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Large protein as a  potential target for use in rabies diagnostics 
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Summary. – Rabies is a zoonotic viral disease that remains a serious threat to public health worldwide. The 
rabies lyssavirus (RABV) genome encodes five structural proteins, multifunctional and significant for patho-
genicity. The large protein (L) presents well-conserved genomic regions, which may be a good alternative to 
generate informative datasets for development of new methods for rabies diagnosis. This paper describes the 
development of a technique for the identification of L protein in several RABV strains from different hosts, 
demonstrating that MS-based proteomics is a potential method for antigen identification and a good alterna-
tive for rabies diagnosis. 

Keywords: rabies virus; large protein; street virus; target; mass spectrometry; proteomics

E-mail: ianasuly@gmail.com; phone: +551198249-6010.
Abbreviations: G  =  glycoprotein; L  =  large protein or RNA-
dependent RNA polymerase; M  =  matrix protein; MS  =  mass 
spectrometry; N = nucleoprotein; OIE = World Organization for 
Animal Health; P = phosphoprotein; RABV = rabies lyssavirus; 
RT-PCR  =  reverse transcription PCR; SRM  =  selected reaction 
monitoring; WHO = World Health Organization 

Introduction

Rabies is an acute, fatal encephalitis caused by rabies 
lyssavirus (RABV) of the Rhabdoviridae family, the genus 
Lyssavirus (King et al., 2012). It is one of the most important 
zoonoses that affect the central nervous system (CNS) of 
mammals, especially in the orders Carnivora and Chiroptera 
(Rupprecht et al., 2002). 

The RABV genome consists of one RNA molecule of ap-
proximately 12 kb that encodes five structural proteins: the 
nucleoprotein (N), phosphoprotein (P), RNA-dependent 
RNA polymerase (L, also termed as RNA-dependent RNA 
polymerase), glycoprotein (G), and the matrix protein (M) 
(Wunner et al., 1988). The five mRNAs encode proteins 
of approximately 450 (N-mRNA), 297 (P-mRNA), 202  
(M-mRNA), 524 (G-mRNA) and 2142 (L-mRNA) amino 
acids (Wunner et al., 1988). The P, L and N are associated 

with helical ribonucleoprotein (RNP) complex and play 
critical role in virus replication and transcription, and also in 
induction of cellular immune responses (Wunner et al., 1988; 
Tollis et al., 1991). Moreover, a recent study showed that L 
protein plays important roles in pathogenicity and immune 
evasion during RABV infection, where recombinant RABV 
with mutations in the L protein are more sensitive to type 
I interferon inhibitory activity (Tian et al., 2015). G protein 
induces neutralizing antibodies against RABV and is also 
important for the transsynaptic spread of the virus between 
neurons (Wunner et al., 1988; Etessami et al., 2000).

The World Health Organization (WHO) and the World 
Organization for Animal Health (OIE) recommend as gold 
standard for the diagnosis of rabies the direct fluorescent 
antibody test, rapid tissue culture infection test and mouse 
inoculation test (OIE, 2012; Yousaf et al., 2012; WHO, 2016). 
However, these conventional techniques have limited suc-
cess for antemortem diagnosis in human rabies. Early and 
precise rabies diagnosis is crucial because a delay in diagnosis 
can result in dissemination of the disease to contacts and 
unnecessary postexposure treatment (Madhusudana and 
Sukumaran, 2008; Gadre et al., 2010; Yousaf et al., 2012). 
Furthermore, early diagnosis during the acute phase of 
the disease can help in patient care in order to increase the 
survival rate. 
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These challenges in the rabies diagnosis have stimulated 
the use of new techniques, which are more sensitive and 
precise for detection and characterization of the RABV. 
Recent advances in diagnostic methods based on the charac-
terization of RABV nucleoprotein and glycoprotein, such as 
phylogeographic analysis, reverse transcription polymerase 
chain reaction (RT-PCR) and immunohistochemical test, 
have been used to complement the conventional diagnostic 
approaches (Silva et al., 2013). These techniques for the 
diagnosis of rabies are mainly based on detection of the nu-
cleoprotein, nevertheless, RABV polymerase L protein has 
equivalent conservation degree as the nucleoprotein among 
the RABV (Le Mercier et al., 1997), but it is little studied for 
rabies diagnosis (Dacheux et al., 2016).

