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Rabies is an acute viral encephalomyelitis in warm-blooded vertebrates, caused by viruses belonging to
Rhabdovirus family and genus Lyssavirus. Although rabies is categorised as a neglected disease, the rabies
virus (RABV) is the most studied amongst Lyssaviruses which show nearly identical infection patterns. In
efforts to improving post-exposure prophylaxis, several anti-rabies monoclonal antibodies (mAbs) targeting the glycoprotein (G protein) sites I, II, III and G5 have been characterized. To explore cross-neutralization capacity of available mAbs and discover new possible B-cell epitopes, we have analyzed all
available glycoprotein sequences from Lyssaviruses with a focus on sequence variation and conservation.
This information was mapped on the structure of a representative G protein. We proposed several
possible cross-neutralizing B-cell epitopes (GUVTTTF, WLRTV, REECLD and EHLVVEEL) in complement to
the already well-characterized antigenic sites. The research could facilitate development of novel crossreactive mAbs against RABV and even more broad, against possibly all Lyssavirus members.
& 2016 Elsevier Inc. All rights reserved.
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1. Background
Rabies virus (RABV), the causative agent of the rabies disease,
belongs to the Rhabdovirus family and genus Lyssavirus. Rabies is
still classiﬁed as a neglected tropical disease (WHO, 2013), although the ﬁrst suggested description of a possible rabies infection
dates back to the twenty-third century BC (John, 1997). This zoonosis remains a problem today especially in developing countries
of Africa and Asia (WHO, 2005). However because Lyssaviruses are
capable of infecting most mammalian orders, they remain a threat
to the developed world as well (Velasco-Villa et al., 2008), with
bats as global reservoirs (Rupprecht et al., 2002).
After introduction into the body through a bite, virions access
to and enter nerve endings. The virus travels to the central nervous
system and spreads within the brain (John, 1997). At this phase,
symptoms such as difﬁculty in swallowing, excessive salivation,
weakness, paralysis and seizures appear (Yousaf et al., 2012). From
Abbreviations: RABV, Rabies virus; G protein, glycoprotein; PEP, Post-exposure
prophylaxis; RIG, Anti-rabies immunoglobulin; HRIG, Human anti-rabies immunoglobulins; ERIG, Equine anti-rabies immunoglobulins; mAbs, Monoclonal
antibodies; WHO, World Health Organization; VSV, Vesicular stomatitis virus; ASA,
Accessible surface area; RSA, Relative solvent accessibility
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the brain the virus replicates and continues to spread via peripheral nerves to many tissues, including salivary and adrenal glands,
skeletal and myocardial muscles and skin (John, 1997). To prevent
death in humans the bite wound must be thoroughly cleaned
shortly after exposure (WHO, 2005), followed by post-exposure
prophylaxis (PEP). Modern PEP includes the administration of
passive immunization with anti-rabies immunoglobulin (RIG) and
active immunization with rabies vaccine. Human (HRIG) and
equine (ERIG) polyclonal anti-rabies immunoglobulins are currently used for passive immunization (WHO, 1997; Yousaf et al.,
2012). These RIGs target the viral G protein which is involved in
receptor recognition, virion attachment and fusion with the host
cell. The G protein is also an essential component in the immunogenic response developed against the Lyssaviruses (Müller
et al., 2009; Kuzmina et al., 2013).
The use of RIG in PEP poses several problems, as they are
prepared from pooled sera obtained from human or horses. There
are safety concerns, such as serum sickness or anaphylactic shock,
as well as the potential risk of contamination by unknown agents
and pathogens (Champion et al., 2000). Moreover, because HRIG
originates from hyper-immunised humans, it is only available in
limited quantities (Müller et al., 2009). Research efforts have been
focused towards the identiﬁcation of affordable, safe and effective
alternative treatments. One alternative is the use of monoclonal
antibodies (mAbs) that originate from mice (Müller et al., 2009) or
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that are expressed in plants such as the Nicotiana benthamiana
tobacco plant (Tsekoa et al.). Nanobodies, which are the functional
antigen-binding fragments of camelid heavy chain-only antibodies
have also been successfully explored as alternatives for RIG (Terryn
et al., 2014).
Because there are several characterized mAbs that have been
shown to neutralize the Lyssaviruses both in vitro and in vivo
(Kuzmina et al., 2013), the World Health Organization (WHO)
Collaborating Centers for Rabies Research have proposed PEP before signs based on a cocktail composed of some of these mAbs.
For the cocktail to be effective, the mAbs should target distinct
epitopes and should preferably not compete for binding to the G
protein. Moreover, such mAbs should address the natural variation
among rabies virus ﬁeld isolates. Virus variants that are susceptible to one mAb might be resistant to the other mAb and vice
versa (Marissen et al., 2005).
Moreover, besides RABV, some of these mAbs should also
neutralize other members of the Lyssavirus genus (Terryn et al.,
2014). To broaden their use in human PEP, mAb reactivity should
neutralize all RABVs and other rabies-related Lyssaviruses (Jallet
et al., 1999) because new Lyssaviruses continue to emerge in various regions world-wide (Kuzmin et al., 2003).

