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ABSTRACT
Rabies is controlled by mass animal vaccination campaigns. Cats, dogs, and wild animals (e.g., bats) are large reservoirs 

of this virus and can pose a significant threat to the human health, especially in the developing countries. The nucleoprotein 
of the rabies virus is of great scientific interest since it has the potential to generate immunity in animals and can be used as 
for immunochemical diagnostics. The study aimed to test a large-scale expression of the rabies N protein in a prokaryotic 
system. The recombinant N protein was successfully expressed and purified. It was immunologically recognized by specific 
antibodies and was able to induce the production of specific antibodies in a mouse immunization assay. These encouraging 
results indicate that the recombinant N protein can be evaluated as an antigen for the development of a subunit vaccine or 
for a diagnostic assay.
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INTRODUCTION

Rabies is one of the oldest viral diseases 
recorded in the world causing a fatal form of 
encephalomyelitis in humans and animals when no 
treatment is administered. The existence of large 
reservoirs of rabies viruses in stray dogs and a lot of 
wild animal species, such as bats, is a serious health 
problem for humans and domestic animals (1).

Rabies is currently controlled through mass 
animal vaccination campaigns and reduction of 
the stray animal population through a program for 
the rescue and responsible adoption of stray dogs 

and cats (2). Vaccination is achieved by means 
of different commercial vaccines developed for 
human and veterinary medicine.

Vaccines can be produced in nervous tissue 
and cell culture (3). The production of biological 
subunit vaccines for rabies virus could be achieved 
under low biosafety level and could reduce the risk 
of infection for people who work with this highly-
deadly virus (4). 

The rabies virus belongs to the genus 
Lyssavirus within the family Rhabdoviridae. 
This virus has a negative-sense single-stranded 
ribonucleic acid (RNA) genome which encodes five 
proteins in the following order: nucleoprotein (N), 
phosphoprotein, matrix protein, glycoprotein (G), 
and RNA-dependent RNA polymerase (5, 6).

The N protein of the Pasteur strain rabies virus 
contains 450 amino acids and has approximate 
size of 51 kDa (7). It can generate immunity 
against rabies virus when administered to animals 
(8). This protein is the main target for T-helper 
lymphocytes (9) and has several characteristics 
that make it function as an exogenous superantigen 
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(10). The N protein is useful as viral antigen 
for immunochemical diagnostics of the rabies 
infection. Also, the antibodies produced by viral 
antigens have been used as diagnostic reagents 
to distinguish between rabies and rabies-related 
viruses (11). The expression and cloning in E. coli 
has a significant advantage in yields and purity (12). 
The study aimed to test a large-scale expression of 
the rabies virus N protein in bacterial system for the 
potential use as antigen and/or immunogen design.

MATERIAL AND METHODS

Strains 
The CVS strain of the rabies virus, provided by 

the Instituto Biológico Dr. Tomás Perón of La Plata, 
Buenos Aires, Argentina, was used for the extraction 
of viral RNA and for western blot assays. The  
pQE-30 UA vector (Qiagen, Germany) was used for 
cloning and expression of N protein in E. coli strain 
M15 (Qiagen, Germany). This vector presents a His-
tag at the N-terminus to facilitate the purification 
of the proteins of interest. The Luria Bertani (LB) 
medium with 100 µg/ml of ampicillin and 25 µg/ml  
of kanamycin was used for the screening of  
E. coli colonies transformed with the pQE-30 vector 
containing the N gene (pQE-30-N) and for the 
expression of the N protein in E. coli (with Isopropyl 
ß-D-1-thiogalactopyranoside, IPTG, 1 mM).

