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Rabies virus (RABV) is neurotropic and causes acute progressive encephalitis. Herein, we report the interaction of
nAChRa1-subunit peptides with RABV and the effect of these peptides on RABV infection in cultured neuronal
cells. Peptide sequences derived from torpedo, bovine, human and rats were synthesized and studied for their in-
teractions with RABV using virus capture ELISA and peptide immunofluorescence. The results showed specific
binding of the nAChRa1-subunit peptides to the RABV. In the virus adsorption assay, these peptides were
found to inhibit the attachment of the RABV to the neuronal cells. The nAChRa1-subunit peptides inhibited
the RABV infection and reduced viral gene expression in the cultured neuroblastoma (N2A) cells. Torpedo pep-
tide sequence (T-32) had highest antiviral effect (ICso = 14 + 3.01 M) compared to the other peptides studied.
The results of the study indicated that nAChRa1-subunit peptides may act as receptor decoy molecules and in-
hibit the binding of virus to the native host cell receptors and hence may reduce viral infection.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rabies encephalitis remains one of the important public health prob-
lems in Asian and African countries (Huang et al., 2015; Kabeta et al.,
2015). The burden of rabies is highest among all the neglected tropical
diseases with 1.91 million disability adjusted life years and the
projected annual loss of US$ 6 billion (WHO, 2013). In the rabies bites,
only prompt post-exposure prophylaxis (PEP) can protect the patients
and fatalities occur in almost 100% of cases following the onset of clinical
disease (Bourhy et al, 2010). Presently no pragmatic treatment
methods are available and induction of coma is considered only as a
part of supportive care in case of clinical rabies (Wilde and
Hemachudha, 2015). RABV infections can be prevented by interfering
at any of the steps in the viral life cycle. Attachment to the receptors
and entry of the virus into the host cells is the initial critical step in
the virus life cycle. Rabies virus has receptors in the nervous system
and the neuronal receptor peptides may act as potential antiviral mole-
cules by blocking the attachment and entry of the RABV into the host
cells.

RABV is a prototype neurotropic virus and belongs to the genus
Lyssavirus in the Rhabdoviridae family (King et al., 2012). It has small
negative sense single stranded RNA genome of 12 kb which codes for
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five different proteins, namely the nucleoprotein, the phosphoprotein,
the matrix protein, the glycoprotein and the large RNA dependent
RNA polymerase (Finke and Conzelmann, 2005). Rabies virus glycopro-
tein (RVG), organized as trimers is the only protein exposed on the virus
particle. It interacts with the host cell, mediates pH dependent fusion
and promotes viral entry from the peripheral site to the nervous system
(Roche and Gaudin, 2004). Further RVG is the major contributor to the
pathogenicity and is involved in trans-synaptic spread of RABV within
the CNS (Pulmanausahakul et al., 2008; Klingen et al., 2008). It is less
clear about the host molecule to which the RVG binds. In vivo, RABV
was found to multiply in neurons, muscle fibers and salivary gland
cells however the virus can be adapted and propagated in various con-
tinuous cell types in vitro (Seganti et al., 1990). RABV restricted cell tro-
pism in vivo indicates the presence of unique host cell receptors.
Nicotinic acetylcholine receptor (nAChR) was the first identified recep-
tor for RABV (Lentz et al., 1982). Other potential host cell receptors in-
clude neuronal cell adhesion molecule (NCAM) (Lafon, 2005) and
low-affinity nerve growth factor (p75N™®) (Tuffereau et al., 1998). How-
ever, RABV was able to infect mice which were deficient in either NCAM
or p75NTR similar to wild-type mice (Tuffereau et al,, 2007). This indi-
cates that although these molecules may have role in infection process,
they are not essential for entry of RABV. Earlier the interaction of puri-
fied nAChR with the RABV was confirmed in different experiments
(Bracci et al., 1988; Gustka et al., 1996). The toxin loop identified within
the RVG has homologous sequence to other neurotoxins and is
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responsible for binding to the nAChRs (Lentz, 1990). Conformational
studies identified an internal tetra-peptide of RVG toxin loop (RVG-
29mer) as an essential part of the binding site to nAChR (Rustici et al.,
1993). Besides being present in the muscle membranes at synaptic junc-
tions, nAChRs are present in the central and peripheral nervous system
with similar acetyl choline binding properties (Albuquerque et al.,
2009). nAChRs may be involved in the entry of RABV at post-synaptic
junctions and also spread within the nervous system (Schnell et al.,
2010). Harnessing the binding ability of RVG to the nAChR, recent stud-
ies have shown the successful use of RVG-29mer peptide to deliver ther-
apeutic molecules to the brain (Son et al., 2011; Kim et al., 2013; Gao
et al., 2014). Considering the wide spread presence of nAChRs in the
nervous system and the binding of RVG to these receptors, nAChR pep-
tides may act as receptor decoy molecules for RABV. The binding of re-
ceptor peptides may prevent the attachment and entry of the RABV
into the host neuronal cells which is the essential step in viral infectivity
cycle.