2. Methods
In the current study, we explored the cross-neutralization capacity of several mAbs among the different Lyssaviruses, and
thoroughly analyzed all available G protein sequences from Lyssaviruses with a focus on sequence variation, conservation and the
associated sequence entropy. This information was mapped on the
structure of a representative G protein which allowed us to propose several possible cross-neutralizing B-cell epitopes of all
Lyssaviruses.
2.1. Retrieval of sequences
All the Lyssavirus G protein sequences were retrieved (retrieval
date: 06-2016) from UniProtKB (UniProt Consortium, 2015) based
on their taxon identiﬁcation (TaxonID 11286) (5466 sequences).
Non-G proteins and G protein fragments were removed from the
list with the aid of scripts written in Python (Python Software
Foundation. Python Language version 2.7) (see Supplementary
Material 1).
After the ﬁltering process, a total of 1218 sequences were left
and used for further analysis (Supplementary Material 2). Of these
sequences, 1139 glycoprotein sequences are from the rabies virus.
The consensus sequence of the rabies virus G protein sequences
and all Lyssavirus G protein sequences was calculated with the aid
of cons which is part of EMBOSS (Rice et al., 2000).
2.2. Identiﬁcation of the conserved regions
Scop3D (Vermeire et al., 2015) was used to calculate the sequence variation and entropy of the G protein sequences both
from all the Lyssavirus members and from all rabies virus G protein
sequences. The vesicular stomatitis virus (VSV) glycoprotein (PDBentry 5i2s (Roche et al., 2006)) was used to visualize the sequence
conservation and entropy. Figures were created with PyMOL
(PyMOL).
2.3. Calculation of the solvent accessibility
DSSP (Kabsch and Sander, 1983) was used to calculate the
solvent accessible surface area (ASA) (Touw et al., 2015). The relative solvent accessibility (RSA) was subsequently obtained
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relative to the ASA of the residue in a Gly-X-Gly surrounding
(Samanta et al., 2002). According to Rost and Sander (Rost and
Sander, 1994) residues with RSA of 415% are considered to be
exposed whereas (Deng et al., 2009) suggested 25% to be the
minimum cut off for exposed residues. Ren et al. (2014) re-veriﬁed
25% as the reliable threshold. In this study the 25% threshold was
used to deﬁne a residue as being exposed.
2.4. Phylogenetic trees
CLC Genomic workbench v7.5.1 (CLC) was used to construct the
phylogenetic trees. This was achieved by importing the ﬁltered
sequences and creating a multiple sequence alignment using the
very accurate (slow) option. The Create Tree protocol was selected
and the aligned sequences were inserted. Neighbor Joining and
Kimura Protein methods were used for tree construction and
protein distance measurements. For the potential epitope-speciﬁc
trees, sequences that did not contain the peptides of interest were
removed from the aligned sequences. The remaining sequences
were then submitted for the construction of the radial phylogenetic trees.

3. Results
To explore the potential of cross-reactive mAbs that target the
G protein of Lyssaviruses, we have analyzed all G protein sequences
of the Lyssavirus genus that are available in UniProtKB (UniProt
Consortium, 2015). This resulted in the retrieval of 1218 complete
G protein sequences from 15 Lyssavirus species of which 1139 are
from the rabies virus. Table 1 (Ceballos et al., 2013) shows the
number of sequences retrieved for each species. We subsequently
determined the consensus sequence of the rabies virus G protein
sequences and of all the Lyssavirus G protein sequences. For the
latter, to avoid bias towards the RABV G protein due to their large
number, we used the consensus sequence of the RABV G protein
sequences during the calculation of the consensus sequence of the
Lyssavirus genus G protein. Next, Scop3D (Vermeire et al., 2015)
was used to calculate the sequence conservation and entropy of all
RABV G protein sequences and all Lyssavirus G protein sequences.
For the latter, we again used the consensus sequence of the rabies
virus to avoid bias towards this virus. Fig. 1 gives the sequence
Table 1
Number of Lyssavirus G protein sequences. Number of G protein sequences for each
species of the Lyssavirus genus that are taken into account during the analysis. The
taxonomy is based on the work of Miia and co-workers (Ceballos et al., 2013).
Order: Mononegavirales
Family: Rhabdoviridae
Genus: Lyssavirus
Species
Aravan virus
Australian bat lyssavirus
Rabies virus
Bokeloh bat lyssavirus
Duvenhage virus
European bat lyssavirus 1
European bat lyssavirus 2
Ikoma lyssavirus
Irkut virus
Khujand virus
Lagos bat virus
Mokola virus
Shimoni bat virus
West Caucasian bat virus
Ozernoe lyssavirus (unclassiﬁed
lyssavirus)