Primer design and amplification of the N gene 
by RT-PCR

To amplify a segment of the N gene, a set of 
primers were designed from a multiple alignment 
with several sequences of the rabies virus obtained by 
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
In the design, the cleavage sites with the restriction 
enzymes BamHI and HindIII were added in forward  
(NF: GTCTCGAGGATCCATGGATGCCGACAA) and  
reverse (NR: CGGAAGCTTATGAGTCACTCGAATATG)  
primers, respectively. After RNA extraction of the 
CVS strain of rabies virus, the reverse transcription 
(RT) reaction was carried out with the reverse 
transcriptase enzyme of the Moloney Murine 
Leukemia virus (MMLV) (Promega, USA). The 
PCR reaction was carried out using cDNA, the NF 
and NR designed primers, and the high-fidelity 
enzyme Platinum SuperFi DNA Polymerase 
(Invitrogen, USA). The reaction was carried out 
under the following thermal cycling conditions: 94 °C  
for 3 min of initial denaturation; 94 °C for 45 s, 
60 °C for 45 s, and 72 °C for 1.5 min (30 cycles); 
and a final extension of 10 min at 72 °C. In order 

to confirm the amplification of the N gene, an 
electrophoresis on a 1.5% agarose gel with 10 μl of 
the PCR product was carried out.

Ligation of the N gene in the pQE-30 vector and 
E. coli transformation

The N gene and pQE-30 vector were digested 
with the restriction enzymes BamHI and HindIII 
(Promega, USA). The ligation was carried 
out following the protocol described for the 
ExpressLink ™ T4 DNA Ligase kit (Invitrogen, 
USA). This ligation mixture was used to transform 
electrocompetent bacteria (E. coli M15) by 
electroporation. The transformation mix was plated 
on LB-Amp-Kan plates and incubated overnight 
at 37 °C. To confirm the presence of the N gene, 
12 colonies were randomly selected and checked 
by colony-PCR with the NF and NR primers. 
The colony-PCR products were analyzed by 1.5% 
agarose gel electrophoresis. Finally, to verify the 
open reading frame of the cloned fragment, the 
plasmid DNA of one of the colony-PCR positive 
clones was purified and sequenced, using the 
sequencing primers included in the pQE-30 kit.

Expression of the N protein

With the colony-PCR positive clones, cultures 
1/100 diluted in 5 ml of LB-Amp-Kan medium were 
performed and incubated at 37 °C overnight, with 
stirring at 100 rpm until an optical density (OD)600nm 
between 0.5 and 0.7. The cultures were induced with 
1 mM IPTG for 2 h at 37 °C. Total proteins were 
extracted from each culture and the expression 
level of N protein was analyzed by sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis 
(SDS-PAGE) and Western Blot (WB). A negative 
control from culture of M15 bacteria containing the 
empty pQE-30 vector was used. To optimize the 
concentration of IPTG and the induction time to 
generate the greatest amount of N protein, bacterial 
cultures were performed in 20 ml of LB-Amp-Kan 
with 0.5 and 1 mM of IPTG. From the beginning of 
the cultures, 2 ml were taken every hour (up to 3 h) 
from each flask. To compare the expression level of 
N protein of each culture, the total proteins of pellet 
samples were analyzed by SDS-PAGE and WB.

Rabbit anti-rabies polyclonal antibodies

For N protein expression level assays by WB, we 
produced a rabbit anti-rabies polyclonal antibody by 
using the veterinary rabies vaccine provided by the 
Pasteur Institute of Buenos Aires, Argentina. The 
immunization protocol was carried out in a rabbit, 
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which was immunized by subcutaneous injections 
with 1 ml of vaccine on days 0, 7, and 14. At 21 days  
post-inoculation, the rabbit was bled to obtain 
serum. As secondary antibody was used an anti-
rabbit IgG (Sigma A9044, USA), conjugated with 
horseradish peroxidase.

