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Abstract

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) continues to be a major public health concern. Nucleocapsid (N) protein 
is the most abundant structural protein on SARS-CoV-2 virions and induces the production  
of antibodies at the early stage of infection. Large-scale preparation of N protein is essential  
for the development of immunoassays to detect antibodies to SARS-CoV-2 and the control  
of virus transmission. In this study, expression of water-soluble N protein was achieved through 
inducing protein expression at 25°C with 0.5 mM IPTG for 12 h. Western blot and ELISA showed 
that recombinant N protein could be recognized by sera collected from subjects immunized with 
Sinovac inactivated SARS-CoV-2 vaccine. Four monoclonal antibodies namely 2B1B1, 4D3A3, 
5G1F8, and 7C6F5 were produced using hybridoma technology. Titers of all four monoclonal 
antibodies in ELISA reached more than 1.28×106.0. Moreover, all monoclonal antibodies could 
react specifically with N protein expressed by transfection of pcDNA3.1-N into BHK-21 cells  
in IPMA and IFA. These results indicated that water-soluble N protein retained high immuno- 
genicity and possessed the same epitopes as that of native N protein on virions. In addition,  
the preparation of water-soluble N protein and its monoclonal antibodies laid the basis for the 
development of immunoassays for COVID-19 detection.

Keywords: SARS-CoV-2, optimization of expression conditions, water-soluble nucleocapsid 
protein, immunogenicity analysis
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Introduction

Coronavirus disease 2019 (COVID-19) has been 
prevalent worldwide for more than three years and has 
had a major impact on global health and economy. Clin-
ical manifestations of COVID-19 include pneumonia, 
fever, dry cough, fatigue and muscle pain, often accom-
panied by shortness of breath and dyspnea (Han et al. 
2020). In severe cases, acute respiratory distress syn-
drome, septic shock, multiple organ failure and death 
may occur (Meyer et al. 2021).

The causative agent of COVID-19 was identified to 
be severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), which could be transmitted from per-
son to person through droplets, direct contact, and aero-
sols in closed environments (Malik 2020, Leung 2021). 
The virus causes infections of bronchial epithelial cells 
and upper respiratory tract cells, which can develop into 
severe, life-threatening respiratory pathologies and 
lung injuries (Clementi et al. 2021). Currently, there  
is no specific prophylactic or therapeutic treatment  
and the incubation period after infection can reach up to 
14 days (Jin et al. 2020, Lauer et al. 2020). Therefore,  
it is of great importance to carry out rapid screening, 
early diagnosis, early isolation, and early treatment  
for subjects suspected of COVID-19.

SARS-CoV-2 is a single strand, positive-sense RNA 
virus encoding spike protein (S), membrane protein 
(M), envelope protein (E), and nucleocapsid protein (N) 
(Zhou et al. 2020). N protein has been found to bind 
with viral RNA to form a spiral nucleocapsid and  
be involved in viral genome replication and regulation 
of cell signaling (Chen et al. 2020, Chen et al. 2020).  
In addition, it is relatively conservative and accounts 
for the largest proportion of the structural proteins  
of the virus (Zeng et al. 2020, Bai et al. 2021). N protein 
has been reported to be highly immunogenic and anti-
bodies to N protein could be detected at the early stage 
of infection (Guo et al. 2020, Okba et al. 2020). Hence, 
it is considered as an excellent diagnostic antigen for 
the detection of antibodies to SARS-CoV-2.

Until now, the expression of N protein has been  
realized in mammalian cells including human embryo- 
nic kidney cells (HEK-293) and Chinese hamster ovary 
(CHO) cells, insect cells such as Spodoptera frugiperda 
(sf21) cells, and Escherichia coli (E. coli) cells (Bates 
et al. 2021, Liu et al. 2021, Rump et al. 2021, Tian et al. 
2022). Considering the cost and the yield of the final 
protein product, E. coli cells are generally preferred for 
protein expression. However, high-level expression of 
foreign protein in E. coli cells often leads to aggrega-
tion of the protein molecules into inclusion bodies 
which need refolding to be bioactive (Singh et al. 2015). 
In this study, we aimed to express recombinant N pro-

tein in E. coli cells and optimize the culture conditions 
to harvest water-soluble protein. Additionally, mono-
clonal antibodies to N protein were produced using hy-
bridoma technology and the immunogenicity of N pro-
tein was evaluated by Western blot, enzyme-linked 
immunosorbent assay (ELISA), immunoperoxidase 
monolayer assay (IPMA), and immunofluorescence as-
say (IFA).