In the present study, nAChRa1-subunit peptide variant sequences
from different species were synthesized and tested for their interactions
with RABV. The interacting peptides were evaluated against RABV infec-
tion in cultured neuroblastoma cells.

2. Experiments
2.1. Virus propagation in N2A cells and titration

N2A cells were obtained from the National Centre for Cell Science,
Pune, India and grown at 37 °C under 5% CO, in Dulbecco's modified
minimum essential medium (DMEM, Hyclone), supplemented with
10% fetal bovine serum (Hyclone). The mouse-brain-adapted rabies
challenge virus standard 18 (RABV-CVS18) strain was propagated in
the N2A cells. After three passages, the virus titer in the culture superna-
tants was determined by fluorescent focus unit (FFU) assay following
standard method prescribed by world organization for animal health
(OIE) (Smith et al., 1977). The culture supernatant had an infectious po-
tency of 3 x 10 FFU/ml. This stock of virus was made into aliquots and
used for further experiments. For virus attachment studies, concentrat-
ed virus preparations were obtained by mixing the culture supernatants
with polyethylene glycol (8%), NaCl (2.2%) and phenyl methyl-sulfonyl
fluoride (0.01%). The resulting solution was incubated overnight at 4 °C
with gentle stirring followed by centrifugation at 15,000 x g for 90 min
and finally resuspended in the tissue culture medium to use in further
experiments.

2.2. Peptide synthesis

Solid phase methodology with Fmoc chemistry was used to synthesize
sequences of native nAChRa1-subunit peptides derived from torpedo,
bovine, human and rat. These peptide sequences characteristically fall be-
tween 174 aa to 203 aa region of a1 subunit of the receptor. Phage display
derived a-bungarotoxin binding peptides discovered earlier were also in-
cluded in the present study (Moshe et al., 1997). Briefly after 1 h swelling
of rink amide MBHA resin (Nova Biochem), 20% piperidine treatment was
done to remove the protecting Fmoc group. The first Fmoc-amino acid
(5 equivalent to the loading capacity of the resin) was activated
with equivalent amount of 1-(Bis (dimethylamino) methylene)-1 H-
benzotrizoliumhexaflurophosphate (1-) 3 oxide (HBTU) and 1-
hydroxybenzotriazol (HOBT) and made to react with the resin in the
presence of di-isopropyl ethylamine (DIEA). Coupling was allowed for
2 h followed by end capping with acetic anhydride. Loading/coupling
efficiency was monitored at each steps of synthesis using Kaiser test
(Kaiser et al., 1970). Subsequent deprotection, coupling and end capping
were repeated till the completion of synthesis. Peptides were deprotected
and cleaved from resin beads using a treatment of trifluoroacetic acid/
phenol/thioanisol/1dodecanethiol/water (82.5:5:5:2.5:5 v/v) mixture
for 4 h and precipitated in chilled dry diethyl ether.

2.3. Purification and characterization of peptides

Precipitated peptides in crude forms were purified by reversed-
phase chromatography (RP-HPLC) on a C-18 semi-preparative column
(7 x 300 mm; 10 p particle size) using UFLC pump system (Shimadzu,
Tokyo, Japan) fitted with photo diode array (PDA) detector. The binary
gradient of water/acetonitrile having 0.1% TFA (v/v) was used for puri-
fication of peptides. The flow rate was kept at 1 ml/min and the major
peaks were collected. The collected elutions were dried in Speed Vac
concentrator (Eppendorf, Germany) and resuspended in HPLC grade
water. Peptides were further analyzed for purity on analytical C-18 col-
umn (4 x 150 mm; 5 p particle size). The identity and purity of the final
products were confirmed by Ettan™ MALDI-TOF (matrix-assisted laser-
desorption ionization-time-of-flight) MS (Amersham Biosciences)
(Supporting materials). The sequences of the synthesized peptides
and their physico-chemical properties were determined by using
ProtParam algorithm at ExPASy (the Expert Protein Analysis System)
provided by the Swiss Institute of Bioinformatics (SIB) (Table 1).