Abbreviation
ARAV
ABLV
RABV
BBLV
DUVV
EBL-1
EBL-2
IKOV
IRKV
KHUV
LBV
MOKV
SHIBV
WCBV
OLV

Number of sequences
1
15
1139
3
7
7
5
1
2
1
17
17
1
1
1
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Fig. 1. Sequence conservation and entropy of the rabies virus and Lyssavirus G protein sequences. The consensus sequences of the RABV (top sequence) and Lyssavirus G proteins
(bottom sequence) were aligned to determine the level of conservation of the characterized epitopes within the RABV variants and Lyssaviruses. Sequence conservation is
colored with a gradient that ranges from blue, high conservation, to red, low conservation. The color gradient for entropy goes from yellow, high entropy, to green, low
entropy. The relative solvent accessibility of both the monomeric and trimeric form of the G protein is colored in a gradient that ranges from light gray, solvent inaccessible,
to dark gray, highly solvent accessible. The known antigenic sites are delineated and possible cross-neutralizing epitopes are colored in red.

conservation and entropy at the sequence level mapped on the
calculated consensus sequences.
The RABV G protein contains several well-characterized B-cell
epitopes: antigenic site I (KLCGVL), the discontinuous antigenic
site II (KRA and GCTNLSGFS), antigenic site III (KSVRTWNEI) and
G5 (HDFH) (Kuzmina et al., 2013). To map these antigenic sites on
the structure of the RABV G protein (Fig. 2), we identiﬁed the
structure of the vesicular stomatitis virus (VSV) G protein in the

pre-fusion conformation (PDB-entry 5i2s (Roche et al., 2006) via a
BLAST search (Altschul et al., 1990) with the consensus sequence of
the RABV G protein against the PDB (Berman et al., 2000) as the
closest homologous structure (22.3% sequence identity and 33.6%
sequence similarity).
Because of the relatively low sequence identity between the
consensus sequence of the RABV G protein and the VSV G protein,
we analyzed the conservation of the disulﬁde bonds. Disulﬁde
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Fig. 2. Representation of known antigenic sites of the rabies G protein. The structure of the VSV G protein was used as representative of the rabies G protein (pdb-entry 5i2s
(Roche et al., 2006)). A. Cartoon representation of the pre-fusion conformation of the G protein. Each known antigenic site is highlighted with spheres and colored differently.
B. Same as A but rotation of 45° along the y-axis. C. View of the top of the G protein.

bonds play a key role in the stability of proteins and are often
conserved between homologous proteins (Thangudu et al., 2008).
The VSV G protein contains six disulﬁde bonds: 24-284, 58-92, 68114, 153-158, 177-224 and 219-253 (numbering according to PDBentry 5i2s) of which only the disulﬁde bond between residues Cys
68 and Cys 114 is not conserved within the RABV G proteins as
well as within the G proteins of the Lyssavirus genus.

As the name implies, the G protein contains several glycosylation sites which often play an important role in antigenicity
(Wright et al., 1989). More speciﬁcally, the RABV G protein (based
on UniProtKB accession P03524) contains three glycosylation sites
at positions 56, 266 and 338 of which the latter two are found to
be glycosylated in the virion (Shakin-Eshleman et al., 1992).
Scop3D (Vermeire et al., 2015) was used to calculate the

Fig. 3. Possible cross-neutralizing epitopes of the G protein based on sequence conservation. The structure of the VSV G protein was used to map the possible cross-neutralizing
epitopes (pdb-entry 5i2s (Roche et al., 2006)). The possible cross-neutralizing epitopes are highlighted with spheres and colored differently. A. The G protein in the trimeric
pre-fusion conformation with the epitopes for the rabies virus G protein. B. Same as A but the G protein is in the monomeric pre-fusion conformation. C. The trimeric prefusion conformation of the G protein with the epitopes for all Lyssaviruses. D. Same as C but the G protein is in the monomeric pre-fusion conformation.
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Fig. 4. Radial phylogenetic trees depicting the percentage of Lyssaviruses that have the indicated conserved regions. The main radial phylogenetic tree (color: turquoise) of all
Lyssaviruses used in the analysis is shown in the far left. Next to this main tree are the radial phylogenetic trees (tree colors: green, orange red, yellow, purple and teal) of each
of the possible cross-neutralizing epitopes. The tables next to the trees show which viruses possess the conserved region. The percentage was calculated based on the total
number of G proteins as listed in Table 1 which is also shown in the table next to the main tree (color: turquoise) at the far left. The node colors correspond to the peptide
color coding that is shown at the bottom-right of the ﬁgure.

