal antibody and SARS-
CoV N protein-specific mAb, was selected to construct a sandwich ELISA-kit. The kit was able to specifically detect SARS-CoV N
proteins in serum samples.
© 2005 Elsevier Inc. All rights reserved.
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A new infectious disease, known as severe acute respi-
ratory syndrome (SARS), broke out in Guangdong
province of China in 2002. Based on a WHO report,
there were 8437 persons being infected over the world
and in which 813 patients died from the disease until
July 11, 2003. The overall mortality rate of the disease
was about 10.5%. A novel coronavirus was identified
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to be the etiologic agent of SARS [1]. The severe acute
respiratory syndrome-coronavirus (SARS-CoV) is posi-
tive stranded RNA virus of the order of 29,727 nucleo-
tides with 14 open reading frames. The structural
proteins of SARS-CoV consist of four proteins: the sur-
face spike protein (S), the nucleocapsid protein (N), the
small membrane protein (M), and the envelope protein
(E) 2]

Since the infectious disease of SARS spread by the
respiratory route and until now there are no effective
antiviral drugs and vaccines which have been developed,


mailto:bsun@sibs.ac.cn

B. Shang et al. | Biochemical and Biophysical Research Communications 336 (2005) 110-117 111

it is very important to have a rapid and accurate diag-
nostic tool to detect SARS-CoV at early stages of the
disease.

At present, most of the SARS diagnosis methods
mainly focus on detecting viral antigen-specific antibod-
ies in the sera of suspected patients. Generally, the anti-
body response often develops on 10-14 days following
SARS-CoV infection [3], so that the diagnosis based
on a viral-specific Ab would miss a good time point
for antiviral therapy effectively and quarantine of SARS
patients. Therefore, the best option for the disease diag-
nosis is to detect viral antigens.

N protein reacted with most of SARS patient sera
and serum samples from acute phase of SARS patients
(5-10 days after SARS-CoV infection). In contrast, the
sera samples from acute phase of SARS patients did
not respond to S protein, suggesting that antibodies to
N protein developed earlier than S protein-specific anti-
bodies. This observation reflected that N protein was
released into the blood of SARS-CoV patients during
virus replication in vivo [4,5]. In addition, coronavirus
N protein is highly immunogenic and abundantly
expressed in vivo after the virus infects human being.

A recent study demonstrated that N protein-specific
mAbs were capable of detecting a N protein from sera
of SARS patients at early stage on day 5-10 following
SARS-CoV infection, indicating that N protein was a
good viral antigen for the disease diagnosis [3]. It was
noted that N protein was easy to be degraded into small
fragments in the lysates of SARS-CoV-infected Vero E6
cells, analyzed by proteomics [6]. Moreover, one study
showed that one N protein fragment, N13 (amino acid
residues 221-422), can react with 100% of sera from
SARS-CoV patients (52/52) [7]. This indicates that the
N13 fragment is highly immunogenic and contains pre-
dominant B cell epitopes within N protein.

In this study, we generated six mAbs and one poly-
clonal Ab that were specific to N protein of SARS. Four
truncated N protein fragments were used to locate the
epitopes recognized by the mAbs within N protein. It
was interesting to find that the epitopes recognized by
six mAbs were divided into two groups and were located
in the C terminus (221-422) of N protein. The selected
pair-Abs were able to detect N protein in samples of
SARS patients but not in sera of SARS unrelated
patients.

Materials and methods

Animals. New Zealand rabbits and BALB/c mice were purchased
from Shanghai Laboratory Animal center, Chinese Academy of Sci-
ences. Animals were kept in conventional conditions and were handled
in compliance of Chinese Academy of Sciences Guidelines for Animal
Care and Use.