24. Virus capture ELISA

Microtitre plates were coated with 100 pg/ml peptides for 24 h at
4 °C. Plates were blocked with 1% BSA in Tris buffered saline (TBS) for
1 h at room temperature, followed by 2 h at room temperature with
10 pg per well of B-propiolactone (BPL) inactivated RABV. After exten-
sive washing, plates were probed with 1:1000 dilution of monoclonal
mouse anti-rabies IgG (Rab sc-57994, Santa Cruz) for 1 h at 37 °C. Plates
were washed with PBS and a 1:2000 dilutions of chicken anti-mouse
HRP conjugate (sc-2954, Santa Cruz) was added to each well, incubated
for 1 h at 37 °C. The wells were washed with PBS and developed by
using TMB substrate (Amresco) at room temperature for 20 min. Plates
were read at 450 nm after addition of stopping solution (1 M H,SO4).
The binding was calculated by determining the change in virus binding
compared to the wells coated with BSA alone.

2.5. Cytotoxicity test for peptides in N2A cells

Cytotoxicity test for nAChRa1-subunit peptides was performed
using the MTT method (Mosmann, 1983). Briefly equal numbers of
cells (2.5 x 10 were seeded in each well of 96 wells culture plates.
50 pl of different concentration of peptides (6.25, 12.5, 25, 50, 100 &
150 uM) diluted in DMEM were added to the cells. 20% DMSO and
DMEM alone were included as the positive and negative control groups
respectively. Plates were incubated for 24 h at 37 °C, under a humidified
5% CO atmosphere. The medium was removed and 50 pl of MTT solu-
tion was added to each well and incubated for 4 h. 100 pl of DMSO
was added to the wells and gently rocked to solubilize formazan. Absor-
bances were measured using spectrophotometer at 540 nm. The CCsq
was calculated as the concentration of the peptides that reduced the ab-
sorbance of treated wells to 50% when compared to the control wells.

2.6. Virus inhibition assay

Virus inhibition assay was performed using NIH test protocol, mod-
ified rapid fluorescent focus inhibition test (RFFIT) (Smith et al., 1973).
N2A cells were seeded in 24 well plates on the previous day to reach 80-
90% confluence. The cells were inoculated with peptide pretreated (0 to
50 puM of peptide) and untreated RABV-CVS18 atan MOl of 0.1 for 1 h at
37 °C. Following the adsorption, inoculum was removed and cells were
incubated in DMEM containing 2% fetal bovine serum (FBS). The super-
natants were collected at after 48 h (hpi), and stored at — 80 °C for viral
RNA isolation. The infected cells monolayers were fixed with 80% ace-
tone to detect RABV in infected cells by direct immunofluorescence
test using FITC-labeled antibody against RABV nucleocapsid protein
(BioRad). Cell nuclei were counterstained with Prolong gold anti-fade
reagent with DAPI (Invitrogen). The viral foci were counted in 6 random
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Table 1

Physical and chemical properties of peptides.
Peptides Sequence M- Wt g/mol pl GRAVY tizh Stability
Torpedo-32 (T-32) SGEWVMKDYRGWKHWVYYTCCPDTPYLDITYH 4014 7.1 —0.787 2 —5.9(S)
Bovine-32 (C-32) SGEWVIKESRGWKHWVFYACCPSTPYLDITYH 3859 8.2 —0.400 2 —59(S)
Human-32 (H-32) SGEWVIKESRGWKHSVTYSCCPDTPYLDITYH 3758 7.1 —0.672 2 209 (S)
Torpedo-20 (T-20) KDYRGWKHWVYYTCCPDTPY 2581 8.8 —1.265 13 —6.2(S)
Bovine-20 (C-20) KESRGWKHWVFYACCPSTPY 2445 9.5 —0.775 13 94.3 (U)
Rat-14 (R-14) ESRGWKHWVFYAC 1668 10.1 —0.857 13 103.0(U)
Lpep-13 (L-13) MRYYESSLKSYPD 1637 9.3 —1.354 30 28.1(S)
DDD-14 (D-14) FRYYESSLEPWDDD 1820 3.8 —1.579 1.1 46.5 (U)

Where pl is the theoretical isoelectric point; GRAVY, grand average of hydropathicity, positive values are hydrophobic; t;, is estimated half-life in mammalian reticulocytes, in vitro; U,
unstable; S, stable; the bold letters indicate changes in the amino acids in the peptide sequence.

fields and mean number of foci in the peptide treated and control wells
were recorded. The ICso was calculated as the concentration of peptide
that reduced the number of fields with fluorescent foci to 50% when
compared with the negative control with plain medium.

