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ABSTRACT

Introduction. The new coronavirus infection (COVID-19) agent SARS-CoV-2 has become widespread in the world and has caused the pandemic that started in 2019.
The virus is a zooanthroponotic infectious agent that causes infection in humans as well as in many mammal species. To date, SARS-CoV-2 has been reported both
in domestic and in wild animals. Moreover, successful experimental infection of certain animal species was reported during the studies. There is also the evidence
that infected animals can transmit the virus to other animals in natural settings through contact including virus transmission between animals of different species.
Currently, some researchers fear that SARS-CoV-2 may spread to mammalian species in the wild that will become a natural reservoir responsible for this infection
outbreaks in humans. Furthermore, the virus effect on potentially susceptible wild animal species, including endangered animal species, is currently not fully
understood. Therefore, the infection spread in wild animals requires further study. This requires highly sensitive and specific diagnostic methods. Enzyme-linked
immunosorbent assay (ELISA) using SARS-CoV-2 nucleocapsid protein as an antigen can be used for serological surveillance of the new coronavirus infection in
animals. Recombinant protein used as an antigen is the most preferable because of its safety.

Objective. The study was aimed at preparing highly concentrated recombinant SARS-CoV-2 nucleocapsid protein and testing it for antigenic activity and specificity.
Materials and methods. The following was used for the study: SARS-CoV-2, pQE plasmid, Escherichia coli IM109 strain. The following was performed: reverse
transcription and polymerase chain reaction, molecular cloning, recombinant protein synthesis, recombinant protein purification, indirect ELISA was used.
Results. Molecular cloning of SARS-CoV-2 N-gene was carried out using prokaryotic expression system. Escherichia coli clones producing 33 kDa recombinant
SARS-CoV-2 nucleocapsid protein were prepared. Optimal expression and purification conditions for highly concentrated antigen preparation were determined.
It was shown that optimal inducer concentration was 0.5 mM, optimal expression period was 4 hours. Urea at a concentration of 8 M as a denaturing agent and
optimal imidazole concentration of 0.4 Min the elution buffer were selected based on the results of study of optimal conditions for recombinant antigen purification.
Use of the optimal expression and purification procedure allowed us to prepare 1.5 mg of purified antigen from 100 mL of Escherichia coli culture. The recombinant
protein demonstrated its high antigenic activity and specificity when tested with indirect ELISA.

Conclusion. Preparation of highly concentrated recombinant SARS-CoV-2 nucleocapsid protein enables its further use as an antigen for ELISA test system for
detection of antibodies against SARS-CoV-2 nucleocapsid protein in animal sera.
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[lonyyeHne pekoMOUHAHTHOrO
HyKneokancuaHoro 6enka SARS-CoV-2

A. C. fikoBnesa, A. B. Kanblumna, A. M. Tumuna
OTBY «DepepanbHblil LieHTp oXpaHbl 350poBbA XMBOTHbIX» (OTBY «BHUN3XK»), Mkp. I0pbesew, . Bnagumup, 600901, Poccua