Expression and purification of SARS-CoV nucleocapsid protein. The
full length and different truncated fragments of SARS nucleocapsid

(N) gene were inserted into vector pETs [7]. After transformation of
Escherichia coli strain, BL21 (DE3), bacterial cells were induced by
10 mM IPTG at 22 °C for 16 h in tryptone—phosphate medium. Pro-
teins were extracted with buffer A containing 50 mM NaH,PO,, pH
8.0, 300 mM NacCl, | mM DTT, 1 mM phenylmethylsulfonyl fluoride,
10 mM imidazole, and 0.5 mg/ml lysozyme. The high-speed superna-
tant of the extract from 1 liter of culture was loaded onto 8 ml Ni-
NTA agarose column, followed by washing with 100 ml of 20 mM
imidazole in buffer A. Proteins were then eluted with 50 mM imidazole
in buffer A.

Western blotting. Recombinant N proteins and inactivated cell ly-
sates from SARS-CoV-infected Vero-E6 cells, HCoV-OC43-infected
HRTIS8 cells, HCoV-229E-infected MRC5H cells, and CoV-NL63-
infected LLC-MK2 cells were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) using 10%
polyacrylamide gels and were then transferred onto a membrane of
polyvinylene difluoride (PVDF) as described previously [8]. After
blocking with 3% BSA for 1h, the membrane was incubated with
anti-SARS N protein mAbs and stained with horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG antibody (Sigma) for 1 h. The
blots were developed using ECL detection reagents (Amersham
Pharmacia Biotech).

Immunization and raising polyclonal antibodies. Rabbits were
immunized subcutaneously at multiple sites on the back of rabbits with
1 mg of E. coli-expressed N protein in emulsion 1:1 v/v with complete
Freund’s adjuvant. The rabbits were boosted three times at 2-week
interval with N protein in emulsion with incomplete Freund’s adju-
vant. The blood was collected after 1 week of last immunization. The
titers of the antisera from rabbits were determined by ELISA.

ELISA assay. Enzyme-linked immunosorbent assay (ELISA) was
performed as described previously [8]. In brief, 96-well microtiter
plates were coated with the SARS N protein in 0.1 M carbonate buffer
(pH 9.6) (20 pg/ml, 50 ul/well) at 4 °C overnight. After being blocked
with phosphate-buffered saline (PBS) containing 10% bovine serum
and 0.1% Tween 20, the plates were incubated with diluted antisera at
various concentrations at 37°C for 2h. Bound antibodies were
detected with HRP-coupled goat anti-rabbit IgG antibody (Bio-Rad).
Tetramethylbenzidine (TMB) was used as the substrate (Sigma, USA),
and the absorbance was measured by microplate autoreader (Thermo)
at 450 nm.

HRP enzyme labeling purified polyclonal antibody. Anti-SARS N
protein antisera from rabbits (pAbs) were initially purified by 33%
saturated ammonium sulfate precipitation and then the purified anti-
bodies were labeled with HRP by 1.25% glutaraldehyde (GA). The
reactivity was stopped by 0.2 M lysine for 2 h. The enzyme labeled
complex was dialyzed with PBS at 4 °C overnight. At last, the HRP-
coupled pAbs were precipitated by 33% saturated ammonium sulfate
and then dialyzed.

Preparation of monoclonal antibodies against SARS N protein. Fe-
male BALB/c mice were immunized with 100 pg E. coli-expressed N
protein in emulsion 1:1 v/v with complete Freund’s adjuvant and were
boosted three times at 2-week interval in incomplete Freund’s adju-
vant. The mouse with the highest Ab titer tested by ELISA was
boosted intraperitoneally with 100 pg of the N protein in 0.5 ml PBS.
On the third day after boosting, the mouse was sacrificed and the
spleen cells were harvested. The spleen cells were fused with murine
myeloma cells, SP2/0, by 50% PEG and distributed in 96-well culture
plates. The cultured supernatants from each well were screened by
detecting their reactivity to recombinant N proteins by ELISA. The
positive hybridoma clones were selected by limiting dilution method
[9]. After three cycles of cloning, the stable hybridoma clones were
obtained. The antibody isotypes were identified by mouse sub-isotype
panel (Bio-Rad).