2.7. Virus attachment experiment

The effects of receptor peptides on the attachment of RABV to host
neuronal cells were studied using virus attachment study. N2A cells
were seeded in 96 wells culture plates to reach near confluent layer.
An increasing concentration of peptides were mixed with PEG-NaCl
concentrated RABV (MOI of 6) and incubated for 1 h at 37 °Cand chilled.
Virus-peptide solutions were plated on N2A cells monolayer at 4 °C for
2 h with gentle rocking at every 15 min. The content removed, washed
with cold PBS and fixed with 4% paraformaldehyde at room tempera-
ture followed by washing with PBS. Plates were blocked with 3% BSA
in TBS for 1 h at room temperature and again washed with PBS. Primary
mouse anti-rabies IgG (Rab sc-57994, Santa Cruz) was added (1:1000)
and incubated for 1 h at 37 °C. Plates were washed with PBS and then
probed with goat anti-mouse IgG-HRP (sc-2954, Santa Cruz) for 1 h at
37 °C. The plates were washed with PBS and developed using 100 pl of
TMB at room temperature for 15 min. Plates were read at 450 nm
after addition of 1 M of H,SO, stop solution.

2.8. Real time PCR for viral gene expression

The RABV-L gene copy numbers were quantified in the culture su-
pernatants using one-step quantitative real-time PCR. Known copies
of the viral RNA were 10-fold serially diluted to generate a standard
curve. The viral RNA was extracted using the QIAmp viral RNA mini
kit (QIAGEN, Germany) and the qRT-PCR was performed using a SYBR
Green Master Kit (QIAGEN, Germany). Triplicate reactions were per-
formed for each sample, and a no template control (NTC) was included
as a negative control. Absolute quantification was performed using an
ABI7500 machine (Applied Biosystems, Foster City, CA). The results
were analyzed using Sequence Detection Software Version 1.3 (Applied
Biosystems, Foster City, CA).

2.9. Statistical analysis

Statistical analysis was performed using SPSS-20 software package.
Data were compared between groups using one-way analysis of variance
followed by post hoc test. Data from triplicates of two independent ex-
periments were considered for analysis and presented as mean + SEM.
Differences up to p < 0.01 were considered significant.
3. Results
3.1. Interactions of nAChRa1-subunit and analog peptides with RABV

The results of the virus capture ELISA indicated that the nAChRa1-
subunit peptides interact with the RABV. The torpedo derived peptide

sequences (T-32 & T-20) had more affinity compared to bovine,
human and rat origin sequences. T-20 had highest affinity among the
analyzed peptides. However, the ai-bungarotoxin binding peptides did
not interact with the RABV and hence were not included in further stud-
ies (Fig. 1A). In peptide immunofluorescence tests, amino terminal end
of the peptides were labeled with fluorescent dye (FITC) and these la-
beled peptides were used to stain the RABV infected N2A cells. The re-
sults revealed the binding of the labeled peptides to the outer
membrane of the infected cells. The fluorescence was observed in
groups of cells which were infected (Fig. 1B).

3.2. Inhibitory effect of peptides on RABV infection in neuronal cells:

Increasing concentrations of peptides were tested against RABV
using RFFIT. The peptides pretreated groups showed reduction in the
fluorescent focus units (FFU) compared to the untreated control group
indicating the inhibition of RABV in N2A cells. The highest inhibition
was observed in the torpedo origin peptide (T-32) with ICsq value of
14 + 3.01 uM. The bovine origin peptide (C-32) had relatively lower ef-
fect (ICsp: 24 + 2.61 uM), whereas the human sequence (H-32) showed
no inhibition even at 50 pM (Fig. 2). T-20 and C-20 comparatively had
similar effect in inhibiting the viral infection whereas the R-14 showed
no significant inhibition (Figs. 2 & 3). In the quantitative real-time PCR,
the viral gene expression was reduced in peptide pretreated RABV in-
fected cells indicating the decreased viral load. The reduction of viral
copy number was highest for torpedo origin peptides (T-32 & T-20)
followed by bovine origin peptides (C-32 & C-20). The human (H-32)
and rat (R-14) peptide sequences did not show significant effect on
the viral gene expression compared to the control groups (Fig. 4).

3.3. Effect of peptides on the attachment of RABV to neuronal cells:

The results of the viral attachment studies revealed that the
nAChRa1-subunit peptides at higher concentrations were able to inhib-
it the RABV adsorption on the cultured neuroblastoma cells. Without
the peptide treatment, the virus attachment was highest where as it de-
creased as the peptide concentration was increased. At 100 uM concen-
tration of the peptide, the adsorption was least (Fig. 5). These findings
indicated that the peptide may interfere with RABV attachment and
entry of viruses' into the neuronal cells thereby preventing the viral
infection.