Materials and Methods

Ethics statement

Collection of blood samples was approved and  
supervised by the Ethics Committee of Xinxiang Medi-
cal University (XYLL-2021098) in accordance with 
China’s legislation on human welfare.

Serum samples and reagents

Serum samples from six subjects immunized with 
Sinovac inactivated SARS-CoV-2 vaccine were collec- 
ted with informed consent and pooled. A pool of six 
negative sera to SARS-CoV-2 collected in 2018, the 
hemagglutinin (HA) protein of H3N2 influenza virus 
which contained a hexahistidine (His6)-tag, and its cog-
nate monoclonal antibody were previously prepared  
in our laboratory.

Plasmid construction and transfection

The gene encoding the N protein of SARS-CoV-2 
was derived from isolate Wuhan-Hu-1 (GenBank No. 
NC_045512.2), synthesized chemically by GenScript 
Biotech Corporation after codon optimization, and in-
serted into the multiple cloning sites of pET28a and 
pcDNA3.1(+) using standard molecular cloning tech-
nique. Plasmids pET28a-N which contained a His6-tag 
and pcDNA3.1-N were verified by gene sequencing.

Baby hamster kidney (BHK-21) cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) con-
taining 10% fetal bovine serum (FBS). For expression 
of N protein in eukaryotic cells, pcDNA3.1-N was 
transfected into BHK-21 cells using lipofectamine 2000 
reagent (Thermo Fisher Scientific, USA) according to 
the manufacturer’s instruction. 0.2 μg of pcDNA3.1-N 
was mixed with DMEM media in 25 μL for 5 min. 
Meanwhile, 0.5 μL lipofectamine 2000 was added into 
25 μL DMEM media and kept at room temperature for 
5 min. The plasmid and the transfection reagent were 
then mixed and incubated for 20 min. The cells were 
washed twice with DMEM media before the addition of 
the transfection complex into each well, slowly, while 
shaking the plate. 6 h later, the culture media were 
changed to DMEM containing 10% FBS. The expres-
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sion of N protein in transfected cells was examined 36 
h post-transfection.

Expression and purification of N protein

E. coli BL21(DE3) cells harboring pET28a-N were 
cultured in Luria-Bertani (LB) liquid media by shaking 
at 220 rpm at 37°C for 2-3 h to an optical density of  
0.4-0.5 at 600 nm wavelength (OD600). The cells were 
then placed on an ice bath for 20 min and expression  
of N protein was induced with a final concentration  
of 0.5 mM isopropyl-β-D-thiogalactoside (IPTG) by 
shaking at 220 rpm at 16°C or 25°C for 12 h. After cen-
trifugation at 6000 g for 20 min at 4°C, the pelleted 
cells were resuspended in 1/10 culture volume of Tris 
buffered saline (pH 8.0) containing 20 mM Tris and 500 
mM NaCl (binding buffer) and treated with ultra-soni-
cation on ice for 20 min. The supernatant was harvested 
by centrifugation at 12000 g for 20 min at 4°C and  
filtered through a 0.45 μm nitrocellulose filter before 
purification. The precipitate was resuspended with an 
equal volume of binding buffer before sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Recombinant N protein was purified using nickel- 
-nitrilotriacetic acid (Ni-NTA) affinity chromatography. 
The column was pre-equilibrated with binding buffer 
before sample loading. The supernatant was added into 
the column and washed with binding buffer containing 
40 mM imidazole (wash buffer). N protein was then 
eluted from the column with binding buffer containing 
500 mM imidazole (elution buffer) and 0.5 mL collec- 
ted per tube. Purified protein samples were pooled,  
dialyzed against 20 mM Tris (pH 8.0) and then stored  
at -20°C after determination of protein concentration 
using a Bradford Protein Assay Kit (Sangon Biotech, 
Shanghai, China). The expression and purification of  
N protein was examined using 12% SDS-PAGE.

