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Abstract

Coronavirus 2019 (COVID-19) is a global concern for public health. Thus, early
and accurate diagnosis is a critical step in management of this infectious disease.
Currently, RT-PCR is routine diagnosis test for COVID-19, but it has some limi-
tations and false negative results. enzyme-linked immunosorbent assay (ELISA)
against SARS-CoV-2 antigens seems to be an appropriate approach for serodiag-
nosis of COVID-19. In the current study, an ELISA system, using a recombinant
nucleocapsid (N) protein, was developed for the detection of IgM and IgG anti-
bodies to SARS-CoV-2. The related protein was expressed, purified, and used in
an ELISA system. Sera samples (67) for COVID-19 patients, as well as sera sam-
ples from healthy volunteers (112), along with sera samples from non-COVID-19
patients were examined by the ELISA system. The expression and purity of the
recombinant N protein were approved by SDS-PAGE and Western blotting. The

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; LKR, linker region; 1FN, type-1 interferon; ELISA, enzyme-linked
immunosorbent assay; HRP, horseradish peroxidase; DAB, 3, 3’-diaminobenzidine tetrahydrochloride; TMB, 3, 3/, 5, 5'-Tetramethylbenzidine.
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1 | INTRODUCTION

At the end of 2019, several cases of unknown respira-
tory disease with symptoms of bronchitis were reported
in Wuhan, China.2 A few weeks later, the cause of this
disease identified as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2).®> The disease spread to 122
countries by March 14, 2020. The recent coronavirus 2019
(COVID-19) outbreak has been classified as Public Health
Emergency of International Concern.* SARS-CoV-2 is an
enveloped, positive-stranded RNA virus and it infects the
human respiratory system.” SARS-CoV-2 is structurally
similar to SARS-CoV. SARS-CoV-2 contains four basic pro-
teins comprising spike (S), membrane (M), envelope (E),
and nucleocapsid (N).° Each of these proteins has a unique
role. M and E proteins are essential for virus assembly,’
whereas the S protein is required for virus binding to the
ACE?2 receptor on host cell.® Protein N is one of the impor-
tant structural proteins of the virus and is involved in the
transcription and translation of RNA and its packing in the
virus envelope.’

N protein has 422 amino acids, and based on bioinfor-
matics studies, it is divided into three domains: the two
independent structural domains, the N-terminus and the
C-terminus, are separated by the disordered central region.
The N-terminal and C-terminal domains are believed to
play a key role in the association of this protein with other
proteins.'” A number of recent studies indicate that the C-
terminal of this protein in SARS-CoV is involved in protein
oligomerization. Structural studies show that the RNA-
binding domain comprises between amino acids 45 and
181, which is near the N-terminal end.!! The N-terminal
domain of this protein interacts with the 3’ side of the
virus RNA, which in this interaction is probably electro-
static. The N-terminal and C-terminal interface region is
also called the linker region.'>!

In virus-infected cells, the N protein in SARS-CoV is
predominantly in the cytoplasm. Functionally, although N
protein is not essential for envelope formation, it plays a
key role in the formation of complete virions.'* Moreover,

sensitivity of ELISA system was 91.04 and 92.53% for the detection of IgG and IgM
antibodies, respectively. Moreover, the specificity of the developed ELISA system
for IgG and IgM were 98.21 and 97.32%, respectively. Our developed ELISA system
showed satisfactory sensitivity and specificity for the detection of antiSARS-CoV-
2 IgM and IgG antibodies and could be used as a complementary approach for
proper diagnosis of COVID-19.

antibodies, COVID-19, ELISA, nucleocapsid, recombinant, SARS-CoV-2

there are many studies showing that N protein is essential
for optimal coronavirus replication.”® The involvement of
N protein in the early stages of virion synthesis involves
two steps: first, the N protein in SARS-CoV is located at
the site of the replicase enzyme; and second, the induction
of infection depends on N protein translocation.'® On the
one hand, this protein also plays a role in the pathogene-
sis of the virus as it inhibits type-1 interferon (1IFN) syn-
thesis in SARS-CoV and on the other hand, the C-terminal
domain is known as the 1IFN induction antagonist. Thus,
inhibition of the IFN response seems to be involved in the
pathogenesis of SARS-CoV."”