4. Discussion

Nicotinic acetylcholine receptors (AChRs) are found in the central
and peripheral nervous system, in vertebrate skeletal muscles and in
the electric organ of fish-torpedo (Gotti and Clementi, 2004 ). These re-
ceptors are pentameric complexes with different subunits. The o-
subunits contains major determinants for the binding of agonists, such
as the neurotransmitter acetylcholine (ACh), and antagonists, including
d-tubocurarine and a-neurotoxins (Karlin and Akabas, 1995). Earlier it
was found that RABV interacts with a-subunit of the AchR from torpedo
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Fig. 1. nAChRat1-subunit peptide’s interaction with RABV. Microtitre plates coated with 100 pg/ml of the peptides were incubated with BPL inactivated RABV. Bound virus was determined
by using anti-rabies antibody, HRP-conjugated secondary antibodies and developed by TMB substrate. Binding or virus capture was determined by taking absorbance at 450 nm. For each
test peptides, BSA coated control wells are included. Triplicates of two independent experiments were used for plotting the results (* indicates significant difference between the test pep-
tide and control at p < 0.01) (A); N2A cells were infected with RABV at 0.1 moi, after 24 hpi cells were fixed, stained with FITC labeled peptides (B).

electric organ membranes and competes with bungarotoxin which
binds at the residues from 173 to 204 (Gustka et al., 1996). In the
present study, the nAChRa1-subunit peptide sequences of different
lengths between 174 aa to 204 aa, derived from four different species
(torpedo, bovine, human and rat) were analyzed for their interaction
with RABV. The results revealed different affinity of peptides for RABV

Mock Virus only

Virus+T-32

with T-20 showing higher binding compared to the others. Since outer
coat protein, RVG has neurotoxin loop domain similar to o-
bungarotoxin, the bungarotoxin binding peptides were expected to
bind to RABV. However in the present study these peptides did not
show any reactivity with the RABV. The comparison of the AChRa1 pep-
tide sequences among four different species shows changes in 6

Virus+C-32 Virus+H-32

Fig. 2. Anti-RABV activity of the peptides in RFFIT in N2A cells. Experiments were carried out with the virus in the presence or absence of peptides (20 uM each). Cells were fixed after 24 hpi
and stained with FITC anti-nucleocapsid conjugate. The number of cells infected were counted and compared with the positive virus control (without peptide). A, D, I, M, P — green; B, E, K,

N, Q — blue; C, F, L, O, R — merge.
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Fig. 3. Comparison of anti-RABV effect of nAChRa1-subunit peptides of different species in N2A cells based on RFFIT. RABV was pretreated with serial concentrations of peptides (0, 5, 10,
15, 20,30 and 50 pM) for 1 h at 37 °C followed by infection on semi-confluent monolayer of N2A cells. The numbers of infected cells showing fluorescent foci were determined at 48 hpi.

residues. Between torpedo and bovine, there are two non-conservative
changes (Tyr-181 to Ser and Asp-195 to Ser) whereas between T-32 and
H-32 there are three non-conservative changes (Tyr-181 to Ser, Trp-187
to Ser, and Tyr-189 to Thr). In the human peptide, all the three changes
involve the replacement of aromatic residues with polar residues. Con-
siderably less affinity of the H-32 to RABV observed in our study indi-
cates the importance of aromatic residues within these sequences.
These findings were corroborated by earlier findings of a1-subunit
peptide's NMR structure analysis and alanine substitutions within the
peptide's sequence which also revealed a predominant contribution of
aromatic and negatively charged residues in binding to the neurotoxins
(Moise et al., 2002; Marinou and Tzartos, 2003).

Virus infections can be prevented by targeting the critical steps in
the virus life cycle. The virus binding peptides (that are parts of host
cell receptors) which specifically prevent interaction of virus glycopro-
tein with the host cells may block infection by preventing their attach-
ment and entry into the cells (Teissier et al., 2011). In the present
study, nAChRa1-subunit peptides were evaluated against RABV infec-
tion in N2A cells. Antiviral effect was observed when RABV was
pretreated with the peptides followed by their infection in N2A cells.
Previously different approaches were used to identify antiviral agents
against RABV. RABV phosphoprotein (P) targeting peptides blocked

5.5
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i
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@
T

w
2
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C-23 H-32 T-20 C-20 R-14
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Fig. 4. Determination of viral inhibition of nAChRa-subunit peptides by qRT-PCR. The viral
RNA was quantified by one step qRT-PCR at 48 hpi in RABV infected N2A cells. The viral
copy numbers were determined in peptide treated (20 uM) RABV infected N2A cells. A
group without peptide treatment is included as control (different superscripts on the
bar indicates significant difference between groups at p < 0.01).

the replication of viral genome and reduced its multiplication (Real
et al., 2004). Peptides mimicking the amino terminal end of P protein
were found to have antiviral effect against RABV (Castel et al., 2009).
Host-RABV protein-protein interactions were screened for identifying
antiviral drugs against rabies (Lingappa et al., 2013). Attachment and
entry of the virus are the critical steps that are targeted by antiviral pep-
tides. nAChR a1 peptides that represent binding domain have shown to
inhibit these steps in the RABV infections. Similar mechanisms of ac-
tions were involved by the peptides against other viruses including In-
fluenza, Hepatitis C and Dengue virus, (Nicol et al., 2012; Si et al,,
2012; Rothan et al., 2014). These peptides used in the present study
may not be effective when the virus is already multiplying within the
neurons cells as they lack cell penetrating properties. However the pep-
tides can function when virions are freely available in extracellular con-
ditions. It may be possible that these peptides may act similar to rabies
immunoglobulin's (RIG) and prevent the virus entry to the neuronal
cells.