PE3IOME

BBepenue. Bo36yautens HoBoil kopoHaupycHoil nHdekumm (COVID-19) SARS-CoV-2 nonyuun wiupokoe pacnpocTpaHeHie B MUpe, CTaB NPUYNHOI NaHAEMIM,
KoTopas Hauanach B 2019 . Bupyc ABNAETCA 300aHTPONOHO3HBIM UH(EKLIMOHHBIM areHTOM, BbI3bIBAET MHOEKLMIO KaK Y YeN0BeKa, TaK 1y MHOTUX BUAOB MNeKo-
nuTatwux. K Hactoawemy BpemeHn metotca coobLueHna o Boiasnexnm SARS-CoV-2 y fomalLHInX KMBOTHDIX, @ TakXe Y NpeAcTaBuTeneil AKoi dayHbl. Kpome
T0r0, NPOBeAeHbI UCCNEA0BAHIA N0 YCMIELIHOMY JKCEPUMEHTabHOMY 3apaXeHnio HEKOTOPbIX BUAOB XIBOTHbIX. IMeloTcA Takxe AoKka3aTenbCTsa Toro, UTo
NHGULMPOBaHHbIE 0C0O1 MOTYT NepeaaBaTb BUPYC APYIVM XUBOTHBIM B eCTECTBEHHBIX YCIOBUAX NPU KOHTAKTe, B TOM Uncie MeXAy pa3HbiMi BUAamu. B Ha-
cToALLee Bpema pAj nccnegosateneil onacaetcs, uto SARS-CoV-2 pacnpocTpauTca Ha BUAbI MAEKOMUTAIOLMX B ANKOW NPUPOZE, KOTOPbIe CTaHYT NPUPOAHBIM
pe3epByapoM, UTo MOXET ObITb NPUYMHOI BCMbILLEK MHdEKLIMY B NONyAALMY Niodeil. lTpu 5ToM Bo3AelicTBUE BUPYCa Ha NOTEHLMANbHO BOCMPUMMUMBbIE BUAbI
KUBOTHBIX VIKOIA NPUPO/bI, B TOM UMCIe CYe3aloLLme, B HACTOALLee BpeMa 10 KOHLA He U3yyeHo. B cBA31 ¢ 3TuM HeobX0AUMOo NpoBOANTL UCCNeL0BaHNA
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110 U3yYeHWIo PacnpoCTpaHeHIa AaHHOI MHGEKLUM cpesin XKUBOTHBIX AUKOI dayHbl. [Ind 3T0ro TpebyloTcA BbICOKOUYBCTBUTENbHDBIE U CELMOUUHbIE AUarHO-
CTUYeckue MeToAbl. IMMyHOpepMeHTHBI aHanw3 ¢ NpUMeHeHem B KauecTBe aHTUreHa HykneokancuaHoro 6enka SARS-CoV-2 moxeT 6biTb MCMonb3oBaH AN
CeposIorNyeckoro Haa3opa 3a HoBOI KOPOHABMPYCHOI UHeKLMel cpean XMBOTHbIX. [IpuMeHeHNe B KauecTBe aHTUreHa pekoMOIHaHTHOTo benka ABNAeTCA
Haubonee npeanoYTUTENbHBIM C TOUKY 3peHna be30nacHoCTH.

Llenb nccnepoBaHus. Monyyenne pekombuHaHTHOro HykneokancugHoro 6enka SARS-CoV-2 B BbICOKOI! KOHLIEHTpaLUy 1 NPOBEepKa ero aHTUreHHO akTUBHOCTI
1 cneynduuHoCTI.

Marepuanbi u meTopbl. B pabote ucnonb3osanu: SARS-CoV-2, nnasmugy pQE, wramm Escherichia coli IM109; ocywecTBnAnv 06paTHYI0 TPaHCKpUILMIO 1 NOAN-
MepazHyIo LieMHyH peakLinio, MoneKkynApHoe KNOHNPOBaHIe, CHTe3 PeKOMOUHAHTHOTO 6eNlka, 04NCTKY peKOMOMHAHTHOTO Genka, IPUMeHANM HenpAMOIi BaphaHT
UMMYHOGEPMEHTHOTO aHaN3a.

PesynbTatbl. BoinonHeHo monekynapHoe knoHuposaHue N-reqa SARS-CoV-2 ¢ ncnonb3oBaHuem npoKapuoTuyeckoil cuctembl 3kenpecciu. Monyyebl KNOHbI
Escherichia coli, npogyuumpyloLLne pekombUHAHTHbIIA HykneokancuaHbii 6enok SARS-CoV-2 pasmepom 33 k/la. OnpeaeneHbl ONTUManbHble yYCI0BMA KCIpeccui
1 0YMCTKM, 0becneynBaloLLe NoyyeHe Npenapata aHTUreHa B BbICOKOI KOHLieHTpaLmu. [okasaHo, 4To ONTUManbHOI KOHLEHTpaLell UHAYKTOpa ABNAETCA
0,5 MM, onTumanbHblii nepuog skcnpeccun — 4 u. B peynbrate nccnefoBaHuA ONTUMANbHBIX YCOBMI 0UMCTKIN PeKOMOUHAHTHOTO aHTUTeHa B KauecTBe fie-
HaTypupylLLero areHTa onpeAeneHa MoyeByHa B KoHLeHTpauuu 8 M, nogobpaHa onTumanbHaa KoHLeHTpauua umugasona — 0,4 M B antoupyiotem bydepe.
lcnonb3oBaHue onTUMANbHOI CXeMbl SKCNPECCHiA U QUUCTKI MO3BONMA0 NOoNyYuTh 1,5 Mr ounLeHHoro aHTureHa ¢ 100 M KynbTypbl Escherichia coli. Tlokasaxa
BbICOKAA AHTUreHHaA aKTUBHOCTb 1 CneLdUUHOCTb peKoMOUHAHTHOrO Genka B HenpAMOM BapuaHTe MMMYHOGEPMEHTHOrO aHanu3a.