Production of monoclonal antibodies

BALB/c mice were subcutaneously immunized 
with 50 μg N protein emulsified in Freund’s adjuvants 
four times at two-week intervals. The mouse with the 
highest antibody titer in ELISA was intravenously  
injected with 50 μg N protein three days before cell  
fusion. Splenocytes were then harvested and fused with 
SP2/0 myeloma cells under treatment with polyethylene 
glycol 2000 (PEG 2000). The reactivity of the hybrid-
omas with N protein was examined using Western blot, 
ELISA, immunoperoxidase monolayer assay (IPMA) 
and immunofluorescence assay (IFA). Ascites in mice 
were produced for the best hybridomas and IgG was 
purified from the ascitic fluids using a Pierce™ protein 
A column (Thermo Fisher Scientific, USA). The sub-

types of monoclonal antibodies were determined using 
a commercial isotyping kit (Proteintech, Wuhan, China).

Western blot

In SDS-PAGE, 15 μL of each sample prepared  
as above was loaded and then transferred onto a poly- 
vinylidene fluoride (PVDF) membrane. After blocking 
with 5% skimmed milk at 37°C for 1 h, the transferred 
membrane was incubated with 1:5000 diluted monoclo-
nal antibody 2B1B1 or 1:100 diluted Sinovac inactivat-
ed SARS-CoV-2 vaccine-immunized human sera at 
37°C for 1 h. Horseradish peroxidase (HRP)-conjuga- 
ted goat-anti-mouse IgG or HRP-conjugated goat  
anti-human IgG (Thermo Fisher Scientific, USA) were 
used as secondary antibodies and incubated with the 
membrane at 1:10000 dilution for 1 h. The HRP label 
was finally exposed to a colorimetric substrate, amino-
ethyl carbazole (AEC). After each step, the membrane 
was washed with phosphate-buffered saline containing 
0.05% Tween-20 (PBST).

ELISA

Briefly, 96-well microtiter plates were coated with 
50 μL purified N protein (2.5 μg/ml) or His6-tagged HA 
protein of H3N2 influenza virus (2.5 μg/ml) in carbon-
ate buffered saline (pH 9.6) at 4°C overnight. After 
washing with PBST, the plates were blocked with 5% 
skimmed milk at 37°C for 1 h. Serum antibodies, super-
natants from hybridomas, or ascitic fluids were used as 
primary antibodies to incubate with the plates at 37°C 
for 30 min. Each sample was tested in a two-fold serial 
dilution manner. Sinovac inactivated SARS-CoV-2 
vaccine-immunized human sera (1:100) was used as  
a positive control, while negative sera to SARS-CoV-2 
(1:100) and a monoclonal antibody to the HA protein of 
H3N2 influenza virus (1:10000) were used as negative 
controls. After washing six times with PBST, the plates 
were incubated with 50 μL HRP-conjugated goat  
anti-mouse IgG (1:10000) or HRP-conjugated goat  
anti-human IgG (1:10000) at 37°C for 30 min.  
The plates were then washed again and finally incubat-
ed with 50 μL 3,3’,5,5’-tetramethylbenzidine (TMB) 
for color development. The enzymatic reaction was 
stopped with 50 μL of 2 M H2SO4 after 10 min and the 
plates were read at A450 (OD450) with an automatic 
plate reader (Bio-Tek Instruments, Inc., Winooski, VT, 
USA). Each sample was tested in triplicate indepen- 
dently for three times and the mean OD450 values were 
calculated. The cut-off value was set to be the mean 
OD450 value for negative controls (X) plus twice  
the standard deviation (X+2SD). Antibody titer was  
expressed as the reciprocal of the highest dilution that 
gave a positive reaction.
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IPMA

IPMA was performed as previously described 
(Wang et al. 2019). Briefly, BHK-21 cells were grown 
in 96-well cell culture plates to a confluent monolayer 
within 24 h. After washing twice with DMEM, the cells 
were transfected with pcDNA3.1-N and grown in 
DMEM containing 10% FBS for 36 h. The cells were 
then washed with sterile PBS and fixed with cold metha- 
nol containing 2% H2O2 for 15 min at room tempera-
ture. 5% skimmed milk was added to block available 
binding sites on the plate at 37°C for 1 h. 50 μL of mono- 
clonal antibodies (1:5000) were added and allowed  
to incubate with the cells at 37°C for 30 min. Sinovac 
inactivated SARS-CoV-2 vaccine-immunized human 
sera (1:100), negative sera to SARS-CoV-2 (1:100), and 
the monoclonal antibody to HA protein of H3N2 influ-
enza virus (1:5000) were used as controls. After wash-
ing with PBST, 50 μL of HRP-conjugated goat anti- 
-mouse IgG (1:5000) or HRP-conjugated goat anti-hu-
man IgG (1:5000) was added and incubated with the 
plate at 37°C for 30 min. Finally, AEC substrate buffer 
was added to allow color development for 5 min before 
the addition of double distilled water (DDW) to stop the 
reaction. The wells were then observed under light  
microscopy and the presence of red brown precipitates 

indicated a positive reaction. Reactions between the  
antibody samples and pcDNA3.1-transfected BHK-21 
cells were also tested as described above.