5. Conclusions

The synthetic nAChR1-subunit peptide sequences from different
species tested for interaction with RABV by virus capture ELISA and pep-
tide immunofluorescence showed varying binding capacity with torpe-
do peptide exhibiting highest degree of interaction followed by bovine

100.0075.00 50.00 2500 1250 6.25
Peptides (uM)

0.350

0.325-

0.300

0.275-

Viral attachment(A 45,)

0.250

Fig. 5. Peptide mediated inhibition of virus adsorption on N2A cells. Chilled N2A cells were
adsorbed with RABV previously treated with increasing concentration of T-32 peptide. Cell
associated virus was detected with indirect ELISA. The values represent mean + SEM for
triplicates and representative of two independent experiments.
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origin peptide sequence. These synthetic peptides inhibited the viral
replication in vitro as measured by RFFIT and viral gene expression sug-
gesting the antiviral properties of peptides. However, further in vivo
studies on improved designs for higher binding capacity and ability to
enter neurons are warranted to develop these peptides as potential an-
tiviral agents for RABV and other similar viral diseases.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.npep.2015.11.090.

Acknowledgment

The authors were thankful to Director, Indian Veterinary Research
Institute, Bareilly-243122 (UP), India and Department of Biotechnology
(GOI) for providing research grant (BT/PR-11271/MED/32/81/2008)
and facilities.

References

Albuquerque, EX., Pereira, E.F., Alkondon, M., Rogers, S.W., 2009. Mammalian nicotinic
acetylcholine receptors: from structure to function. Physiol. Rev. 89 (1), 73-120.
Bourhy, H., Dautry-Varsat, A., Hotez, P.J., Salomon, J., 2010. Rabies, still neglected after

125 years of vaccination. PLoS Negl. Trop. Dis. 4 (11), e839.

Bracci, L., Antoni, G., Cusi, M.G., Lozzi, L., Niccolai, N., Petreni, S., Rustici, M., Santucci, A.,
Soldani, P., Valensin, P.E., Neri, P., 1988. Antipeptide monoclonal antibodies inhibit
the binding of rabies virus glycoprotein and a-bungarotoxin to the nicotinic acetyl-
choline receptor. Mol. Immunol. 25, 881-888.

Castel, G., Chtéoui, M., Caignard, G., Préhaud, C., Méhouas, S., Réal, E., Jallet, C,, Jacob, Y.,
Ruigrok, RW., Tordo, N., 2009. Peptides that mimic the amino-terminal end of the ra-
bies virus phosphoprotein have antiviral activity. J. Virol. 83 (20), 10808-10820.

Finke, S., Conzelmann, K.K., 2005. Replication strategies of rabies virus. Virus Res. 111 (2),
120-131.

Gao, Y., Wang, Z.Y., Zhang, ]., Zhang, Y., Huo, H., Wang, T., Jiang, T., Wang, S., 2014. RVG-
peptide-linked trimethylated chitosan for delivery of siRNA to the brain.
Biomacromolecules 15 (3), 1010-1018.

Gotti, C., Clementi, F., 2004. Neuronal nicotinic receptors: from structure to pathology.
Prog. Neurobiol. 74 (6), 363-396.

Gustka, M., Horvat, J., Lentz, L.T., 1996. Rabies virus binding to the nicotinic acetylcholine
receptor a subunit demonstrated by virus overlay protein binding assay. J. Gen.Virol.
77, 2437-2440.

Huang, A.S., Chen, W.C., Huang, W.T., Huang, S.T., Lo, Y.C., Wei, S.H., Kuo, H.W., Chan,
P.C., Hung, M.N,, Liu, Y.L., Mu, ].J., Yang, J.Y., Liu, D.P., Chou, J.H., Chuang, ].H.,
Chang, F.Y., 2015. Public health responses to reemergence of animal rabies,
Taiwan, July 16-December 28, 2013. PLoS ONE 10 (7), e0132160.

Kabeta, T., Deresa, B., Tigre, W., Ward, M.P., Mor, S.M., 2015. Knowledge, attitudes and
practices of animal bite victims attending an anti-rabies health center in Jimma
Town, Ethiopia. PLoS Negl. Trop. Dis. 9 (6), e0003867.