Scale-up and purification
A batch culture was carried out in a 7.5-l  

BioFlo 310 Benchtop Bioreactor fermenter 
(New Brunswick-Scientific, Edison, NJ, USA), 
maintaining the flask conditions with the highest 
level of N protein expression. To perform the seed 
culture, 150 ml of fresh LB-Amp-Kan medium was 
inoculated with 1 ml of an overnight culture of the 
selected clone. After overnight incubation at 37 ° C 
with shaking, the culture was used to inoculate 3.85 l 
of new fresh LB-Amp-Kan medium in the fermenter 
(initial OD600nm ~ 0.1). The temperature and pH were 
fixed at 37 °C and 7 °C respectively. The agitation 
was programmed to achieve aerobic growth of 
the microorganism and guarantee an oxygen 
concentration of at least 30% of the saturation value 
during all the process. Once the culture reached an 
OD600nm of 0.6, it was induced with IPTG at a final 
concentration of 1 mM and kept for 3 h in culture. 
Culture samples were taken every hour, and, after 
3 h, the culture was centrifuged at 3,000 x g for  
20 min at 4 °C, discarding the supernatant. Finally, 
the pellet was analyzed by SDS-PAGE and WB. The 
purification was carried out by immobilized metal 
affinity chromatography in a 10 ml column loaded  
with a matrix of nitrilotriacetic acid and nickel  
(NTA-Ni) (Bio-Rad, USA), following the manufacturer’s  
recommendations. The eluted fraction containing 
the purified protein was dialyzed against phosphate-
buffered saline, sterilized by filtration, and its 
concentration was estimated by means of an  
SDS-PAGE with a bovine serum albumin (BSA) 
standard and, using the TotalLab program.

Evaluation of the recombinant N protein  
To evaluate whether the recombinant N protein 

induce the production of specific antibodies 
against the same native protein of rabies virus, 
mice were immunized by the intramuscular (IM), 
subcutaneous (SC) and intraperitoneal routes (IP). 
After inoculation, serum samples were obtained 
from each animal and analyzed by WB. A single 
formulation containing 10% aluminum hydroxide 
as adjuvant (equivalent to 10 mg/ml aluminum 
content) and 10 µg/ml of the recombinant  
N protein was used. The veterinary rabies vaccine, 
produced by the Pasteur Institute of Buenos Aires 

in nervous tissue, was used as antigenicity control 
by the intraperitoneal (IP) route. A duplicate  
immunization protocol was carried out at 0 and 14 days  
by the intramuscular (IM), subcutaneous (SC),  
and IP routes. The amount of protein used in each 
route was determined according to previous reports 
(13). At 28 days after the first inoculation, the mice 
were bled by cardiac puncture. 

A WB was carried out with the CVS strain 
as antigen to analyze the presence of antibodies 
against the native N protein in serum samples. After 
the blotting and blocking steps, the polyvinylidene 
difluoride membrane was cut into thin strips and 
used individually with 1/50 dilutions of the serum 
from each mouse. After incubation for 90 min and 
three washes in washing solution, the membrane 
was incubated for 90 min with a 1/1,000 dilution 
of an anti-mouse IgG serum conjugated with 
horseradish peroxidase produced in goats (Sigma 
cat. A9040). Finally, after additional three washes, 
the presence of bound antibodies was detected 
using a solution containing 3,3’-diaminobenzidine 
(DAB) (Merk, Germany) and hydrogen peroxide.

Ethical committee evaluation
The experimental procedures developed in 

this study comply with international regulations 
(Institute of Laboratory Animal Resources, 1996) 
and were approved by the Institutional Committee 
for Care and Use of Laboratory Animals (CICUAL) 
of the Faculty of Veterinary Sciences of UNLP 
(Exp.600-004104/08-001. Res. 129/09).