At present, one of the main challenges in the diagnosis
of COVID-19 is the early diagnosis of the disease, as timely
diagnosis leads to timely treatment and prevention of fur-
ther transmission of the disease.!8 Currently, several dif-
ferent methods are available for the diagnosis of COVID-
19. One of the most important methods is real-time PCR in
which samples are taken from the lower part of the respi-
ratory tract. Low sensitivity and difficulty of sample prepa-
ration are the main drawbacks of this method."” In this
regard, finding a suitable, cheap, and fast method is nec-
essary. One of these serological methods is enzyme-linked
immunosorbent assay (ELISA), which is mainly based on
the detection of antibodies produced against SARS-CoV-2
in the patient’s serum.?’

Previous studies showed that specific IgM and IgG anti-
bodies against N and S proteins of SARS-CoV-2 virus are
produced in patient’s after symptom onset.”! IgM and IgG
antibodies against N and S proteins are detectable in 75% of
non-ICU patients during the first week of symptom onset
and reaches 94.7 and 100% during the second and third
weeks after.”” N protein is appropriate for early detection of
COVID-19 due to its high immunogenicity and aggregation
in the cells before packaging in which specific antibodies
against N protein are detectable in the serum after 4 days
of symptom onset.?!

The current study aimed to develop an ELISA system,
using a recombinant N protein, for the detection of IgM
and IgG antibodies to SARS-CoV-2.
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2 | MATERIALS AND METHODS

2.1 | Serum samples

Serum samples were collected from 67 RT-PCR confirmed
SARS-COV-19-infected patients admitted in University
Affiliated Hospital in Shiraz, Fars Province, Iran. All of the
patients had symptoms of COVID-19 with positive chest
CT scan. The patients were divided into four groups, based
on the day’s post symptoms onset, day 0-7, day 8-14, day
15-21, and >22 day. Moreover, 112 negative serum sam-
ples were obtained from healthy volunteer serving as con-
trols. Also, 30 serum samples from patients with parasitic
or viral diseases, other than SARS-CoV-2, were included
to a assess no possibly cross-reactivity of antibodies. These
samples included EBV acute (3n), Influenza (2n), Rubella
acute (3n), Lupus (3n), CMV acute (3n), Toxocara (3n),
Toxoplasma gondii (3n), Fasciola hepatica (3n), fever of
unknown origin (FUO) (1n), Plasmodium falciparum (3n),
and HCV acute (3n). All sera samples were heated at 65°C
for 30 min to inactivate any potential live viruses and were
then stored at —70°C until use.

2.2 | Vector designing and construction
In the present study, the coding sequence of one of the
SARS-CoV-2 proteins, N protein, was cloned into the Ncol
and Xhol sites of the pET28a expression vector, using the
following procedure. At first, the amino acid sequence
of N protein (code: PODTC9) was obtained from Uniprot
specific database for COVID-19 (https://covid-19.uniprot.
org/). Then, the sequence was submitted into GenScript for
gene optimization to improve the efficiency of gene expres-
sion in Escherichia coli and was then synthesized in pET28a
expression cloning vector (Biomatik, Canada). Chemically
competent E. coli DH5a cells were then transformed with
the recombinant plasmids. Finally, the transformed bacte-
ria were selected and after plasmid extraction, the recom-
binant plasmids were verified by colony PCR, restriction
enzyme digestion, and nucleic acid sequencing.

2.3 | Protein expression and purification

The confirmed recombinant N plasmids were extracted
and transformed into E. coli BL21 (DE3) cells. Bacteria har-
boring the recombinant pET28a (+) were grown in Luria
Bertani broth supplemented with kanamycin, and agitated
(180 rpm) at 37°C for an additional 6 h. The protein expres-
sion was then induced by adding 1 mM isopropyl-3-D-

thiogalactopyranoside when the ODgq reached 0.6. Cells
were then harvested at 5000xg, at 4°C for 15 min.