Kaiser, E., Colescott, R.L.,, Bossinger, C.D., Cook, P.I, 1970. Color test for detection of free
terminal amino groups in the solid-phase synthesis of peptides. Anal. Biochem. 34,
595-598.

Karlin, A., Akabas, M.H., 1995. Toward a structural basis for the function of nicotinic ace-
tylcholine receptors and their cousins. Neuron 15, 1231-1344.

Kim, J.Y., Choi, W.L, Kim, Y.H,, Tae, G., 2013. Brain-targeted delivery of protein using chi-
tosan and RVG peptide-conjugated, pluronic-based nano-carrier. Biomaterials 34 (4),
1170-1178.

King, AM.Q., Adams, M., Carstens, E.B., Lefkowitz, E.J., 2012. Virus taxonomy: classifica-
tion and nomenclature of viruses: Ninth Report of the International Committee on
taxonomy of viruses. Elsevier Academic Press. CA, San Diego.

Klingen, Y., Conzelmann, KX, Finke, S., 2008. Double-labeled rabies virus: live tracking of
enveloped virus transport. J. Virol. 82 (1), 237-245.

Lafon, M., 2005. Rabies virus receptors. ]. Neurovirol. 11, 82-87.

Lentz, T.L., Burrage, T.G., Smith, A.L, Crick, ]., Tignor, G.H., 1982. Is the acetylcholine recep-
tor a rabies virus receptor? Science 215, 182-184.

Lentz, T.L., 1990. The recognition event between virus and host cell receptor: a target for
antiviral agents. J. Gen. Virol. 71, 751-756.

Lingappa, U.F.,, Wy, X., Macieik, A,, Yu, S.F,, Atuegbu, A., Corpuz, M., Francis, J., Nichols, C.,
Calayag, A., Shi, H,, Ellison, J.A., Harrell, EX., Asundi, V., Lingappa, J.R., Prasad, M.D.,
Lipkin, W.I, Dey, D., Hurt, C.R,, Lingappa, V.R., Hansen, W.J., Rupprecht, C.E., 2013.
Host-rabies virus protein-protein interactions as druggable antiviral targets. Proc.
Natl. Acad. Sci. U. S. A. 110 (10), E861-E868.

Marinou, M., Tzartos, SJ., 2003. Identification of regions involved in the binding of alpha-
bungarotoxin to the human alpha7 neuronal nicotinic acetylcholine receptor using
synthetic peptides. Biochem. J. 372, 543-554.

Moise, L., Piserchio, A., Basus, V.., Hawrot, E., 2002. NMR structural analysis of alpha-
bungarotoxin and its complex with the principal alpha-neurotoxin-binding sequence
on the alpha 7 subunit of a neuronal nicotinic acetylcholine receptor. J. Biol. Chem.
277 (14), 12406-12417.

Moshe, B., Ephraim, K.K,, Sara, F., 1997. The a-bungarotoxin binding site on the nicotinic
acetylcholine receptor: analysis using a phage-epitopelibrary. Proc. Natl. Acad. Sci.
U.S. A. 94 (12), 6054-6058.

Mossmann, T., 1983. Rapid colorimetric assay for cellular growth and survival: application
to proliferation and cytotoxicity assays. J. Immunol. Methods 65 (1-2), 55-63.

Nicol, M.Q,, Ligertwood, Y., Bacon, M.N., Dutia, B.M., Nash, A.A., 2012. A novel family of
peptides with potent activity against influenza A viruses. J. Gen. Virol. 93 (5),
980-986.

Pulmanausahakul, R., Li, ]., Schnell, M.]., Dietzschold, B., 2008. The glycoprotein and the
matrix protein of rabies virus affect pathogenicity by regulating viral replication
and facilitating cell-to-cell spread. J. Virol. 82, 2330-2338.

Real, E., Rain, J.C,, Battaglia, V., Jallet, C., Perrin, P., Tordo, N., Chrisment, P., D'Alayer, J.,
Legrain, P., Jacob, Y., 2004. Antiviral drug discovery strategy using combinatorial li-
braries of structurally constrained peptides. J. Virol. 78 (14), 7410-7417.

Roche, S., Gaudin, Y., 2004. Evidence that rabies virus forms different kinds of fusion ma-
chines with different pH thresholds for fusion. J. Virol. 78 (16), 8746-8752.

Rothan, H.A., Bahrani, H., Rahman, N.A,, Rohana, Y., 2014. Identification of natural antimi-
crobial agents to treat dengue infection: in vitro analysis of latarcin peptide activity
against dengue virus. BMC Microbiol. 14, 140-150.