IFA

In brief, IFA was performed similar to that of IPMA. 
Instead, HRP-conjugated goat anti-mouse IgG and 
HRP-conjugated goat anti-human IgG were replaced 
with fluorescein isothiocyanate (FITC)-conjugated goat 
anti-mouse IgG (1:5000) and FITC-conjugated goat  
anti-human IgG (1:5000). The result was observed  
under a fluorescent microscope and the appearance  
of green spots in pcDNA3.1-N transfected cells indica- 
ted positive reactions.

Results

Expression of water-soluble N protein

To test the expression of recombinant N protein,  
E. coli BL21(DE3) cells bearing pET28a-N were  
induced with 0.5 mM IPTG at 37°C for 12 h. Fig. 1A 
indicates that there was a clear band difference between 
the induced and uninduced samples. The relative  
molecular weight of the expressed N protein was esti-

Fig. 1.  Optimization of induction temperature for recombinant N protein expression. (A). Lane M: pre-stained protein molecular weight 
marker; Lane 1: non-induced E. coli BL21(DE3) cells bearing pET28a-N; Lane 2: induced E. coli BL21(DE3) cells bearing 
pET28a-N. (B). Lane 1: supernatant of cell lysate from pET28a-N transformed cells induced at 16°C; Lane 2: precipitate of cell 
lysate from pET28a-N transformed cells induced at 16°C; Lane 3: supernatant of cell lysate from pET28a-N transformed cells 
induced at 25°C; Lane 4: precipitate of cell lysate from pET28a-N transformed cells induced at 25°C.
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mated to be 50 kDa, which was consistent with that pre-
dicted by DNAStar software.

The expression of water-soluble proteins by E. coli 
cells is affected by several factors such as the hydro-
philicity of the protein and the expression conditions 
including temperature, final concentration of IPTG, and 
time (Gutiérrez-González et al. 2019). To test if expres-
sion of water-soluble N protein could be achieved, the 
induction temperature was optimized. The cells were 
induced with 0.5 mM IPTG at 16°C or 25°C for 12 h, 
respectively. Fig. 1B indicates that water-soluble  
protein appeared in the supernatants of cell lysates  
at both induction temperatures, whereas a large amount 
of soluble protein was harvested from cells induced  
at 25°C. Hence, such an expression condition was  
determined to obtain water-soluble N protein.

Purification and bioactivity of recombinant  
N protein

As there existed specific binding between the His6-tag 
of recombinant N protein and Ni-NTA resin, affinity 
chromatography was used for the purification of N pro-
tein. It was found that recombinant N protein in the  
supernatant of cell lysate could bind to the Ni-NTA  
resin. After washing with 40 mM imidazole, unwanted 

proteins were removed. Recombinant N protein was 
then eluted from the column with 500 mM imidazole 
and its purity was examined using SDS-PAGE (Fig. 2A). 
After determination of protein concentration using  
a Bradford Protein Assay Kit, the overall yield of puri-
fied N protein was calculated to be over 28.4 mg/L cell 
culture. Western blot analysis showed that the expressed 
protein could be recognized by monoclonal antibody 
2B1B1 and a pool of Sinovac inactivated SARS-CoV-2 
vaccine-immunized human sera (Fig. 2B).

Characterization of monoclonal antibodies  
to N protein

To produce monoclonal antibodies specific to the N 
protein of SARS-CoV-2, BALB/c mice were immu-
nized with purified N protein. Splenocytes from mouse 
with the highest antibody titer in ELISA were fused 
with SP2/0 myeloma cells under treatment with PEG 
2000. After cell fusion, fourteen monoclonal antibodies 
specific to N protein were obtained and four of these 
were subjected to the preparation of ascitic fluids, 
namely 2B1B1, 4D3A3, 5G1F8, and 7C6F5. Indirect 
ELISA showed that the four monoclonal antibodies 
were able to bind to the N protein with high affinity,  
but not to the HA protein of the H3N2 influenza virus 