Mass spectrometry (MS)-based proteomic studies with 
RABV have been used to elucidate pathogenic and immuno-
genic properties of the virus, as well as for identification of 
new biomarkers (Thanomsridetchai et al., 2011; Venugopal 
et al., 2013; Mehta et al., 2016). Moreover, the identification 
of microorganisms, such as adenovirus and coronavirus, by 
MS has been explored, scanning and characterizing intact 
proteins by amino acid sequencing using peptide mass 
fingerprinting. Ying and collaborators have identified three 
structural proteins of severe acute respiratory syndrome 
coronavirus (SARS-CoV) isolated from infected Vero E6 
cells using protein separation by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and peptide 
sequencing obtained through analysis of mass spectra and 
MS/MS fragmentation patterns (Ying et al., 2004). In addi-
tion, Zeng and collaborators have predicted four structural 
proteins of SARS-CoV using one- and two-dimensional 
gel electrophoresis followed by ESI-MS/MS identification 
(Zeng et al., 2004). In a  more recent work performed by 

Benevento and collaborators, a technique known as shotgun 
proteomics was used to characterize the adenovirus HAdV-
Ad5F35 and select the best peptide candidates for selected 
downstream reaction-monitoring (SRM) assays in complex 
samples (Benevento et al., 2014). These studies demonstrate 
that the identification of viral peptides by MS could be ef-
fectively employed as a diagnostic method for an accurate 
and sensitive screening of virus-infected cells. 

In this study, we used the MS-based proteomics for identi-
fication of rabies peptides. This method allowed us to identify 
RABV L protein as a new target that can be incorporated in 
the RABV diagnosis and we demonstrated that MS-based 
proteomics is a good alternative for RABV diagnosis. 

Materials and Methods

RABV strain and virus replication. Wild RABV strains were 
obtained from brain of different hosts (Table 1) and propagated in 
murine neuroblastoma cells (N2a) growing in MEM supplemented 
with 10% fetal bovine serum, 3% of gentamicin and 3% nonessen-
tial amino acids (Castilho et al., 2007). To determine virus titer, 
N2a cells in 96-well plates (Corning/Costar) were infected with 
serial 10-fold virus dilutions as described previously (Hierholzer 
and Killington, 1996). All samples were antigenic, and molecular 
characterization was performed as previously described (Diaz et 
al., 1994; Orciari et al., 2001). In all reactions, the positive control 
was the fixed “Challenge Virus Standard” strain (CVS-31) and the 
negative control was the complete medium alone. 

Solubilization of RABV. After virus replication, the supernatant 
was clarified by centrifugation at 12,000 x  g for 15  min at 4°C. 
A buffered detergent solution (50 mmol/l Tris-HCl, 150 mmol/l 
NaCl, 10% DMSO, 4 mmol/l EDTA, 0.6% CHAPS) was used to 

Table 1. RABV isolates from different reservoirs, year in which the samples were collected, species from which the samples were collected,  
and antigenic characterization of rabies virus isolates

Sample Year Host Antigenic varianta Viral titer (FFU/ml)c

IP 5053 2010 Canis familiaris V-2 1.38 x 103

IP 3629 2011 Canis familiaris V-2 3.07 x 105

IP 6299 2013 Canis familiaris V-2 9.70 x 103

IP 4005 2010 Bos taurus V-3 3.07 x 105

IP 1684 2014 Bos taurus V-3 2.45 x 106

IP 1410 2014 Desmodus rotundus V-3 1.73 x 105

IP 1770 2012 Callithrix jacchus V-Mb 1.38 x 104

IP 6294 2013 Callithrix jacchus V-Mb 3.07 x1 05

IP 5451 2013 Homo sapiens V-Mb 4.36 x 104

aAntigenic variants as defined in the monoclonal antibody panel produced by the Centers for Disease Control and Prevention (CDC) Atlanta, USA; 
bAntigenic profile previously reported in isolates from marmoset (Favoretto et al., 2001); cFoci were counted using a fluorescence microscope, and virus 
titers calculated in focus-forming units per milliliter (FFU/ml).
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solubilize the RABV glycoprotein as previously described (Ramya 
et al., 2013). The mixture was subsequently incubated for 30 min 
by end-to-end constant mixing at room temperature.