sequence conservation and entropy of each position of the RABV
and Lyssavirus G protein sequences. The entropy provides information on the random spread of the observed variation across
all twenty amino acids. Hence a low entropy value indicates that
only few amino acids are possible while a high entropy means that
many different amino acids are found. The structure of the VSV G
protein (PDB-entry 5i2s) (Roche et al., 2006) was used to visualize
both the sequence conservation and entropy. With this information, we identiﬁed all possible cross-neutralizing B-cell epitopes
and mapped them on the pre-fusion conformation of the G protein
(Fig. 3). Regions that display a high sequence conservation and
that are surface exposed were deﬁned as possible cross-neutralizing B-cell epitopes (Mansﬁeld et al., 2004). The solvent accessibility was calculated with the aid of DSSP (Kabsch and Sander,
1983; Touw et al., 2015). This value was then used to calculate the
RSA (Supplementary Material 3 and 4) (Chothia, 1976). Phylogenetic trees (Fig. 4) were calculated to demonstrate the potential for
cross-neutralization of the identiﬁed regions.

4. Discussion
Until recently, treatment against rabies infection consisted of
PEP with HRiG ERIG (Müller et al., 2009; Yousaf et al., 2012). Since
the availability of several characterized mAbs, the WHO proposed
to treat rabies infections with a cocktail that is composed of speciﬁc combinations of these anti-rabies mAbs, prepared by recombinant expression. One requirement of the cocktail is that it
has to address the natural variation among rabies viruses (Marissen et al., 2005). Some of these mAbs are cross-reactive; they
also neutralize other members of the Lyssavirus genus (Terryn