In order to acquire abundant mAbs, the pristine-primed BALB/c
mice were injected intraperitoneally with 1x 10® hybridoma cells per
mouse. The ascites were collected and mAbs were purified by protein G
affinity column.
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Measurement of antibody affinity constant. The antibody affinity
constant was determined by non-competitive ELISA as described
previously [10]. The ELISA plates were coated with 0.625, 1.25, 2.5, or
5 pg/ml of recombinant SARS N protein, respectively. After saturation
with 10% bovine serum in PBS, wells were incubated with different
dilutions of mAb. The following steps were performed as mentioned
above and the optical absorbance at 450 nm was measured.

Sandwich ELISA for detection of N protein. The mAb S-39-2 was
coated on microtiter plates at 4 °C overnight. After saturation with
10% bovine serum in PBS, the wells were incubated with human sera or
with E. coli-expressed N protein. Later on, the HRP-coupled rabbit
pAbs were added to detect the bound N protein as described [8].

Indirect immunofluorescence assay for detecting cross-reactivity of
mAbs and pAbs with different human coronaviruses. In order to assess
whether the N protein-specific Abs of SARS-CoV have a cross-reac-
tivity with other coronaviruses, three Abs (N protein-specific S-39-2
and N-17-13 mAbs and rabbit pAbs) were selected and their cross-
reactivities to N proteins of other three human coronaviruses were
measured by indirect immunofluorescence assay (IFA) as well as
Western blot analysis. HCoV-OC43 (ATCC, Rockville, MD, USA)
was propagated on HRTI18 cells, HCOV-229E (ATCC) on MRC5
cells, and HCoV-NL63 Amsterdam 1 strain (a gift from Dr. Lia van
der Hoek, Amsterdam) on LLC-MK2 cells. HCoVs OC43, 229E, and
NL63 coronaviruses were propagated on respective cell cultures from
the frozen aliquot stock. After 2 days, before extensive cytopathic ef-
fect is observed, the cells were removed from the bottle and washed
with PBS. The cells were resuspended in a small volume of PBS,
deposited on fluoslides until dry, and fixed with acetone in —20 °C for
10 min. During staining, 15 pl of first antibody with different dilutions
(1/20 and 1/50) was added on the slides and then incubated at 37 °C
for 30 min. After washing with 10-fold diluted PBS for 5 min, the slides
were treated with suitable diluted secondary antibody fluorescein-la-
beled anti-mouse or rabbit IgG conjugate (BD, Pharmingen) in 15 pul
per spot. The slides were sealed with a cover reagent and observed
under a fluorescent microscope. The positive or negative scores were
evaluated by two persons.

Results

Generated monoclonal antibodies recognizing N protein of
SARS-CoV

After fusion and screening, six mAb clones reacting
with N protein were selected by ELISA. These hybrid-
oma clones were named as N-17-13, N-30-12, S-39-2,
S-125-2, S-144-3, and S-162-2. The isotypes of mAbs
secreted by the clones were determined by using mouse
sub-isotype panel (Bio-Rad) and all of mAbs corre-
sponded to IgGlk. The results showed that these anti-
bodies highly bound to N protein (Table 1).

Mapping epitopes of monoclonal antibodies

In order to map epitopes recognized by the raised
mAbs, the E. coli expressing full-length N protein (1-
422) and truncated N protein fragments, N1 (amino acid
residues 72-208), N2 (221-422), N3 (249-395), and N4
(317-422), were selected (Fig. 1). The immunoreactivity
between the mAbs and proteins was determined by
ELISA. The data showed that the six mAbs could be
divided into two groups based on their epitope location.