Protein separation. The proteins were extracted with radioim-
munoprecipitation assay buffer (RIPA buffer) (Pierce, Meridian Rd, 
Rockford, IL, USA) containing complete protease inhibitor cocktails 
(Sigma, USA). The protein concentration was determined by BCA 
Protein Assay kit (Pierce - Thermo Fisher Scientific Inc.). A 20 μg 
protein sample was separated on 10% SDS-PAGE with 5% stacking 
and stained with Coomassie Brilliant Blue.

In-gel tryptic digestion of proteins and mass spectrometry analysis. 
Protein bands were excised from the gel and reduced using 5 mmol/l 
dithiothreitol for 25 min at 56°C, alkylated with 14 mmol/l iodoa-
cetamide for 30 min at room temperature and digested with 20 ng 
of trypsin gold (mass spectrometry grade, Promega) overnight at 
room temperature. Peptides were desalted on a C18 Sep-Pak Lite 
cartridge (Waters), eluted with 0.5% sodium deoxycholate and 
freeze-dried to dryness. Each sample was resuspended in 0.1% 
formic acid (solvent A) and analyzed in an EASY-nLC II nanoflow 
liquid chromatography (Thermo Scientific) prior to a nanoelec-
trospray into a LTQ-Orbitrap Velos mass spectrometer (Thermo 
Scientific). The analysis was performed over a 35 min gradient of 

5–95% in solvent B, composed of 0.1% formic acid in acetonitrile 
at a  flow rate of 200  nL/min using an in-house precolumn (ID 
100 µm x OD 360 µm) packed with 5 cm of C18 10 µm Jupier beads 
(Phenomenex) attached to an in house fritted-tip analytical column 
(ID 75 µm x OD 360 µm) packed with 15 cm of C18 5 µm AQUA 
beads (Phenomenex). Data were acquired in the mass spectrometer 
operated in a data-dependent acquisition mode, where the top five 
precursor ions in each cycle were selected for fragmentation by 
collision-induced dissociation excluded for 70 s, with a nanospray 
voltage set to 2.3 kV and the source temperature set to 250oC. Ion 
trap injection time was set to 100 ms and FT-MS injection time was 
set to 100 ms with a resolution of 30,000 across a m/z of 300–1800. 
MS/MS spectra were searched against a RABV protein (NCBI Tax-
onomy ID 11292) database using PEAKS Studio, version 7 software 
(Bioinformatics Solutions, Ontario, Canada). Mass tolerance for 
precursors was set to 10 ppm and for MS/MS fragment ions to 
0.5 Da. Trypsin was set for enzyme specificity with a maximum of 2 
missed cleavages, with carbamidomethylation of cysteine included 
as fixed modification. The confidence interval for protein identifica-
tion was set to 95% and only peptides with an individual ion score 
above the identity threshold were considered correctly identified. 
All spectra were additionally manually validated.

Fig. 1

Overview of the bioinformatic and experimental approaches employed for the identification and analysis of the RABV
Mass spectrometry proteomics relies on the digestion with an enzyme, further analysis by mass spectrometry and bioinformatic tools helping in identifica-
tion of proteins (a), the mass spectrum of the peptide SSPIEK of RABV L protein by ESI tandem mass spectrometry analysis (b).

(b)

(a)
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Results 

To establish more stable condition for RABV identifica-
tion for MS assay, firstly, we isolated the virus in N2a cells 
and then RABV from different Brazilian reservoir species 
were titered in the same cells (Table 1). We verified that 
virus isolation in N2a cell culture occurred in all samples, 
however, virus titer was higher in V-3 group. No significant 
differences in viral titer between samples sharing the same 
antigenic profile were observed (Table 1).

Subsequently, RABV proteins were extracted and solubi-
lized from a clarified cell culture supernatant using CHAPS-
buffered detergent solution. Proteins were separated by 
one-dimensional SDS PAGE, and two spots were manually 
excised from the gel (proteins above 50 kDa and proteins 
below 50 kDa). After the proteolytic digestion using trypsin, 
samples were submitted to MS/MS analysis. All peptide 
spectra were searched against protein sequences for RABV 

downloaded from the UniProt database using PEAKS soft-
ware for peptide identification and were manually validated 
(Fig. 1a). To exemplify, we presented a mass-spectra of the 
peptide SSPIEK of RABV large protein (Fig. 1b).