Rustici, M., Bracci, L., Lozzi, L., Neri, P., Santucci, A., Soldani, P., Spreafico, A., Niccolai, N.,
1993. A model of the rabies virus glycoprotein active site. Biopolymers 33 (6),
961-9609.

Schnell, MJ., McGettigan, ]J.P., Wirblich, C., Papaneri, A., 2010. The cell biology of rabies
virus: using stealth to reach the brain. Nat. Rev. Microbiol. 8 (1), 51-61.

Seganti, L., Superti, F., Bianchi, S., Orsi, N., Divizia, M., Pana, A., 1990. Susceptibility of
mammalian, avian, fish, and mosquito cell lines to rabies virus infection. Acta Virol.
34 (2), 155-163.

Si, Y., Liy, S., Liu, X,, Jacobs, J.L., Cheng, M., Niy, Y., Jin, Q., Wang, T., Yang, W., 2012. A
human claudin-1-derived peptide inhibits hepatitis C virus entry. Hepatology 56
(2), 507-515.

Smith, A.L, Tignor, G.H., Mifune, K., Motohashi, Y., 1977. Isolation and assay of rabies
serogroup of viruses in CER cells. Intervirology 8, 92-99.

Smith, J.S., Yager, P.A,, Baer, G.M., 1973. A rapid reproducible test for determining rabies
neutralizing antibody. Bull. World Health Organ. 48 (5), 535-541.

Son, S., Hwang do, W., Singha, K., Jeong, ].H., Park, T.G., Lee, D.S., Kim, W, 2011. RVG peptide
tethered bioreducible polyethylenimine for gene delivery to brain. ]. Control. Release
155 (1), 18-25.

Teissier, E., Penin, F., Pécheur, E.I, 2011. Targeting cell entry of enveloped viruses as an an-
tiviral strategy. Molecules 16 (1), 221-250.

Tuffereau, C., Benejean, J., Blondel, D., Kieffer, B., Flamand, 1998. A low-affinity nerve-
growth factor receptor (P75NTR) can serve as a receptor for rabies virus. EMBO J.
17, 7250-7259.

Tuffereau, C., Schmidt, K., Langevin, C,, Lafay, F., Dechant, G., Koltzenburg, M., 2007. The
rabies virus glycoprotein receptor p75ntr is not essential for rabies virus infection.
J. Virol. 81 (24), 13622-13630.

WHO Expert Consultation on Rabies, 2013. Second Report WHO technical report series;
no. 982.

Wilde, H., Hemachudha, T., 2015. The “Milwaukee protocol” for treatment of human ra-
bies is no longer valid. Pediatr. Infect. Dis. ]. 34 (6), 678-679.


http://dx.doi.org/10.1016/j.npep.2015.11.090
http://dx.doi.org/10.1016/j.npep.2015.11.090
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0005
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0005
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0010
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0010
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0015
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0015
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0015
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0020
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0020
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0025
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0025
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0030
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0030
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0030
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0035
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0035
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0040
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0040
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0040
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0045
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0045
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0050
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0050
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0050
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0055
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0055
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0055
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0060
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0060
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0065
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0065
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0065
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0070
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0070
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0070
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0075
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0075
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0080
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0085
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0085
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0090
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0090
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0095
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0095
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0100
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0100
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0100
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0105
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0105
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0105
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0105
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0110
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0110
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0110
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0110
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0115
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0115
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0120
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0120
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0120
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0135
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0135
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0135
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0140
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0140
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0145
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0145
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0150
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0150
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0150
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0155
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0155
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0160
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0160
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0165
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0165
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0165
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0170
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0170
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0170
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0175
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0175
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0180
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0180
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0185
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0185
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0185
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0190
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0190
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0195
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0195
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0195
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0200
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0200
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0200
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0210
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0210
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0215
http://refhub.elsevier.com/S0143-4179(15)00219-X/rf0215

	Effect of nicotinic acetylcholine receptor alpha 1 (nAChRα1) peptides on rabies virus infection in neuronal cells
	1. Introduction
	2. Experiments
	2.1. Virus propagation in N2A cells and titration
	2.2. Peptide synthesis
	2.3. Purification and characterization of peptides
	2.4. Virus capture ELISA
	2.5. Cytotoxicity test for peptides in N2A cells
	2.6. Virus inhibition assay
	2.7. Virus attachment experiment
	2.8. Real time PCR for viral gene expression
	2.9. Statistical analysis

	3. Results
	3.1. Interactions of nAChRα1-subunit and analog peptides with RABV
	3.2. Inhibitory effect of peptides on RABV infection in neuronal cells:
	3.3. Effect of peptides on the attachment of RABV to neuronal cells:

	4. Discussion
	5. Conclusions
	Acknowledgment
	References