Table 1

Characteristics of mAbs against N protein

Clone Ab titer (ODyso = SD) Ig subclass
N-17-3 1.630 £+ 0.120 1gGl,x
N-30-12 1.358 +£0.032 1gGl.x
S-39-2 1.786 + 0.031 1gGl,x
S-125-2 1.157 +£0.072 IgGl,x
S-144-3 1.321 +0.018 1gGl,x
S-162-2 1.592 +0.028 IgGl,x

Supernatants from N-17-3 and S-39-2 mAbs had higher titers than
other clones and they were selected for further experiments.

The supernatants were collected from a 3 day-culture of 1x10°
hybridoma cells in 9 ml medium and were used directly to detect values
of ODys¢ and isotypes by ELISA.
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Fig. 1. Structure of truncated N protein fragments. The numbers at
both ends of the line indicate the starting and ending amino acid
residue position in the fragments.

A group containing N-17-13 and N-30-12 mAbs reacted
with N3 fragment, but not N4 fragment, and thus the
mADbs recognized the region of amino acids 249-317. B
group including S-39-2, S-125-2, S-144-3, and S-162-2
mAbs reacted with N3 and N4 fragments, and recog-
nized the region of amino acids 317-395 (Table 2 and
Fig. 2). It was interesting to note that all of the six mAbs
did not react with N1 fragment (72-208), but had a re-
sponse to N2 fragment (221-422), indicating that the
dominant epitopes of N protein were located in its C ter-
minus (221-422).

Two mAbs recognized immunogenic N2 fragment (221-
422 ) with higher affinity

Based on proteomics analysis of the lysates of SARS-
CoV-infected Vero E6 cells and clinical serological anal-
ysis of SARS patients, N protein is easy to be degraded
into small fragments [6]. One study demonstrated that
fragment N8 (amino acid residues 51-422), N11 (133-
422), and N13 (221-422) reacted with most of all tested
52 SARS patient sera [11]. The percentages of positive
responses were 100%, 96%, and 100%, respectively.
The results indicate that the C-terminus of N protein
is highly immunogenic and is a good target for
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Table 2

Epitopes recognized by six mAbs within N protein sequence by ELISA

N(1-422) N1(72-208)

N2(221-422) N3(249-395) N4(317-422)

S-39-2
S-125-2
S-144-3
S-162-2
N-17-3
N-30-12

o+ 4+t
|

+4+++++
o+ + A+
+ 4+ ++

+, positive reaction; —, negative reaction.

M N-37-3
N-30-32

Absorbance(450nm) >

B

B

5

o M S-39-2
Tg S-325-2
E B S-344-3
5 B S-362-2
%)

Q

<

NN N1 N2 N3 N4

Fig. 2. Characterization of mAbs by ELISA with full-length N protein
and truncated N protein fragments (N1-N4). N protein and N1-N4
fragments were coated on a 96-well ELISA plate. After blocking with
10% bovine serum, the plate was incubated with different monoclonal
antibodies. Then bound antibodies were detected with HRP-conjugat-
ed goat anti-mouse IgG antibody and the OD values were measured at
450 nm. Data points represent means (error bars, standard deviations).
(A) Reaction with two mAbs (A group). (B) Reaction with four mAbs
(B group).

serological diagnosis. It is assumed that if a mAb can
recognize N13 fragment that is similar to our N2 frag-
ment, it will be valuable to be used in serological diagno-
sis. To achieve this purpose, two mAb clones (N-17-13
and S-39-2) showing the highest affinity to N protein
were selected (Table 1). The mAbs recognized two differ-
ent epitopes (amino acid residues 249-317 and 317-395,
respectively) within N2 fragment (221-422) (Table 2).
The affinity for a given mAb is essential in ELISA-
kit. To test the affinity of the two selected mAbs (S-39-
2 and N-17-3), their affinity constants were measured
by non-competitive ELISA as described in Materials

and methods. Their values were 3.1 x 10° and 7.2 x
10® L/mol, respectively (Fig. 3).