3aKnioueHue. lTonyueHne pekombUHaHTHOrO HykneokancuaHoro 6enka SARS-CoV-2 B BbICOKOI KOHLEHTpaLMM MO3BOAUT B NEPCNeKTUBE UCNOb30BATb €ro
B KauecTBe aHTUreHa npy pa3paboTke UMMYHODEPMEHTHOI TeCT-CUCTEMbI NA BbIABNEHNA aHTUTEN K HyKneokancugHomy 6enky SARS-CoV-2 B cbiBopoTKax
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KPOBU XMBOTHbIX.
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INTRODUCTION

The new coronavirus (SARS-CoV-2) caused a pandemic
of acute respiratory infection that swept the world and
led to the deaths of several million people [1]. The in-
fected person can develop either asymptomatic disease
or severe pneumonia resulting in death in case of total
lung damage. SARS-CoV-2 is an enveloped single-stran-
ded RNA-containing virus of the Coronaviridae family,
Betacoronavirus genus. The virus virion has characteristic
crown-like appearance with spike (S), membrane (M) and
envelope (E) proteins located in a two-layer phospholipid
envelope. The new coronavirus has 30 kb RNA genome
encoding 16 non-structural proteins and 4 main structural
proteins: spike (S), membrane (M), envelope (E), and nu-
cleocapsid (N) [2].

Besides humans, SARS-CoV-2 is capable of infecting
many mammalian species [2, 3, 4, 5, 6, 7, 8,9, 10]. Ac-
cording to the World Organization for Animal Health
(WOAH), the new coronavirus was detected in cats,
dogs, rodents (hamsters), minks and ferrets, zoo animals
(monkeys, tigers, lions, cougars, etc.), deer, foxes, horses.
Since the beginning of the pandemic, 35 countries have
reported SARS-CoV-2 in animals according to data given
in the review prepared by the Rosselkhoznadzor Informa-
tion Analysis Center [11].

Currently, it is found that the virus can be transmitted
from one animal species to another, from humans to ani-
mals, and from animals to humans [12,13,14,15,16,17, 18].

In May 2023, the World Health Organization has an-
nounced the end of the pandemic, but some groups of
scientists consider this announcement premature. They
suggest that the virus could pose a threat to public
health for decades. Even if the virus circulation in the hu-
man population is completely eliminated, SARS-CoV-2
will pose a danger to human health and domestic
and wild animal health due to hidden reservoirs in
the wild [13, 19, 20].

Some animal species could play the role of a natural
reservoir of this virus. Serological monitoring for the new
coronavirus infection in domestic and wild animal popu-
lations is carried out in some countries to study this pos-
sibility. For example, in France, more than 5,600 serum
samples from cats and dogs were tested for antibodies
to SARS-CoV-2, and in China, more than 20,000 samples
from these two animal species were tested. Seromonitor-
ing of the new coronavirus infection in wild fauna is active-
ly carried out in the USA. High seroprevalence has been
found in raccoons, squirrels, red foxes, opossums, skunks,
white-footed mice, and white-tailed deer [21, 22, 23].