Fig. 2.  Purification of recombinant N protein (A) and analysis of its immunogenicity by Western blot (B). (A). Lane M: pre-stained 
protein molecular weight marker; Lane 1: non-induced E. coli BL21(DE3) cells bearing pET28a-N; Lane 2: induced E. coli 
BL21(DE3) cells bearing pET28a-N; Lane 3: supernatant of cell lysate from pET28a-N transformed cells induced at 25°C; Lane 
4: purified N protein (8.4 μg). (B). Lane 1: reaction between N protein and monoclonal antibody 2B1B1; Lane 2: reaction between 
N protein and Sinovac inactivated SARS-CoV-2 vaccine-immunized human sera.
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(Fig. 3). In addition, ELISA revealed that there existed 
a specific reaction between Sinovac inactivated SARS-
CoV-2 vaccine-immunized human sera and purified N 
protein, while no reaction between HA MAb and N pro-
tein was found (Fig. 3). Antibody subtypes and titers in 
the culture supernatant and ascitic fluids were deter-
mined using ELISA and were listed in Table 1. It should 
be noted that antibody titers for the four monoclonal 
antibodies all reached over 1.28×106.0 in ELISA.

To test the specificity of the monoclonal antibodies, 
IPMA was performed which examined the reactions  
between monoclonal antibodies and pcDNA3.1-N 
transfected cells (Fig. 4). The results showed that 
2B1B1, 4D3A3, 5G1F8, and 7C6F5 were able to react 
with eukaryotically-expressed N protein in transfected 
cells. The antibody against the HA protein of the H3N2 
influenza virus did not bind to the transfected cells,  
indicating that all four monoclonal antibodies were  
specific to the N protein of SARS-CoV-2. IFA also 
showed that the four monoclonal antibodies could  
specifically bind to transfected cells while the control 
antibody showed no reaction (Fig. 5). All monoclonal 
antibodies to the N protein had no reactions with  
pcDNA3.1-transfected cells in both IPMA and IFA 
(data not shown).

Discussion

The prevention and control of COVID-19 transmis-
sion relies on the development of effective diagnostic 

methods. At present, quantitative reverse-transcription 
polymerase chain reaction (qRT-PCR), colloidal gold-
based paper test, and chemiluminescence immunoassay 
have been used for the detection of nucleic acids, serum 
IgM and IgG, and viral antigens of SARS-CoV-2,  
respectively (Liao et al. 2020, Mak et al. 2020, Liu et al. 
2021, Lv et al. 2021). Among them, qRT-PCR is recog-
nized as the gold standard. However, nucleic acid  
detection is generally time consuming and requires  
a high level of biosafety in the laboratory, which is not 
convenient for grass-roots hospitals to carry out. In con-
trast, the detection of serum antibody has been shown  
to be more biologically safe and produces fewer false 
negative results than nucleic acid detection (Ji et al. 
2020). Therefore, antibody detection is an important 
supplement to the nucleic acid test and can be applica-
ble for wide use in clinics.

For the specific and sensitive detection of anti- 
bodies to SARS-CoV-2, the preparation of pure viral 
protein antigen is a prerequisite. In addition, the viral 
proteins to be used in immunoassays should be highly 
immunogenic and be able to elicit the production  
of antibodies at an early stage of infection. The N pro-
tein of SARS-CoV-2 could meet these requirements.  
It is the most abundantly expressed protein during  
infection and has been reported to induce antibody pro-
duction as early as day one post-symptom onset (Guo  
et al. 2020). Moreover, several immunodominant  
epitopes have been identified on the N protein and has 
proposed for use for the development of peptide-based 

Fig. 3.  Reactivity of monoclonal antibodies with N protein of SARS-CoV-2 (A) and HA protein of H3N2 influenza virus (B). Pos. repre- 
sents Sinovac inactivated SARS-CoV-2 vaccine-immunized human sera; Neg. represents negative human sera to SARS-CoV-2; 
HA MAb represents a monoclonal antibody to the His6-tagged HA protein of H3N2 influenza virus.

Table 1. Titers of antibodies determined using ELISA.