To further assess whether the mAbs recognized the
native N protein of SARS-CoV, their reactivity against
native N protein from lysates of SARS-CoV-infected
Vero E6 cells was analyzed by Western blot. The data
showed that the mAbs specifically recognized both of
E. coli-expressed and native N proteins with apparent
molecular weight of 48 and 47 kDa, respectively
(Fig. 4). The difference in the molecular weight is due

A 10
.8 1
g ]
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(e}
4
5 o ® 5ug/mlAg
' ° o 1.25ug/ml Ag
0.0 — T T v
.001 .01 A 1
Ab concentration(ng/ml)
B 2
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o
<
[a)
(e]
01 e  20ug/ml Ag
o 5ug/ml Ag
v 2.5ug/ml Ag
.01 A 1 10
Ab concentration(ng/ml)

Fig. 3. Affinity of the selected mAbs. Affinity constant was measured
as described in Materials and methods. (A) Affinity for S-39-2 mAb
(3.1 x 10° L/mol). (B) Affinity for N-17-3 mAb (7.2 x 103 L/mol).
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Fig. 4. Western blotting to detect N protein. (A) with N-17-3 monoclonal antibody; (B) with S-39-2 monoclonal antibody. The E. coli-expressed N
protein, the lysates of SARS-CoV-infected Vero E6 cells and uninfected Vero E6 cells (control) were subjected to SDS-PAGE and then transferred to
PVDF membrane. The blots were probed with different monoclonal antibodies and detected with HRP-conjugated goat anti-mouse IgG antibody.

to an additional six histidine tag at the C-terminus of the
recombinant N protein.

Specificity of immunoreactivity of anti-SARS-CoV N
protein antibodies

To confirm whether N-17-13, S-39-2 mAbs, and N
protein pAbs had a cross-reactivity with other human
coronaviruses (HCoV), the three HCoV-OC43, 229E,
and NL63 classic human coronaviruses were selected
and the N proteins from the virus-infected cells were
detected by IFA and Western blot. Before the cell ly-
sates were prepared, the corresponding Abs to each
virus were used to check in infected host cells and make
sure the cells were infected with the viruses (data not
shown). The data showed that the Abs had no cross-re-

Table 3

activity with the N proteins from other HCoV by IFA
(Table 3). Similarly, a Western blot analysis revealed
the same patterns, the Abs only recognized N protein
of SARS-CoV, but did not react with the N proteins
from other coronaviruses (Fig. 5).

Selected mAbs and N protein-specific pAbs were used as
pair-Abs for the detection of N protein

To consider further a specific and sensitive pair-Abs
to detect SARS-CoV N protein, N protein-specific pAbs
and N-17-13 or S-39-2 mAbs were selected. Since N-17-
13 and S-39-2 mAbs were capable of capturing the
major immunogenic fragment N2 of N protein, both
of them could be used as coating Ab. Our previous
work demonstrated that purified IgG from antisera of

Cross-reactivity of SARS N protein-specific Abs to other three coronaviruses N proteins (HCoV-OC43, 229E, and NL63) were detected by indirect

immunofluorescence assay

Strains of coronaviruses HCoV-0C43 HCoV-229E HCoV-NL63 SARS-CoV
N protein of BCoV mAb +++ — — NT
Positive human serum +++ +++ +++ NT

Anti-DNP mAb — — _ _

mAD (S-39-2) - - _ e

mADb (N-17-13) - — —_ 4
Rabbit pAbs — — _ +++

Normal rabbit sera —

To control the experimental system, Human serum from coronaviruses infected patients served as positive control, and anti-DNP mAb and rabbit

normal sera served as negative control. NT, not tested.