RESULTS

RT-PCR amplification
The amplification of the N gene was successful 

because an approximate size of 1.4 kb was observed 
(Fig. 1A), which coincided with the size for the 
segment expected (1373 bp). Over 100 colonies 
were obtained after transforming E. coli M15 cells  
with the pQE-30-N vector (N gene ligated to  
pQE-30 vector).  Screening of the transformation of  
12 colonies was carried out, showing a positive result 
in 6 colonies (1, 2, 3, 6, 9, and 12), confirming the  
pQE-30-N construction (Fig. 1B). After sequencing, 
the start codon of the N gene was checked in frame 
with a His-tag in pQE-30-N. Also, analyzing 
the sequence by means of a local alignment by 
BLAST, more than 99 % sequence identity was 
obtained with the N gene of the viral strains Pasteur 
(GU992320.1), SAD-1 (EF206718.1), SAD-BERN 
(LN713619.1), and ERA (AB781935.1).
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Figure 1. A- RT-PCR of the N gene. Lane 1: Thermo Scientific™ GeneRuler 1 kb Plus DNA Ladder; lane 2: RT-PCR  
product. B- Screening of E. coli colonies with pQE-30-N. Lane 1: Thermo Scientific™ GeneRuler 1 kb Plus DNA 
Ladder; lanes 2 to 13: pQE30-N candidate colonies (colonies 1 to 12); lane 14: positive amplification control

Figure 2. A- Western blot of small-scale cultures. Lane 1: Pre-stained protein molecular weight marker 
(PageRulerTM Thermo Scientific™, USA); lane 2: Inactivated rabies virus; lane 3: negative control I (E. coli with empty 
pQE-30); lane 4: negative control II (E. coli without plasmid); lanes 5 to 10: colonies 1 to 6 with pQE-30-His-N. A 
1:100 dilution of Rabbit anti-rabies polyclonal antibody produced in our laboratory and 1:1.000 dilution of anti-rabbit 
IgG (Sigma A9044, USA) were used. B- Culture optimization, SDS-PAGE. Lane 1: Pre-stained protein molecular 
weight marker (PageRulerTM Thermo Scientific™, USA); lane 2: negative control (E. coli with empty pQE-30), 3 h 
induction with 1 mM IPTG. Lanes 3 to 8: clone 6 pQE-30-N-His in different conditions; lane 3: 3 h induction with  
0.5 mM IPTG; lane 4: 3 h induction with 1 mM IPTG; lane 5: 1 h induction with 0.5 mM IPTG; lane 6: 1 h induction with  
1 mM IPTG; lane 7: 2 h induction with 0.5 mM IPTG; lane 8: 3 h induction with 1 mM IPTG. C- Culture optimization, 
western blot. Lane 1: inactivated CVS strain of rabies virus; lane 2: pre-stained protein molecular weight marker 
(PageRulerTM Thermo Scientific™, USA); lane 3: negative control (E. coli with empty pQE-30), 3 h induction with  
1 mM IPTG. Lanes 4 to 9: clone 6 pQE-30-N-His in different conditions; lane 4: 1 hour induction with 0.5 mM IPTG; 
lane 5: 1 h induction with 1 mM IPTG; lane 6: 2 h induction with 0.5 mM IPTG; lane 7: 2 h induction with 1 mM IPTG; 
lane 8: 3 h induction with 0.5 mM IPTG; lane 9: 3 h induction with 1 mM IPTG. A 1:100 dilution of Rabbit anti-rabies 
polyclonal antibody produced in our laboratory and 1:1.000 dilution of anti-rabbit IgG (Sigma A9044, USA) were used
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Expression of recombinant N protein
The protein expression level assay by 

Western blot (WB) was conducted on the culture 
supernatant of the six colony-PCR positive clones 
(clones 1 to 6), as shown in Fig. 2A. Among these 
clones, colony n° 6 exhibited recognition of His-N 
by specific antibodies against the rabies virus. 
Therefore, this clone was selected for further 
optimization of IPTG concentration and induction 
time required for scale-up. Subsequent analysis 
using SDS-PAGE (Fig. 2B) demonstrated that the 
expression of His-N was highest when induced with  
1 mM IPTG for a duration of 3 h. WB analysis (Fig. 2C)  
was performed to confirm these results, and it 
revealed visible expression after a 2-hour induction 
period. Moreover, it was observed that higher levels 
of expression were achieved using 1 mM IPTG 
instead of 0.5 mM. Comparing the amount of His-N 
produced at both a 2-hour and a 3-hour induction 
period with the use of 1 mM IPTG showed greater 

expression at the latter time point. Based on these 
findings, it was determined that optimal conditions 
for scale-up involve using an IPTG concentration of 
1 mM and inducing for a duration of 3 h. The purity 
and expression level of His-N in the scaled culture 
were qualitatively compared, observing them before 
and after purification (Fig. 3A). Furthermore, the 
concentration of N-His of the purified fraction was 
estimated at 30 mg/l (Fig. 3B).