A  total of 46 differentially expressed peptides were 
identified by ESI tandem mass spectrometry analysis of 
the samples from different reservoirs and from the CVS/31 
strain. The resultant peptide number retrieved from the 
database search were 30, 8, 6, 1 and 1 for the L, N, G, P and 
M proteins, respectively (Fig. 2a). Of these peptides, 11 were 
from CVS-31, 15 from V-2 group, 15 from V-3 group, and 
24 from V-M group (Fig. 2b and 3c, Table 2), where the vast 
majority (30/46) of the RABV peptide sequences identified 
were localized in the L protein (Fig. 2a).

Due to the largest number of peptides from large pro-
tein detected, we evaluated quantity and similarity among 
matched peptides of large protein among samples of the 
same group, as well as the presence of identical peptides. As 

Fig. 2 

Total number of distinct peptide spectra matched for the RABV protein (a), total number of peptides from RABV proteins in different groups 
(b) and some of the subsets (c) obtained by MS in two independent experiments

(a)

(c)

(b)
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Fig. 3

Total number of peptides from RABV large proteins in different samples (a) and some of the subsets (b) obtained by MS in two  
independent experiments

(a)

(b)

shown in Fig. 3, a total of 8, 9 and 17 peptides were found in 
V-2, V-3, and V-M groups, respectively. Among all identi-
fied peptides from large protein, we were able to identify at 
least two shared peptides in all samples (GDGSGGISR and 
SSPIEK) (Fig. 3, Table 2).

Discussion

The accurate and rapid identification of RABV is impor-
tant to help public health measures, to initiate prophylaxis 
and early therapy. Antigen-detection is the most frequently 
used technique for RABV diagnosis. It involves detection 
of RABV N protein antigen in cell culture or in brain tis-
sue by using immunofluorescence technique (OIE 2012; 
WHO, 2013). Gold standard assays have high sensitivity 
and specificity, however, the direct fluorescent antibody test 
and the rapid tissue culture infection test methods require 
an expensive fluorescence microscope, and mouse inocu-
lation test requires live animals and is a  time-consuming 
test (OIE 2012; Silva et al., 2013; WHO, 2013). In addition, 

the traditional tests in rabies diagnosis are not suitable for 
antemortem diagnosis and decomposed brains due to low 
sensibility (Madhusudana and Sukumaran, 2008). The direct 
rapid immunohistochemical test (dRIT) has been developed 
as an alternative to the fluorescent antibody test, and has the 
advantage of using light microscopy, even so it cannot be 
used in antemortem diagnosis (Madhusudana et al., 2012).

Nucleic acid amplification and detection techniques such 
as reverse transcriptase-PCR (RT-PCR) and real-time PCR 
are promising in samples for antemortem rabies diagnosis, 
however, a  major drawback of these assays is the cross-
contamination and reduced sensitivity in samples of decom-
posed tissue and in antemortem rabies diagnosis (Wachara-
pluesadee et al., 2011). Unlike these molecular methods that 
rely on the detection of only one protein, MS-based systems 
could overcome this drawback by ensuring that different 
peptides can be detected in the same test, thus increasing 
the sensitivity of the method. The high cost of the equipment 
and chemicals also limit a wide application of the genomic 
and proteomic tools, nevertheless these tools are vital due to 
their high sensitivity and quantitative accuracy.
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Table 2. RABV peptide sequences and their representations in different strains

Protein name UniProt ID Protein Length (aa) Group Sample Peptide

L D8VEC2 2127 V-2 3629 GDGSGGISR
SSPIEK
NKVFK
RAVLNMFPDSK
VNQLEGTFGPSAKR

5053 GDGSGGISR
NKVFK
SSPIEK
TQTWPPK
TTRLIGSIK

6299 GDGSGGISR
QIFEFPDVSK
RAVLNMFPDSK
SSPIEK

V-3 1684 FFALMSWNLR
GDGSGGISR
IIYLDPSLGGVSGMSLGR
SSPIEK

4005 GDGSGGISR
DYLRGLAR
KVDLGSLK
RAVLNMFPDSK
SSPIEK
VNQLEGTFGPSAKR
VSGAVPQFQK

V-M 1770 GDGSGGISR
PMFIK
QMSSLMR
RAVLNMFPDSK
SSPIEK
TTRLIGSIK
VENSEFR

5451 GDGSGGISR
EPSLR
QEAGNPDLGERTLESFTR
QMSSLMR
RAVLNMFPDSK
KESINWFINR
SNPYNEMIITLIDNDVESFLVHK
SSPIEK
TYGTMLVNPDYK

6294 GDGSGGISR
GTPTVPNILR
QDLVR
QMSSLMR
SSPIEK
TDLAHFYSKSSPIEK
TLEESFYNSEIHGINR
WEKPSDLR

CVS GDGSGGISR
SSPIEK
WGFDK
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Protein name UniProt ID Protein Length (aa) Group Sample Peptide
GGVSGMSLGR
EEGASKLGLIIK
SELVQR
QDLVR