Investigation of SARS-CoV-2 spread in wild and domes-
tic animals requires appropriate diagnostic tools. In 2021,
enzyme-linked immunosorbent assay (ELISA) test-system
for detection of antibodies to SARS-CoV-2 in animal sera
was developed at the Federal Centre for Animal Health [24].
Inactivated coronavirus is used as an antigen in this
test-system. However, the virus cultivation is required for
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the preparation of such antigen that is associated with
a high biological risk. Recombinant SARS-CoV-2 proteins
produced in prokaryotic or eukaryotic expression systems
can be a safer alternative to the antigen prepared from
the native virus. Previously, the nucleocapsid protein was
shown to be the most immunogenic SARS-CoV-2 protein
having conserved amino acids [25, 26].

The study was aimed at preparation of recombinant
SARS-CoV-2 nucleocapsid protein for further use as an
antigen for ELISA test-system.

MATERIALS AND METHODS

Virus. Clinical samples (nasal swabs) from the patient
with confirmed COVID-19 were used for SARS-CoV-2 RNA
extraction.

The viral RNA was recovered using GF/F glass fiber fil-
ters according to O. G. Gribanov et al. method [27].

Reverse transcription polymerase chain reaction
(RT-PCR). SARS-CoV-2 N-gene was amplified with RT-PCR.
The RT-PCR products were analyzed with agarose gel-elec-
trophoresis at 50 MA using 1.5% agarose gel containing
0.001% ethidium bromide.

Molecular cloning of RT-PCR products was performed
with common methods [28]. Also, pQE plasmid (plas-
mid QIAGEN, Netherlands), Escherichia coli JM109 strain
(Promega, USA) were used.

Recombinant protein synthesis. E. coli was cultivated
in orbital shaker at 150 rpm and 37 °C. Isopropyl-3-D-1-thio-
galactopyranoside (IPTG) was added to the cell culture that
reached the logarithmic growth phase. Recombinant pro-
tein was analysed using sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE).

Recombinant protein was purified with metal-chelate
affinity chromatography using Ni-NTA-agarose (Thermo
Fisher Scientific, CLLA).

Indirect enzyme-linked immunosorbent assay (ELISA) was
carried out using Tris buffered saline with Tween 20 (TBS-T)
for plate washing. 1% milk in TBS-T was used for block-
ing nonspecific binding sites and for dilution of sera and
secondary antibodies. Protein A conjugate (KPL Company,
Italy) was used for tests; ABTS (2,2-azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) was used as a substrate for
peroxidase conjugate.

RESULTS AND DISCUSSION

The fragment of N-gene of SARS-CoV-2 was amplified
by RT-PCR using primers containing the BamHI and Sall
restriction sites.

The pQE plasmid and the gene fragment were digested
with restriction enzymes. A ligase mix containing the trea-
ted amplicon and plasmid vector were transformed into
chemically competent cells of E. coli strain JM109. The cell
pellet was spread on LB-agar containing 100 pg/mL of am-
picillin. After transformation, the resulting colonies were
screened and several E. coli clones expressing the recombi-
nant SARS-CoV-2 nucleocapsid protein containing a poly-
histidine tag at the N-terminus were selected. The molec-
ular weight of the protein was 33 kDa that corresponded
to the estimated data.

To increase the concentration of recombinant protein
expressed in the selected E. coli clone, the optimal concen-
tration of the inducer and the optimal expression period
ensuring maximum protein accumulation in bacterial cells
were determined.

Solutions of 0.1, 0.2, 0.5, and 1.0 mM IPTG were used
to determine the optimal concentration of the inducer.
The protein expression level was determined visually in
12% SDS-PAGE. The accumulation of recombinant protein
reached a peak at an IPTG concentration of 0.5 mM and
did not change when the inducer concentration was in-
creased by twofold. The concentration of 0.5 mM was de-
termined as optimal, and subsequently all expression runs
were carried out using this inducer concentration.

To determine the optimal period of recombinant pro-
tein expression, E. coli cell lysate was examined 2, 4, and
18 hours after induction. The protein accumulation level
was analyzed with 12% polyacrylamide gel electrophore-
sis. The maximum level of recombinant protein expression
was observed 4 hours after adding of the inducer (Fig. 1).
The protein amount was lower 18 hours after induction
that may be accounted for its destruction during long-
term E. coli cultivation. Thus, the optimal time for recombi-
nant protein synthesis was considered to be 4 hours after
induction.