Immunological assays
This qualitative test confirmed  the presence of 

specific antibodies against native rabies N protein 
in the serum of the animals inoculated by the three 
routes with the recombinant N protein. The level of 
specific antibodies against native rabies N protein 
produced in the serum of the animals inoculated by 
the SC and IP routes was similar than that observed 
in animals immunized with the reference rabies 
vaccine used in Argentina (Fig. 4).

Figure 3. A- Western blot of the culture in a fermenter and purification fractions. Lane 1: E. coli with  
pQE-30-His-N, 3 h of induction with 0.5 mM IPTG; lane 2: negative control (E. coli with empty pQE-30 plasmid), 3 h  
of induction with 1 mM IPTG; lane 3: washing fraction of purification (pH=6.3); lane 4: inactivated CVS strain 
of rabies virus; lane 5: Pre-stained protein molecular weight marker (PageRulerTM Thermo Scientific™, USA);  
lane 6: elution fraction of purification (pH=5.9); lane 7: elution fraction  of purification (pH=4.5). A 1:100 dilution 
of Rabbit anti-rabies polyclonal antibody produced in our laboratory and 1:1.000 dilution of anti-rabbit IgG (Sigma 
A9044, USA) were used. B- SDS-PAGE of purified His-N. Lane 1: elution fraction of purification (pH=4.5);  
lane 2: Pre-stained protein molecular weight marker (PageRulerTM Thermo Scientific™, USA); lanes 3 to 7: 10, 20, 
40, 60 and 80 mg/l of BSA
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Figure 4. Western blot of the mouse sera inoculated with the recombinant N protein. Strip 1: Pre-stained protein 
molecular weight marker (PageRulerTM Thermo Scientific™, USA); strip 2: control serum 1 IP immunized with the 
reference vaccine; strip 3: mouse serum 1 IM immunized; strip 4: mouse serum 2 IM immunized; strip 5: mouse 
serum 1 SC immunized; strip 6: mouse serum 2 SC immunized; strip 7: mouse serum 1 IP immunized; strip 8: mouse 
serum 2 IP immunized; strip 9: control serum 2 IP immunized with the reference vaccine

DISCUSSION

Rabies is one of the oldest recorded diseases 
affecting humanity, dating back more than 2,000 
years. Sporadic outbreaks of rabies in companion 
animals are increasingly frequent around the world 
(14). This increases the risk of transmission to 
domestic animals, and consequently to humans, 
since they tend to interact with bats. The option 
to control the virus in affected areas is by a mass 
vaccination plan for animals that can act as viral 
vehicles and a reduction of the stray animal 
population. Adverse reactions may include 
neurological complications which are attributed 
to the myelinated tissue in the vaccine produced 
in suckling mice (15), hence they have been 
discouraged by the WHO. Considering that rabies is 
a disease that mainly affects developing countries, 
an efficient and inexpensive solution is desirable. 
Recombinant or synthetic soluble antigens have 
been found to be safe and low-cost (16). 

This rabies virus genome encodes five proteins 
in the following order: N, P, M, G, and L (5, 6). 
The most immunogenic and antigenic are N and G  
(17, 18). The G-protein ectodomain stimulates 
neutralizing antibody production to protect 
vaccinated animals from rabies virus infection 
by inducing T lymphocytes and T helper cells 
(9, 19, 20, 21). It has been extensively expressed 
in various heterologous systems, including yeast 
(22). The N protein from different rhabdoviruses 
showed highly conserved characteristic with 
shared group-specific antigenic determinants (23). 
Therefore, these proteins are great candidates to 

be used as antigens in diagnostic aims (24) and/or  
as immunogen in triggering cellular immune 
responses against rabies (10).