MAb Supernatant Ascitic fluid
2B1B1 (IgG1/κ) 1×640 2.56×106.0

4D3A3 (IgG2a/λ) 1×320 1.28×106.0

5G1F8 (IgG1/κ) 1×640 1.28×106.0

7C6F5 (IgG1/κ) 1×640 2.56×106.0
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immunoassays (Tian et al. 2022, Vashisht et al. 2023). 
To express foreign protein, E. coli cells are usually 
used, which allows the harvest of protein at high yield 
and low cost. However, expression of proteins in E. coli 
cells under certain induction conditions often leads to 
aggregation due to the misfolding of protein molecules. 
Among the expression conditions, temperature is demon- 
strated to be the most significant factor as expression of 
insoluble proteins has been shown to be correlated with 
higher temperatures (Gutiérrez-González et al. 2019). 
Our previous studies also found that expression of wa-
ter-soluble proteins could be obtained through lowering 
the induction temperature as 37°C is the optimal tem-
perature for E. coli growth, and expression at 37°C  

often causes accumulation of insoluble proteins  
(Jin et al. 2012, Wang et al. 2017). Therefore, the induc-
tion temperature was optimized to obtain water-soluble 
N protein in this study. The results showed that expres-
sion of N protein in water-soluble forms was realized  
at both 16°C and 25°C. However, induction at 16°C 
was found to severely affect the amount of N protein 
expressed, whereas expression at 25°C guaranteed both 
the expression of water-soluble N protein and the yield. 
In addition, the induction time was prolonged to 12 h  
to ensure the yield.

Correct display of epitopes on viral proteins is essen- 
tial for the recognition by B cell receptors and the  
induction of antibodies in vivo. Therefore, to assure the 

Fig. 5.  Reactivity of monoclonal antibodies with pcDNA3.1-N transfected cells in IFA. BHK-21 cells were transfected with  
pcDNA3.1-N and used to test the reactivity of antibody samples with eukaryotically-expressed N protein of SARS-CoV-2. Images 
were taken at ×100 magnification.

Fig. 4.  Reactivity of monoclonal antibodies with pcDNA3.1-N transfected cells in IPMA. BHK-21 cells were transfected with  
pcDNA3.1-N and used to test the reactivity of antibody samples with eukaryotically-expressed N protein of SARS-CoV-2.  
Positive reactions were revealed with immunoenzymological staining methods and images were taken at ×100 magnification.
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expressed N protein is bioactive, it is essential to test its 
reactivity with SARS-CoV-2 vaccine-immunized  
human sera. Western blot and ELISA showed that there 
were specific reactions between N protein and Sinovac 
inactivated SARS-CoV-2 vaccine-immunized human 
sera, indicating that the recombinant N protein prepared 
in this study possessed the same epitopes as that  
expressed on the native N protein of the virus. 

The immunogenicity of N protein was examined by 
immunization of mice and the production of monoclo-
nal antibodies. Four monoclonal antibodies were gener-
ated which showed specific reactions with N protein in 
Western blot and ELISA. In addition, ELISA showed 
that all four monoclonal antibodies had no reaction with 
the His6-tagged HA protein of H3N2 influenza virus, 
which indicated that the monoclonal antibodies to N 
protein did not react with the His6-tag, further proving 
their specificity. Since the N protein used for immuniza-
tion of mice was expressed in E. coli, a prokaryotic  
expression system, the specificity of monoclonal anti-
bodies to SARS-CoV-2 was confirmed by testing their 
reactivity with eukaryotically-expressed N protein. 
IPMA showed that 2B1B1, 4D3A3, 5G1F8, and 7C6F5 
were able to bind to BHK-21 cells transfected  
pcDNA3.1-N, while a control antibody against the HA 
protein of the H3N2 influenza virus did not react with 
pcDNA3.1-N transfected cells, indicating that all four 
monoclonal antibodies were specific to the N protein  
of SARS-CoV-2. This result was confirmed further by 
IFA which also showed that the four monoclonal anti-
bodies possessed specific reactions with pcDNA3.1-N 
transfected cells. These data demonstrated that recom-
binant N protein was highly immunogenic in mice and 
induced the production of high-affinity antibodies.

In summary, expression of water-soluble N protein 
was achieved in the E. coli expression system by opti-
mizing the induction temperature. Western blot and 
ELISA showed that recombinant N protein could  
be specifically recognized through Sinovac inactivated 
SARS-CoV-2 vaccine-immunized human sera and had 
good biological activity. Meanwhile, we prepared 
monoclonal antibodies against N protein using hybrid-
oma technology and characterized their specificity with 
ELISA, IPMA, and IFA. It was found that monoclonal 
antibodies could specifically react with recombinant N 
protein and pcDNA3.1-N transfected cells. These  
results indicate that recombinant N protein possesses 
high immunogenicity and shares the same epitopes with 
the native N protein on the virus. The preparation  
of water-soluble N protein and its cognate monoclonal 
antibodies could greatly facilitate the development of 
immunoassays for detecting antibodies to SARS-CoV-2 
and the viral antigen.