The recombinant protein was purified with metal che-
late chromatography. When cell lysate was prepared un-
der native conditions, the most of the protein remained
in the cellular debris, so further lysis was carried out under
denaturing conditions.

To prepare purified protein at maximum concentration,
studies were carried out to determine the optimal compo-
sition of lysis and elution buffers.

The following was included in the buffer composi-
tion: 8 M urea - for lysis buffer No. 1, and 6 M guanidine

marker_ 1 2 3 4 5 6 marker

Fig. 1. Determination of optimal period of recombinant
SARS-CoV-2 nucleocapsid protein expression:
protein molecular weight marker

(170, 130, 95, 72, 55,43, 34, 26, 17, 10 kDa);
1—E. coli JM109 cell lysate;

2 - cell lysate of SARS-CoV-2 N-gene-containing
E. coli clone, 18 hours after incubation;

3 - cell lysate of SARS-CoV-2 N-gene-containing
E. coli clone, before induction;

4 - cell lysate of SARS-CoV-2 N-gene-containing
E. coli clone, 2 hours after induction;

5 cell lysate of SARS-CoV-2 N-gene-containing
E. coli clone, 4 hours after induction;

6 — cell lysate of SARS-CoV-2 N-gene-containing
E. coli clone, 18 hours after induction
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Fig. 2. Effect of lysing buffer composition

on purified recombinant SARS-CoV-2 nucleocapsid protein
solubility and yield:

1 - cell lysate of recombinant E. coli clone,

4 hours after induction;

2 - sediment of recombinant protein-expressing cells after
treatment with lysis buffer No. 1 containing 8 M urea;

3 - purified recombinant protein when denaturing buffer
containing 8 M urea was used;

4 - sediment of recombinant protein-expressing cells after
treatment with lysis buffer No. 2 containing 6 M Gu-HCl;

5 - purified recombinant protein when denaturing buffer
containing 6 M Gu-HCl was used

hydrochloride (Gu-HCl) - for lysis buffer No. 2. Under
denaturing conditions, most of the protein was cleared
from cellular debris by centrifugation. The protein yield
was approximately the same when both 8 M urea and 6 M

Fig. 3. Effect of elution buffer composition

on purified recombinant

SARS-CoV-2 nucleocapsid protein yield:

1 - cell lysate of recombinant E. coli clone,

4 hours after induction;

2 - purified recombinant protein when buffer A was used;
3 - purified recombinant protein when buffer B was used;
4 - purified recombinant protein when buffer C was used;
5 - purified recombinant protein when buffer D was used
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GuHCl were used (Fig. 2). It was decided to use 8 M urea as
a denaturing agent.

Cell lysate was purified by metal chelate chromatog-
raphy using Ni-NTA (nickel-nitrile acetate) agarose. Four
buffer variants were used for N-protein elution: buffer A
(8 M urea, 0.1 M Na,HPO,, 0.01 M tris-Cl, pH 4.0), buffer B
(8 M urea, 0.1 M Na,HPO,, 0.01 M tris-Cl, 0.2 M imidazole,
pH 8.0), buffer C (8 M urea, 0.1 M Na,HPO,, 0.01 M tris-
Cl, 0.4 M imidazole, pH 8.0), buffer D (8 M urea, 0.1 M
Na,HPO,, 0.01 M tris-Cl, 0.5 M imidazole, pH 8.0). The pro-
tein concentration in each eluate was assessed visually
based on electrophoregram. The highest concentration
of recombinant protein was found in the eluate derived
using buffer C (Fig. 3). Thus, the maximum yield of puri-
fied N-protein was achieved by denaturation using buffer
containing 8 M urea and elution using buffer containing
0.4 M imidazole.