The aim of this work was to test large-scale 
expression of the rabies virus N protein in bacterial 
system with implications to be potentially used as a 
design for antigen and/or immunogen. The obtained 
recombinant E. coli clones containing the N gene 
were subjected to a small-scale expression assay. 
Culture clones with the highest level of expression 
were selected. The IPTG concentration and the 
induction time to produce the highest level of  
N protein in flasks were optimized. The scale-up was  
carried out in a fermenter with the same conditions 
to improve the amount of N protein produced.  

Plasmid stability is influenced by several factors 
such as copy number, the size of inserted DNA, 
and culture conditions, including temperature 
and growth rate (25, 26). Higher growth rates are 
associated with increased plasmid stability, while 
cell density can impact the instability of expression 
plasmids during induction. Therefore, to address 
this issue, our strategy involved conducting IPTG 
induction at low cell density (in exponential phase) 
to prevent the loss of expression plasmids in a short 
time (27).

The recombinant N protein produced and 
purified by affinity chromatography was 
specifically recognized by antibodies specific 
against the native N protein of the rabies virus. The 
recombinant N protein stimulated the production 
of specific antibodies against the native viral  
N protein in a similar level as the one reached the 
reference vaccine.
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CONCLUSION

The recombinant N protein from rabies virus 
was produced in E. coli and was purified by 
affinity chromatography. It was immunologically 
recognized and was able to produce specific 
antibodies against native rabies N protein in 
immunological assay. In combination with the 
recombinant glycoprotein, it can be used for 
development of subunit vaccine or a diagnostic kit.

CONFLICT OF INTEREST

The authors declare that they have no known conflict 
of interest in the conduction of the current study.

ACKNOWLEDGMENTS

This study was funded by National University of La 
Plata, Argentina “(Programa de Incentivos a Docentes 
Investigadores, Proyecto 11/V224)”.

AUTHORS’ CONTRIBUTION

LDP performed conceptualization, writing original 
draft, review and editing, conducted the investigation, 
methodology and visualization. CJP made the 
conceptualization, review and editing, visualization and 
formal analysis. MRP performed the review and editing. 
GHS conducted the investigation, review and editing of 
the paper.

REFERENCES

1.	 Martinez, L. (2000). Global infectious disease 
surveillance. Int J Infect Dis. 4(4): 222-228.
https://doi.org/10.1016/S1201-9712(00)90114-0
PMid:11231187	

2.	 Kumar, A., Bhatt, S., Kumar, A., Rana, T. (2023). 
Canine rabies: an epidemiological significance, 
pathogenesis, diagnosis, prevention, and public health 
issues. Comp Immunol Microbiol Infect Dis. 97, 101992.
https://doi.org/10.1016/j.cimid.2023.101992
PMid:37229956	

3.	 Natesan, K., Isloor, S., Vinayagamurthy, B., 
Ramakrishnaiah, S., Doddamane, R., Fooks, A.R.  
(2023). Developments in rabies vaccines: the 
path traversed from Pasteur to the modern era of 
immunization. Vaccines (Basel) 11(4): 756.
https://doi.org/10.3390/vaccines11040756
PMid:37112668 PMCid:PMC10147034	

4.	 Zhou, X., Wang, H., Zhang, J., Guan, Y., Zhang, Y. 
(2024). Single-injection subunit vaccine for rabies 
prevention using lentinan as adjuvant. Int J Biol 
Macromol. 254 (Pt 3): 128118.
https://doi.org/10.1016/j.ijbiomac.2023.128118
PMid:37977452	

5.	 Coslett, G.D., Holloway, B.P., Obijeski, J.F. (1980). 
The structural proteins of rabies virus and evidence 
for their synthesis from separate monocistronic 
RNA species. J Gen Virol. 49(1): 161-180.
https://doi.org/10.1099/0022-1317-49-1-161
PMid:7420062	