The harvested bacteria were lysed under the denatur-
ing (8 M urea, 50 mM NaH,PO,, 300 mM NaCl, 10 mM
imidazole) conditions. The pellets were then sonicated
(five cycles of sonication at 55% amplitude for 15 s and
intervals of 15 s) on ice to disrupt the bacteria and the
resulting lysates were centrifuged at 10,000xg, at 4°C for
30 min. The supernatants were collected and applied into
a Ni-NTA column for purification of His-tagged proteins
according to the manufacturer’s instructions. To renature
the protein, the recombinant eluted protein was trans-
ferred into a dialysis tubes (Sigma) and dialyzed using urea
supplemented refolding buffer (Tris/phosphate) at 4°C
for 24 h. Refolding process was performed using refold-
ing buffer (10 mM Tris, 100 mM sodium phosphate, and
150 mM NaCl, pH 8.0) that its concentration of urea was
decreased gradually in every step from 8 to 6 and to 4 and
then to 2 and 0 M.

2.4 | SDS-PAGE and Western blotting
analysis

The purified recombinant proteins were analyzed by SDS-
PAGE and Western blotting to evaluate their purity and
identity. For SDS-PAGE analysis, the protein fractions were
mixed with the loading buffer (0.5 M Tris—-HCL [pH 6.8],
SDS 10%, glycerol, bromophenol blue, DTT), heated for
10 min at 95°C, and electrophoresed on a 12.5% poly acry-
lamide gel (180 min, 95 V). The band staining was per-
formed, using Coomassie Brilliant Blue dye (BioRad, UK).
In direct and indirect Western blot analysis, 65 ng of
each purified recombinant protein was electrophoresed
on a 12.5% SDS-PAGE and the bands were transferred
onto a nitrocellulose membrane (BioRad, UK) (at 50 V,
overnight). The membranes were blocked in a blocking
buffer (5% skimmed milk dissolved in Tris-buffered saline
with 0.05% Tween 20) for 12 h at 4°C. After three rounds
of washing with TBST, in indirect Western blot analy-
sis, the membrane was cut into two strips and were sep-
arately incubated with inactivated pool sera of patients
with confirmed SARS-CoV-2 (positive control) and pool
sera of healthy volunteers (negative controls) at a dilu-
tion of 1:100. Following 60 min of incubation at 37°C,
horseradish peroxidase-conjugated goat anti-human IgG
(Abcam; ab6858) and IgM (Abcam; ab97205) were added
to the membrane and the bands were then visualized by
adding 3, 3’-diaminobenzidine tetrahydrochloride (DAB).
On the other hand, in direct Western blot analysis, after
blocking and washing, the membrane was incubated at
4°C with conjugated anti-poly His antibody for 90 min,
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under shaking condition. DAB solution was used for visu-
alizing the specific bands on the nitrocellulose membrane.

2.5 | ELISA

Ninety-six well ELISA microplates were coated (coating
buffer: 15 mM Na,COs3, 34 mM NaHCO; pH 9.6) with 100 ul
(5 ug/ml) of each purified recombinant protein at 4°C,
overnight. The coating buffer was washed out by adding
300 ul of PBST (PBS containing 0.0.5% Tween-20), and the
wells were then blocked by adding 100 ul of 5% nonfat
skimmed milk diluted in PBST, overnight at room tem-
perature (RT). In this section, serum dilution was opti-
mized. For optimization, the negative and positive sera
were diluted at 1:50, 1:100, 1:200, and 1:400. Then, 100 ul
(1:100 dilutions) of positive and negative sera were added
to each well and incubated for 60 min at RT. Following
the washing steps, 100 ul of anti-human IgG and IgM sec-
ondary antibodies (1: 20,000 and 1:10,000 dilutions, respec-
tively) were added to each well, and incubated for 1 h
at RT. 3,35,5-Tetramethylbenzidine solution (100 ul) was
added to the wells and kept for 15 min at RT in the dark
and the reaction was then stopped by adding 1 M H,SO,.
Finally, the optical density values were measured at 630
and 430 nm by microplate reader (BioTek, USA).