Acknowledgements

This study was funded by the Key Scientific and 
Technological Research Project of Henan Province 
(212102310335), Henan Province Modern Agricultural 
Industry System (HARS2212G3), and the Research and 
Innovation Project of Xinxiang Medical University for 
Undergraduates (xyxskyz202221).

References
Bai Z, Cao Y, Liu W, Li J (2021) The SARS-CoV-2 nucleocapsid 

protein and its role in viral structure, biological functions, 
and a potential target for drug or vaccine mitigation. Viruses 
13: 1115.

Bates TA, Weinstein JB, Farley S, Leier HC, Messer WB, 
Tafesse FG (2021) Cross-reactivity of SARS-CoV structural 
protein antibodies against SARS-CoV-2. Cell Rep 34: 108737.

Chen K, Xiao F, Hu D, Ge W, Tian M, Wang W, Pan P, Wu K, 
Wu J (2020) SARS-CoV-2 nucleocapsid protein interacts 
with RIG-I and represses RIG-mediated IFN-β production. 
Viruses 13: 47.

Chen Y, Liu Q, Guo D (2020) Emerging coronaviruses: genome 
structure, replication, and pathogenesis. J Med Virol  
92: 418-423.

Clementi N, Ghosh S, De Santis M, Castelli M, Criscuolo E, 
Zanoni I, Clementi M, Mancini N (2021) Viral respi- 
ratory pathogens and lung injury. Clin Microbiol Rev  
34: e00103-00120.

Guo L, Ren L, Yang S, Xiao M, Chang D, Yang F, Dela Cruz CS, 
Wang Y, Wu C, Xiao Y, Zhang L, Han L, Dang S, Xu Y, 
Yang QW, Xu SY, Zhu HD, Xu Y,C Jin Q, Sharma L,  
Wang L, Wang J (2020) Profiling early humoral response  
to diagnose novel coronavirus disease (COVID-19). Clin 
Infect Dis 71: 778-785.

Gutiérrez-González M, Farías C, Tello S, Pérez-Etcheverry D, 
Romero A, Zúñiga R, Ribeiro CH, Lorenzo-Ferreiro C,  
Molina MC (2019) Optimization of culture conditions  
for the expression of three different insoluble proteins  
in Escherichia coli. Sci Rep 9: 16850.

Han Y, Luo Z, Zhai W, Zheng Y, Liu H, Wang Y, Wu E, Xiong F, 
Ma Y (2020) Comparison of the clinical manifestations be-
tween different age groups of patients with overseas impor- 
ted COVID-19. PLoS One 15: e0243347.

Ji T, Liu Z, Wang G, Guo X, Akbar khan S, Lai C, Chen H, 
Huang S, Xia S, Chen B, Jia H, Chen Y, Zhou Q (2020) 
Detection of COVID-19: A review of the current literature 
and future perspectives. Biosens Bioelectron 166: 112455.

Jin Q, Yang J, Lu Q, Guo J, Deng R, Wang Y, Wang S, Wang S, 
Chen W, Zhi Y, Wang L, Yang S, Zhang G (2012) Develop-
ment of an immunochromatographic strip for the detection 
of antibodies against Porcine circovirus-2. J Vet Diagn  
Invest 24: 1151-1157.

Jin Y, Yang H, Ji W, Wu W, Chen S, Zhang W, Duan G (2020) 
Virology, epidemiology, pathogenesis, and control of 
COVID-19. Viruses 12: 372.

Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, 
Azman AS, Reich NG, Lessler J (2020) The incubation  
period of coronavirus disease 2019 (COVID-19) from pub-
licly reported confirmed cases: estimation and application. 
Ann Intern Med 172: 577-582.



579Expression of water-soluble nucleocapsid protein of SARS-CoV-2 ...

Leung NH (2021) Transmissibility and transmission of respira-
tory viruses. Nat Rev Microbiol 19: 528-545.

Liao M, Yan J, Wang X, Qian H, Wang C, Xu D, Wang B,  
Yang B, Liu S, Zhou M, Gao Q, Zhou Q, Luo J, Li Z, Liu W 
(2020) Development and clinical application of a rapid 
SARS-CoV-2 antibody test strip: A multi-center assessment 
across China. J Clin Lab Anal 35: e23619.