6.	 Conzelmann, K.K., Cox, J.H., Schneider, L.G., 
Thiel, H.J. (1990). Molecular cloning and complete 
nucleotide sequence of the attenuated rabies virus 
SAD B19. Virology 175(2): 485-499.
https://doi.org/10.1016/0042-6822(90)90433-R
PMid:2139267	

7.	 Rahmahani, J., Suwarno, S., Yuniarti, W.M., 
Rantam, F.A. (2019). Antigenic site of nucleoprotein 
gene from Indonesian rabies virus isolates. Vet 
World. 12(5): 724-728.
https://doi.org/10.14202/vetworld.2019.724-728
PMid:31327911 PMCid:PMC6584851	

8.	 Dietzschold, B., Lafon, M., Wang, H., Otvos, L., 
Jr, Celis, E., Wunner, W. H., Koprowski, H. (1987). 
Localization and immunological characterization of 
antigenic domains of the rabies virus internal N and 
NS proteins. Virus Res. 8(2): 103 -125.
https://doi.org/10.1016/0168-1702(87)90023-2
PMid:2445121	

9.	 Celis, E., Karr, R., Dietzschold, B., Wunner, W., 
Koprowski, H. (1988). Genetic restriction and fine 
specificity of human T cell clones reactive with 
rabies virus. J Immunol. 141(8): 2721-2728.
https://doi.org/10.4049/jimmunol.141.8.2721
PMid:2459225	

10.	 Lafon, M., Lafage, M., Martinez-Arends, A., 
Ramirez, R., Vuillier, F., Charron, D., Lotteau, V.,  
Scott-Algara, D. (1992). Evidence for a viral 
superantigen in humans. Nature 358, 507-510.
https://doi.org/10.1038/358507a0
PMid:1386410	

11.	 Goto, H., Minamoto, N., Ito, H., Luo, T.R., Sugiyama, M.,  
Kinjo, T., Kawai, A. (1995). Expression of the 
nucleoprotein of rabies virus in Escherichia coli 
and mapping of antigenic sites. Arch Virol. 140(6): 
1061-1074.
https://doi.org/10.1007/BF01315415
PMid:7611878	



Picotto L.D. et al.

158

12.	Reddy, G.B., Singh, R., Singh, R.P., Singh, K.P., 
Gupta, P.K., Mahadevan, A., Shankar, S.K., et al. 
(2011). Molecular characterization of Indian rabies 
virus isolates by partial sequencing of nucleoprotein 
(N) and phosphoprotein (P) genes. Virus genes 
43(1): 13-17.
https://doi.org/10.1007/s11262-011-0601-0
PMid:21452061	

13.	 Harlow, E., Lane, D. (1988). Antibodies: a laboratory 
manual. NY: Cold Spring Harbor Laboratory Press

14.	 Gan, H., Hou, X., Wang, Y., Xu, G., Huang, Z., 
Zhang, T., Lin, R., et al. (2023). Global burden of 
rabies in 204 countries and territories, from 1990 
to 2019: results from the Global Burden of Disease 
Study 2019. Int J Infect Dis.126, 136-144.
https://doi.org/10.1016/j.ijid.2022.10.046
PMid:36343866	

15.	 Plotkin, S., Orenstein, W., Offit, P., Kathryn, M.E. 
(2018). Plotkin’s Vaccines - 7th Ed. Elsevier	

16.	 Minke, J.M., Audonnet, J.C., Fischer, L. (2004). 
Equine viral vaccines: the past, present and future. 
Vet Res. 35(4): 425-443.
https://doi.org/10.1051/vetres:2004019
PMid:15236675	

17.	 Lyu, X. (2023). Rabies proteins functions and future 
directions. Theoret Nat Sci. 21, 53-58.
https://doi.org/10.54254/2753-8818/21/20230812