3 | RESULTS
3.1 | Construction, expression, and
purification of the recombinant antigens

The coding sequence of antigenic protein of SARS-CoV-2,
protein N (1248 bp) was successfully synthesized and the
pET 28a (+) expression vector was obtained. The results of
the colony PCR and restriction enzyme digestion showed
that the gene fragment was correctly inserted into the
expression vector. Moreover, nucleic acid sequencing con-
firmed the accuracy of the synthesis and cloning. The
majority of recombinant proteins with (His) 6-tagged were
in the insoluble form or inclusion bodies. Inclusion bodies
converted into solubilized form using 8 M urea. Proteins
expressed by pET28 a (+) were purified by Ni-NTA column
chromatography with the yield of 20 mg/ml. The molec-
ular size of the purified recombinant N protein was esti-
mated to be 42 kDa when expressed by pET 28a (+), (Fig-
ure 1(A)). Moreover, the Western blot analysis confirmed
the identity of N protein, as well as revealing the fact that
the produced recombinant protein can bind to the anti-
SARS-CoV-2 antibodies present in the sera of infected indi-
viduals (Figures 1(B) and 1(C)).

3.2 | ELISA development

The optimal serum dilution for this ELISA was 1:100 that
showed best result against different concentration of con-
jugates and coating antigens. Based on the determined
cut off (Cutoff(jeg, 1gm) = 0.8), our developed ELISA sys-
tem average sensitivity for the detection of anti-SARS-CoV-
2 IgG and IgM antibodies was 91.79%. Accordingly, the
specificity of the recombinant N antigen-based ELISA for
the detection of IgG and IgM antibodies were 98.21 and
97.32%, respectively. ELISA demonstrated high sensitivity
at the first week of symptoms onset (day 0-7) and reached
the highest (100%) sensitivity after 22 days of symptoms
onset. No cross-reactivity was detected with sera sample of
non-COVID-19 patients. Accurate results of our developed
ELISA system are shown in Table 1.

4 | DISCUSSION

These days people all around the world are struggling with
the COVID-19 pandemic. Despite the availability of sev-
eral valuable vaccine, due to the low speed of vaccina-
tion and the emergence of new variants, a large number
of people are being infecting every day. Early diagnosis is
essential to prevent disease transmission and for appro-
priate treatment Currently, qRT-PCR is the common tech-
nique to diagnose SARS-CoV-2 infection. However, due
to the unavailability of sufficient equipment and the high
rate of false negativity, which is usually linked to improper
sampling, application of this method in practice faced sev-
eral challenges. Because of these limitations and also the
importance of virus-specific IgM and IgG levels for diagno-
sis of the infection, researchers are working on serological
techniques to find specific antibodies against SARS-CoV-
2 and diagnose the disease.”” The recombinant technol-
ogy accelerates production of the proteins in large scales
by inexpensive approach and homogeneous quality.>*—°
One of the efficient serological test approaches is the
ELISA based on recombinant antigens to detect-specific
antibodies.*' %

In this regard, in the present study, we designed and
evaluated a recombinant nucleocapsid (rN) protein-based
ELISA system for the detection of specific IgM and IgG
antibodies against SARS-CoV-2. Evaluation of 67 sam-
ples of COVID-19 patients along with 112 negative sam-
ples, which were collected before the COVID-19 pandemic,
showed that the specificity and sensitivity of our rN-based
ELISA system for the detection of IgG antibodies against
SARS-CoV-2 are 98.21 and 91.04%, respectively. Also, the
specificity and sensitivity of this ELISA system for the
detection of IgM antibodies against SARS-CoV-2 are 97.32
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FIGURE 1

volunteers (Lane 1)