Liu P, Zong Y, Jiang S, Jiao Y, Yu X (2021) Development  
of a nucleocapsid protein-based ELISA for detection  
of human IgM and IgG antibodies to SARS-CoV-2. ACS 
Omega 6: 9667-9671.

Lv Y, Ma Y, Si Y, Zhu X, Zhang L, Feng H, Tian D, Liao Y,  
Liu T, Lu H, Ling Y (2021) Rapid SARS-CoV-2 antigen  
detection potentiates early diagnosis of COVID-19 disease. 
Biosci Trends 15: 93-99.

Mak GC, Cheng PK, Lau SS, Wong KK, Lau CS, Lam ET,  
Chan RC, Tsang DN (2020) Evaluation of rapid antigen  
test for detection of SARS-CoV-2 virus. J Clin Virol  
129: 104500.

Malik YA (2020) Properties of coronavirus and SARS-CoV-2. 
Malays J Pathol 42: 3-11.

Meyer NJ, Gattinoni L, Calfee CS (2021) Acute respiratory  
distress syndrome. Lancet 398: 622-637.

Okba NM, Müller MA, Li W, Wang C, GeurtsvanKessel CH, 
Corman VM, Lamers MM, Sikkema RS, de Bruin E,  
Chandler FD, Yazdanpanah Y, Hingrat QL, Descamps D, 
Houhou-Fidouh N, Reusken CB, Bosch BJ, Drosten C, 
Koopmans MP, Haagmans BL (2020) Severe acute respira-
tory syndrome coronavirus 2-specific antibody responses  
in coronavirus disease patients. Emerg Infect Dis  
26: 1478-1488.

Rump A, Risti R, Kristal ML, Reut J, Syritski V, Lookene A, 
Boudinot SR (2021) Dual ELISA using SARS-CoV-2  
nucleocapsid protein produced in E. coli and CHO cells  

reveals epitope masking by N-glycosylation. Biochem  
Biophys Res Commun 534: 457-460.

Singh A, Upadhyay V, Upadhyay AK, Singh SM, Panda AK 
(2015) Protein recovery from inclusion bodies of Esche- 
richia coli using mild solubilization process. Microb Cell 
Fact 14: 41.

Tian Y, Zhang G, Liu H, Ding P, Jia R, Zhou J, Chen Y, Qi Y,  
Du J, Liang C, Zhu X, Wang A (2022) Screening and identi-
fication of B cell epitope of the nucleocapsid protein  
in SARS-CoV-2 using the monoclonal antibodies. Appl  
Microbiol Biotechnol 106: 1151-1164.

Vashisht K, Goyal B, Pasupureddy R, Na BK, Shin HJ, Sahu D, 
De S, Chakraborti S, Pandey KC (2023) Exploring the  
immunodominant epitopes of SARS-CoV-2 nucleocapsid 
protein as exposure biomarker. Cureus 15: e34827.

Wang Y, Liu X, Tao L, Xu P, Gao X, Li H, Yang Z, Wu W (2017) 
Expression and immunogenicity of VP40 protein  
of ZEBOV. Arch Iran Med 20: 246-250.

Wang YB, Li YH, Li QM, Xie WT, Guo CL, Guo JQ, Deng RG, 
Zhang GP (2019) Development of a blocking immunoper-
oxidase monolayer assay for differentiation between  
pseudorabies virus-infected and vaccinated animals. Pol  
J Vet Sci 44: 717-723.

Zeng W, Liu G, Ma H, Zhao D, Yang Y, Liu M, Mohammed A, 
Zhao C, Yang Y, Xie J, Ding C, Ma X, Weng J, Gao Y, He H, 
Jin T (2020) Biochemical characterization of SARS-CoV-2 
nucleocapsid protein. Biochem Biophys Res Commun  
527: 618-623.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, 
Zhu Y, Li B, Huang CL, Chen HD, Chen J, Luo Y, Guo H, 
Jiang RD, Liu MQ, Chen Y, Shen XR, Wang X, Zheng XS, 
Zhao K, Chen QJ, Deng F, Liu LL, Yan B, Zhan FX,  
Wang YY, Xiao GF, Shi ZL (2020) A pneumonia outbreak 
associated with a new coronavirus of probable bat origin. 
Nature 579: 270-273.