N Q8JXF6 524 V-2 3629 FLAGTYDMFFSR
IMMNGGRLKR

5053 SPEAVYTRIMMNGGR
V-3 4005 IVEHHTLMTTHK
V-M 1770 GDRITPNSLVEIK

IVEHHTLMTTHK
KPCITLGK

5451 SPEAVYTRIMMNGGR
APDLNKAYK

CVS GDRITPNSLVEIK
KPCITLGK
TNIADR

G O92284 450 V-2 3629 LESIMTTK
5053 LESIMTTK

QHMELLK
SLKGACRLK

6299 KMAGDPR
LESIMTTK

V-3 4005 QHMELLK
SFGGTGRNVSVTSQSGK
VFPGGK

V-M 1770 QHMELLK
SLKGACRLK

6294 QHMELLK
CVS CVS QHMELLK

P P22363 297 V-3 4005 AESFSKK
M P25223 202 V-3 4005 MIGLVK

Table 2 (continued)

The technical methods we used in the viral peptides 
identification by MS are not novel (Ying et al., 2004; Zeng 
et al., 2004; Benevento et al., 2014). Our challenge has been 
in adapting these elements to RABV and improving the ef-
ficiency of each step. Thus, this study shows a robust sample 
preparation method for mass spectrometry-based virus 
identification without prior purification, which is normally 
performed following laborious procedures. Here, perform-
ing only virus isolation is needed before samples can be 
prepared and analyzed by mass spectrometry for the detec-
tion of RABV. The virus isolation proved to be an effective 
strategy for RABV peptide identification by MS analysis. No 
correlation between the number of peptides and viral titer 
was found, thus the number of infectious virus particles is 
not important for RABV peptides identification. In order 
to remove sedimentation of suspended solids, and also for 
promoting a high clearance of protein impurities, such as 
membrane proteins, the cell supernatant clarification step is 

highly advantageous for recovery of proteins and peptides 
in culture supernatant. 

Our data show that this assay allowed for a successful iden-
tification of five RABV proteins from different hosts based on 
detection of specific peptides. In this study, a total of 46 distinct 
peptides from RABV were found, in which the largest number 
of peptides were from the L protein, which was little described 
for rabies diagnosis (Dacheux et al., 2016). MS/MS spectra 
were searched against a fixed RABV protein (CVS-11), thus, 
with RABV L protein being the most conserved protein during 
lyssavirus evolution, these peptides are more likely to be found 
in the database. Hence, the different amount of peptides found 
from large protein could be related to well-conserved genomic 
regions in RABV (Bourhy et al., 1993). Moreover, the reason 
for the highest number of peptides being from the L protein 
could be the size of the protein, as it is at least four times larger 
than other RABV proteins. Thus, it has the greatest number 
of potential cleavage sites for trypsin.
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An important finding of the present study was the identi-
fication of two identical peptides sequences from L protein 
in all samples, which could be further used to develop 
a targeted proteomic method using SRM in the RABV. In 
addition to permitting a more rapid sample processing, as 
a  consequence of eliminating the gel purification step, it 
allows direct identification of viruses in original samples. 
Thus, SRM-based targeted proteomics could be a potential 
new diagnostic tool in RABV diagnosis due to its capability 
to identify proteins of interest with high reproducibility and 
high accuracy. 

Furthermore, the novelty and efficiency of the peptide 
identification by MS assay with a  combination of high 
throughput antibody platforms could be a leading approach 
in the development of immunoassay for RABV detection.

The approach using both viral production and MS analysis 
showed that L protein can be extracted in an appropriate 
amount from infected cell cultures for MS diagnostic analy-
sis, or may be used to identify candidate protein antigens for 
other methods such as immunoassay. The protein identifica-
tion method will be a useful tool in future search.
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