Ab: N-17-3
control SARS 0OC43 229E NL63

09— l

B4 -

B Ab: §-39-2
control SARS OC43 229E NL63
” -

polyclonal Ab
control SARS OC43 229E NL62
" -
|
N *
-

Fig. 5. Immunoreactivity of anti-N protein antibodies with four human coronaviruses. Reactivity to other three coronavirus N proteins (HCoV-
0C43, 229E, and NL63) was detected by SARS-CoV N protein-specific Abs by Western blot. (A) Detected with N-17-3 mAb (1:1000). (B) Detected
with S-39-2 mAb (1:1000) and (C) detected with N protein pAb (1:80,000). In each panel, five samples were tested. Control means normal Vero E6
cell lysates. SARS means SARS-CoV-infected Vero E6 cell lysates. Other three are from OC43, 229E, and NL63-infected host cell lysates.
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Fig. 6. Reactivity of pair-Abs with N protein. N-17-3 mAb or S-39-2
mADb or the mixture of N-17-3 mAb and S-39-2 mAb was selected as a
coating Ab on the 96-well plate, and then different concentrations of
the N protein were added into the plate. HRP-pAb (1:500) was used to
detect the N protein.

recombinant N protein immunized rabbits detected the
native N protein of SARS-CoV [12]. In this study, the
rabbit pAbs were conjugated with HRP to be a revealing
Ab (HRP-pAb). In the ELISA test, optimal conditions
were obtained from primary experiments. The concen-
tration of HRP-pAb (1:500) was selected. For determi-
nation of suitable coating mAb, either N-17-13 or
S-39-2 mAb or the mixture of N-17-13 and S-39-2
(1:1) was used as coating mAb, but their detecting
curves with N protein were similar (Fig. 6). Our results
suggested that both of the selected mAbs were suitable
to be the coating Ab and that the pair-Abs (mAb and
HRP-pAb) had a potential in detecting N protein.

Specificity and sensitivity of the sandwich ELISA-kit to
detect N protein

To further assess whether the pair-Abs was suitable
for detecting soluble N protein in serum specimens, only
S-39-2 mAb (with the affinity 3.1 x 10° L/mol) and
HRP-pAbs (pair-Abs) were selected to construct a sand-
wich ELISA-kit. The detection curve for N protein and
the cross-reactivity to sera from different patients with
unrelevant disease were tested by the kit. The results
showed that the kit was able to detect N protein with
a linear curve (from 1 to 1000 ng/ml) (Fig. 7). It was also
observed that all of selected patient sera, including tu-
mor, systemic lupus erythematosus (SLE), syphilis, hep-
atitis B virus (HBV), and hepatitis C virus (HCV) did
not react with the kit (data not shown). To confirm
whether the kit was suitable in detecting N protein in
the sera, total 186 SARS-CoV patients were selected in
Beijing area. All the patients were diagnosed to be
SARS cases based on their clinical syndromes and tested
positive for SARS-CoV S protein-specific IgG in the
sera. In addition, the sera of 103 health individuals were
collected in the same area to serve as negative control.

. Shang et al. | Biochemical and Biophysical Research Communications 336 (2005) 110-117 115
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—m— N protein
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Fig. 7. Detection curve for N protein and JC protein by sandwich
ELISA. Monoclonal antibody S-39-2 (5 ug/ml) was coated on an
ELISA plate. Serial dilutions of N protein and JC protein were
detected by HRP-pAD (1:500).

Table 4
N protein detection in the sera of SARS-CoV patients by ELISA-kit

No. of positive patients/
total tested patients (%)

Days after onset of symptoms

SARS-CoV patients

Day 5-10 3/4 (75)

Day 15-21 0/36 (0)

Day 21-90 0/146 (0)
Health individuals 0/103 (0)

Total 186 SARS-CoV patients with different stages of the disease and
103 health individuals were selected and N protein in the sera was
tested by ELISA-kit.

The data showed that three out of four patients at early
stage of SARS infection were positive in N protein
detection, while the other patients including health indi-
viduals showed negative responses (Table 4). The results
suggested that the developed kit has a potential in
SARS-CoV diagnosis by N antigen capture.