(A) SDS-PAGE analysis of the recombinant N protein expression and purification. Lane 1: molecular weight marker; Lanes 2,
3,4,5, 6,and 7 noninduced, induced, prewash, wash 1, wash 2, and elution with His-tag, respectively. (B) The membrane was incubated with
anti-His antibody to verify the identity of the N recombinant protein. Lane 1: size maker, Lane 2: protein incubated with anti-His tag. (C) The
membrane was cut into two strips and was separately incubated with sera of confirmed SARS-CoV-2 patients (Lane 3) and sera of healthy

TABLE 1 Sensitivity of the rN-ELISA system for the detection of anti-SARS-CoV-2 IgG and IgM antibodies
ls)yi;};SP f::: No. of IgG _ IgM _ 1gG and IgM _
Type of serum samples Positive Positive Positive
O Positives percent Positives percent Positives percent
COVID-19 0-7 3 3 100 3 100 6 100
patients
8-14 25 21 84 24 96 45 90
15-21 22 20 90.90 22 100 42 95.45
<22 17 17 100 13 76.47 30 88.23
Total - 67 61 91.04 62 92.53 123 91.79

and 92.53%, respectively. This level of sensitivity and speci-
ficity for an ELISA system for the detection of anti-SARS-
CoV-2 antibodies is satisfactory compared with the pre-
vious studies. It is worth mentioning that no significant
cross-reactivity was detected through the investigation of
30 samples of patients who were suffering from parasitic or
viral diseases. In line with our study, Liu et al.*’ reported a
sensitivity of 97.02 and 95.24%, for the detection of IgG and
IgM antibodies against SARS-CoV-2. Specificity of their
method for detecting both antibodies was reported to be
100%.

Another study that was conducted by Liu et al., on the
rN- and rS-based ELISAs for the detection of the specific
IgM and IgG antibodies against SARS-CoV-2, reported a
sensitivity of 70.1 and 68.2% for IgG and IgM, respectively,
which is lower than those reported in our study. The study
indicated that the sensitivity of rS-based ELISA is higher
than rN-based ELISA to detect IgM, which indicated the
importance of evaluation of more than one antigen for
diagnosis of this disease. Their designed ELISA based on
N protein in early days 0-6 after symptom onset detected

31.8,31.8, and 40.9% of positive cases for IgM, IgG, and com-
bination of both antibodies.?® In comparison with their
results, our N-based ELISA detected 100% of positive cases
for IgM, IgG, and their combination in 0-7 days after symp-
tom onset that is very critical for early diagnosis of COVID-
19 patients.

In another study, Roy et al.*® developed an ELISA test
that can detect and quantify IgA, IgM, and IgG antibodies
against the SARS-CoV-2 receptor binding domain (RBD).
According to their study, the specificity of IgG, IgA, and
IgM was 99.56, 96.55, and 96.98%, respectively. Also, the
reported sensitivity for these antibodies was 82.35, 94.12,
and 77.94% in order. In addition, this study showed that
the sensitivity of all these antibodies for more than 21 days
from symptoms onset was 100%, which is satisfactory.*

Indenbaum and her colleagues® who were working on
an in-house ELISA to detect the IgG, IgA, and IgM antibod-
ies against RBD were reporting a close rate of specificity to
Roy et al.’s study. According to their result, the specificity
of IgG, IgA, and IgM was 98, 98, and 100%, and the sensi-
tivity was 88, 80, and 47%, respectively.*
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In conclusion, the present study illustrated the impor-
tance of the rN-based ELISA technique as a screening
method for the diagnosis of COVID-19. It should be noted
that by reviewing previous studies, it seems that testing
more than one SARS-CoV-2 antigenic protein could lead to
more favorable results in diagnosis of COVID-19. Accord-
ingly, investigating other SARS-CoV-2 antigenic proteins
to find the best combination of antigens for development of
a high-performance ELISA system for diagnosis of COVID-
19 can be suggested.
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