During experiments for optimization of expression
and purification conditions, the following scheme for
recombinant SARS-CoV-2 nucleocapsid protein prepara-
tion was determined. One milliliters of recombinant E. coli
clone cell suspension collected after overnight incuba-
tion was added to 0.1 L of LB medium supplemented with
100 pg/mL of ampicillin and incubated 37 °C at 150 rpm,
until a density of OD,, = 0.5 was reached. For induction
IPTG was added to a final concentration of 0.5 mM and
the culture was incubated for another 4 hours at 37 °Cand
150 rpm. The cell suspension was clarified at 5,000 rpm for
15 min. The pellet was resuspended with 5 mL of lysis buf-
fer containing 8 M urea. The cellular debris was removed
by centrifugation at 12,000 rpm for 5 min.The supernatant
was used for metal chelate chromatography. The clarified
lysate was mixed with 1 mL of sorbent (Ni-NTA agarose)
for 15 min, then the resulting suspension was centrifuged
at 12,000 rpm for 1 min. The pellet was washed twice with

3 marker

marker 1 2

Fig. 4. Assessment of recombinant SARS-CoV-2
nucleocapsid protein size and purification level:
protein molecular weight marker

(170, 130, 95, 72, 55, 43, 34, 26, 17, 10 kDa);

1 - cell lysate of recombinant E. coli clone
before induction;

2 - cell lysate of recombinant E. coli clone,

4 hours after induction;

3 - purified recombinant protein
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Table

Results of tests of recombinant SARS-CoV-2 nudleocapsid protein for its antigenic activity with indirect ELISA

Control serum dilution

ELISA OD value of controls

= +CNo. 1 +CNo.2 +CNo. 3
1:20 0.094 2.552 2.839 3.102
1:40 0.092 1.170 2.712 3.054
1:80 0.083 1.91 2.628 2.995
1:160 0.081 1.261 2.240 2.803
1:320 0.078 0.753 1.717 2.420
1:640 0.078 0.466 1.181 1.899
1:1,280 0.077 0.266 0.693 1.293
1:2,560 0.070 0.182 0.422 0.849

a lysis buffer. Elution was performed by adding 1 mL of elu-
tion buffer containing 0.4 M imidazole to the pellet, the pel-
let was stirred for 1 min, then centrifuged at 12,000 rpm
for 1 min. The supernatant was tested for recombinant
protein. The 12% polyacrylamide gel electrophoresis was
performed to assess the degree of purification and the size
of the resulting protein (Fig. 4). The protein concentration
was measured by Bradford assay.

Optimization of parameters of recombinant SARS-CoV-2
nucleocapsid protein expression and purification allowed
for preparation of highly concentrated protein. The yield
of purified protein from 100 mL of E. coli culture was 1.5 mg.

The recombinant SARS-CoV-2 nucleocapsid protein
was tested for its antigenic activity in indirect ELISA us-
ing control rabbit sera. For this purpose, the recombinant
protein diluted to 1:800 with carbonate-bicarbonate buf-
fer was added to ELISA plate wells and the plate was in-
cubated overnight. After blocking of non-specific binding
sites and subsequent washing, control rabbit sera diluted
from 1:20 to 1:2,560 were added to the plate wells. Sera
from three rabbits immunized with the SARS-CoV-2 (+C)
antigen were used as a positive control, and serum from
non-immunized rabbit (-C) was used as a negative control.
Sera were removed after 1 hour, the plate was washed, and
protein A peroxidase conjugate was added. After another
1 hour, the plates were washed and ABTS substrate was
added for reaction visualization. ELISA results are shown
in the Table.

The studies showed that the recombinant nucleocap-
sid protein demonstrated high antigenic activity against
positive control sera and absence of nonspecific binding
with negative control serum.

CONCLUSION

The molecular cloning of the gene encoding
the SARS-CoV-2 nucleocapsid protein was performed us-
ing a prokaryotic expression system.

E. coli clones expressing recombinant nucleocapsid
protein were prepared.

The expression and purification conditions ensuring
a high yield of purified antigen were determined.

Indirect ELISA test results have shown that prepared
recombinant protein has high antigenic activity and can
be used for detection of antibodies against SARS-CoV-2
in animal sera.
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