et al., 2014). Broadening the protection of the current anti-rabies
cocktail to other rabies-related viruses is highly important (Jallet
et al., 1999), as new Lyssavirus species that have similar symptoms
to a RABV infection are frequently discovered world-wide (Kuzmin
et al., 2003). To explore the cross-neutralization potential of the
currently available mAbs we have analyzed the conservation
within all available G protein sequences of the Lyssavirus genus.
The conservation was subsequently mapped on the protein
structure of a representative of the G protein to explore this protein for other possible cross-neutralizing epitopes.
We identiﬁed the G protein of VSV as the closest homologous
structure of the G protein of the members of the Lyssavirus genus.
Like the Lyssaviruses, VSV belongs to the family of Rhabdoviridae
but falls within the Vesiculovirus genus. Moreover, a previous study
has shown that the G proteins from VSV and the RABV share the
same fold (Albertini et al., 2012). Although the sequence identity
between the G protein of VSV and that of the rabies virus is relatively low, most disulﬁde bridges are conserved which additionally supports our choice of template.
The G protein undergoes large conformational changes during
its lifetime. At the surface of the virion, the G protein is in the prefusion conformation which allows it to bind to its receptors on the
host cell. In this conformation, the G protein of VSV can be found
both as monomer and trimer (Yousaf et al., 2012). In the ﬁrst step
of the fusion process, upon interaction with the target cell membrane, the G protein adopts the activated hydrophobic conformation (Gaudin et al., 1993; Durrer et al., 1995). Once the G protein is
in the acidic environment of the endosome, it adopts the postfusion conformation and membrane fusion can occur (Gaudin
et al., 1993). Due to its uptake pathway, only the pre-fusion conformation of the G protein is visible to antibodies of the host as
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this is the conformation which is found in the extracellular environment (Gaudin et al., 1993). We therefore only focused on the
pre-fusion conformation to identify possible cross-neutralizing
epitopes.
To determine which regions are highly conserved within the G
protein of the RABV and broader, within the Lyssavirus genus, we
calculated the sequence conservation of each position with the aid
of Scop3D (Vermeire et al., 2015). Within the RABV, the sequence
is overall well conserved apart from the signal peptide, the intramembrane domain and the region that is located within the
virion (Fig. 1). These are three regions which are not visible for
antibodies and do not have a known important function during
the fusion process. The residues that form the intramembrane
domain do however have to fulﬁll the requirement of being
hydrophobic.
Analysis of the sequence conservation of the known antigenic
sites (Fig. 1) shows that within the rabies viruses these antigenic
sites are overall well conserved. Antigenic site I is highly conserved
within the RABV. This antigenic site is however much less conserved within the Lyssavirus genus. Here only the Cys and Gly are
well conserved. Conservation of the Cys is most likely related to
the observation that this residue is involved in a disulﬁde bridge.
Similarly to antigenic site I, the discontinuous antigenic site II is
also well conserved only amongst the RABV but not within the
whole Lyssavirus genus. The few residues which are less well
conserved have side chains that point towards the protein interior
and hence are not visible for antibodies. An important feature of
antigenic site II is the presence of a glycosylation recognition
pattern (Asn–X–Ser/Thr) within the rabies virus sequences. This
pattern is not present in the other Lyssavirus members. However,
Shakin-Eshleman et al. (1992) demonstrated that this glycosylation site is usually unglycosylated. So it is most likely that the
known mAbs bind the unglycosylated antigenic site II and that
glycosylation of this site would prevent antibody binding. Antigenic sites III as well as G5 display much more variation, especially
within the Lyssavirus genus but also within the rabies virus with
only one position highly conserved within antigenic site III. In
addition, based on structure (Fig. 2), antigenic site G5 is less accessible to antibodies.
Work done by Bakker et al. (2005) demonstrated that the
highly potent CR57 mAb which binds to antigenic site I, can be
combined with mAb CR4098 which binds to antigenic site III. This
indicates that these mAbs do not have binding sites that compete
with each other. This is conﬁrmed with the mapping of the antigenic sites on the structure (Fig. 2). Antigenic sites I and III are not
close in structure, hence both mAbs can bind the same G protein.
The same conclusion can be made for antigenic sites I and II, based
on their position within the structure, antibodies can bind both
antigenic sites without competition. This validates the ﬁnding that
a cocktail of the humanized antibodies E559 which binds to antigenic site II and 62-71-3 which binds to antigenic site I increases
neutralization of more rabies strains compared to the individual
antibodies (Tsekoa et al., 2016) Antibodies that bind to antigenic
sites II or III are found to go into competition with each other
(Bakker et al., 2005; Kankanamge et al., 2016). Therefore, without
taken structural information into account, it was suggested that
these antigenic sites are most likely in close proximity to each
other. Analysis of the position of antigenic sites II and III on the
structure however, reveals that these antigenic sites are not that
close together. So what we see on the structure is in disagreement
with what is currently described in literature.
In a next step, we analyzed the conservation within the available sequences to determine possible cross-neutralizing epitopes.
Regions that display a high conservation in sequence and are
solvent accessible were identiﬁed as possible epitopes (Fig. 1)
(Mansﬁeld et al., 2004). Seven regions were identiﬁed as possible
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cross-neutralizing epitopes. FNGII fulﬁlls both requirements of a
cross-neutralizing epitope: it is solvent exposed and highly conserved both for within the rabies species and within the Lyssavirus
genus. GDPRYEESL is also a good example of a possible crossneutralizing epitope for the Lyssavirus genus although this is less
obvious from the structure because the sequences from the Lyssavirus genus have an insertion at this epitope compared to the
template structure of the VSV G protein. However, this insertion
will most likely be solvent accessible. Based on sequence conservation, IPEMQS is another possible cross-neutralizing epitope
but based on the available template, this is less obvious due to an
insertion within the template. Both GUVTTTF and WLRTV fulﬁll
the requirements of a B-cell epitope but both these possibilities
are located very close to the virion which might impede antibody
binding. However, several cross-neutralizing mAbs against the
haemagglutinin of inﬂuenza are known to bind the stem region of
haemagglutinin and hence also bind very close to the virion
(Throsby et al., 2016). It has been described that the G protein can
also be found as a monomer in the pre-fusion conformation (Albertini et al., 2012). This makes the two possible B-cell epitopes
REECLD and EHLVVEEL to be cross-neutralizing epitopes as they
are also located within the trimer interface but are fully solvent
exposed in the monomeric pre-fusion conformation. Binding of an
antibody to the monomeric form would hence prevent formation
of the trimer and the concomitant initiation of fusion.

5. Conclusion
We have analyzed the amino acid conservation amongst the
available sequences of the RABV G protein and more broadly, the
sequences of G proteins of the Lyssavirus genus. This allowed us to
propose several possible cross-neutralizing B-cell epitopes in
complement to the already well-characterized antigenic sites. The
work reported could facilitate the development of novel crossreactive mAbs against RABV and even more broad, against possibly
all Lyssavirus members.
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