Discussion

SARS-CoV has relatively high transmissibility and
mortality. In order to block the disease transmission
and perform antiviral therapy efficiently, a rapid and
accurate diagnostic method to detect SARS-CoV at
the early stage of the disease is needed. Three methods
are currently used for SARS diagnosis. The first is a
real-time PCR method that has a poor sensitivity due
to false positive results. The second is to detect viral
antigen-specific antibodies, but the Abs are detected
only after 10-14 days following SARS-CoV infection.
The third is to isolate the virus from cell culture, which
needs more time and a biosafety P3 laboratory. There-
fore, a sandwich ELISA to detect viral antigen can be
helpful for the disease diagnosis.
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We initially considered the spike protein as a good
candidate for antigen capture. Unexpectedly, our data
and those from other authors suggested that the S pro-
tein was expressed at very low levels in vivo and in cul-
tured cells [6,12]. It was difficult to directly detect the
soluble S protein from the patient’s blood. The S protein
is exposed on the surface of SARS-CoV and distributed
mainly in infected tissues, such as the lungs [13,14].
Based on our observation, it was suggested that the S
protein-specific Abs from patient sera had a potential
in serological diagnosis, but at later stage of SARS
infection [8]. In contrast, SARS N protein is important
for the viral RNA transcription and provides nuclear-
import signal during SARS-CoV replication [15,16]. In
addition, N protein is located inside the SARS-CoV par-
ticle, but is abundantly released in patient’s blood during
the virus infection. Thus, its potential in clinical diagno-
sis has been investigated [3].

In this study, we generated specific mAbs against re-
combinant SARS-CoV N protein expressed in E. coli
and analyzed the epitopes recognized by the mAbs with-
in N protein. It was interesting to observe that all of the
mADbs recognized a spanning region of C-terminus of N
protein (amino acid residues 249-395), but did not react
with the N-terminus. These data indicate that the C-ter-
minus of N protein contains predominant B cell epi-
topes. Our observation is consistent with the other
report that the N protein fragment, N13 (amino acid
residues 221-422), can react with 100% of sera from
SARS patients [11]. Our further experiments demon-
strated that two mAbs (A group) recognized epitopes
located at the region of amino acids 249-317, while
other four mAbs (B group) reacted with the amino acids
residues 317-395.

One report demonstrated that N protein was degrad-
ed into different fragments [6]. It is likely that a mADb
recognizing the predominant N2 protein fragment
(221-422) will be critical in detecting N protein in vivo.
In this study, two mAbs (N-17-13 from A group and
S-39-2 from B group) with high affinity to N2 fragment
(221-422) were identified. The mAbs were confirmed to
be capable of specifically binding to native N protein of
SARS-CoV. In addition, the mAbs produced against N
protein were reactive both in immunofluorescence and
Western blot, suggesting that they recognized linear epi-
topes in N protein.

To evaluate whether anti-N mAbs were suitable for
detecting N protein, a sandwich ELISA-kit was devel-
oped using the S-39-2 mAb and N protein-specific pAbs.
The kit was calibrated using the E. coli-expressed recom-
binant N protein. In our initial tests, sera from 100 nor-
mal health individuals and 400 patients with different
diseases, including tumor, SLE, syphilis, HBV, and
HCYV, showed negative responses with the kit. This kit
needed to be validated for its capacity to detect N pro-
tein. Second, in all tested SARS patients, it is interesting

to note that the N protein was detectable with the kit
only at early stage (5-10 days) after SARS-CoV infec-
tion. A possible explanation is that N protein of
SARS-CoV could be released into the peripheral blood
during the stage of virus replication and later on would
be neutralized and eliminated by the patient’s high titers
of Abs raised against N protein. Our results suggested
that the kit has a potential in the diagnosis of SARS
infection.

In summary, six mAbs and one pAb against N pro-
tein of SARS-CoV were generated. All of six mAbs rec-
ognized the C-terminus of N protein (249-395) that
contains predominant B cell epitopes and represents a
good target of the viral antigen for serological diagnosis.
The sandwich ELISA-kit, which was developed with
mAb and pAb, has a potential in detecting specifically
N protein of SARS-CoV.
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