18.	 Hampson, K., Coudeville, L., Lembo, T., Sambo, M.,  
Kieffer, A., Attlan, M., Barrat, J., et al. (2015). 
Estimating the global burden of endemic canine 
rabies. PLoS Negl Trop Dis. 9(4): e0003709.
https://doi.org/10.1371/journal.pntd.0003709
PMid:25881058 PMCid:PMC4400070	

19. 	Morales, M.M., Rico, R.G., Gómez, O.J., Aguilar, S.A.  
(2006). Immunologic importance of the N protein in 
the rabies virus infection. Rev Vet Méx. 37(3): 351-367.

20.	Loza-Rubio, E., & Rojas-Anaya, E. (2014). Edible 
Rabies vaccines. In: J. Howard, E. Hood (Eds.), 
Commercial plant-produced recombinant protein 
products (pp. 153-177). Biotechnology in Agriculture 
and Forestry, Vol. 68. Berlin, Heidelberg: Springer
https://doi.org/10.1007/978-3-662-43836-7_9
PMCid:PMC7120656	

21.	 Johnson, N., Cunningham, A.F., Fooks, A.R. (2010). 
The immune response to rabies virus infection and 
vaccination. Vaccine 28(23): 3896-3901.
https://doi.org/10.1016/j.vaccine.2010.03.039
PMid:20368119	

22.	 Picotto, L.D., Sguazza, G.H., Tizzano, M.A., Galosi, C.M.,  
Cavalitto, S.F., Pecoraro, M.R. (2017). An effective 
and simplified DO-stat control strategy for 
production of rabies glycoprotein in Pichia pastoris. 
Protein Expr Purif. 132, 124-130.
https://doi.org/10.1016/j.pep.2017.02.004
PMid:28189633	

23.	Tursunov, K., Begaliyeva, A., Ingirbay, B., Mukanov, 
K., Ramanculov, E., Shustov, A., Mukantayev, K. 
(2017). Cloning and expression of fragment of the 
rabies virus nucleoprotein gene in Escherichia coli 
and evaluation of antigenicity of the expression 
product. Iran J Vet Res. 18(1): 36-42.

24.	Qin, S., Volokhov, D., Rodionova, E., Wirblich, C., 
Schnell, M.J., Chizhikov, V., Dabrazhynetskaya, A. 
(2019). A new recombinant rabies virus expressing a 
green fluorescent protein: A novel and fast approach 
to quantify virus neutralizing antibodies. Biol: J Int 
Assoc Biol Stand. 59, 56-61.
https://doi.org/10.1016/j.biologicals.2019.03.002
PMid:30898479	

25.	Valentinotti, S., Srinivasan, B., Holmberg, U.,  
Bonvin, D., Cannizzaro, C., Rhiel, M., Von Stockar, U.  
(2003). Optimal operation of fed-batch fermentations 
via adaptive control of overflow metabolite, Control 
Eng Pract. 11(6): 665-674.
https://doi.org/10.1016/S0967-0661(02)00172-7

26.	Babaeipour, V., Shojaosadati, S.A., Robatjazi, S.M., 
Khalilzadeh, R., Maghsoudi, N. (2007). Over-production 
of human interferon-γ by HCDC of recombinant 
Escherichia coli. Process Biochem. 42(1): 112-117.
https://doi.org/10.1016/j.procbio.2006.07.009

27.	 Babaeipour, V., Mofid, M.R., Khanchezar, R., 
Faraji, F., Abolghasemi, S. (2017). Bench-scale 
Overproduction and Purification of recombinant 
GCSF in Escherichia coli fed-batch process. J Appl 
Pharm Sci. 7(8): 149-155.

Please cite this article as: Picotto L.D., Panei C.J., Pecoraro M.R., Sguazza G.H. Rabies virus nucleoprotein: large-scale 
expression in prokaryotic system. Mac Vet Rev 2024; 47 (2): 151-158. https://doi.org/10.2478/macvetrev-2024-0026 


