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Summary. Rhabdoviruses show an RNA-containing helically-wound nucleo- 
capsid either enclosed by or enclosing a membrane M protein, surrounded by 
a lipid bilayer through which dynamic protein trimers made up of non- 
covalently associated monomers of glycoprotein G (G) project outside. Mature 
monomeric rhabdoviral G has more than 500 amino acids, 2-6 potential 
glycosylation sites, 12-16 highly conserved cysteine residues, 2-3 stretches of 
a-d hydrophobic heptad-repeats, a removed amino terminal hydrophobic signal 
peptide, a close to the carboxy terminal hydrophobic transmembrane sequence 
and a carboxy terminal short hydrophylic cytoplasmic domain. Association- 
dissociation between monomers-trimers and displacement of the trimers along 
the plane of the lipid membrane, are induced by changes in the external 
conditions (pH, temperature, detergents, etc.). Throughout conformational 
changes the G trimers are responsible for the virus attachment to cell receptors, 
for low-pH membrane fusion and for reacting with host neutralizing monoclonal 
antibodies (MAbs). Antigenic differences could exist between monomers and 
trimers, which may have implications for future vaccine developments. The 
family Rhabdoviridae is made up of the Lyssavirus (rabies), the Vesiculovirus 
(vesicular stomatitis virus, VSV) and many rhabdoviruses infecting fish, plants, 
and arthropod insects. All these reasons make the G of rhabdoviruses an ideal 
subject to study comparative virology and to investigate new vaccine techno- 
logies. 

Rhabdoviruses 

Molecular morphology models 

The infectious virion is round at one end and fiat at the other, measuring about 
200 × 70 nm. Shorter virions, from 50 to 80 nm, interfere with the replication 
of infectious virions (defective interfering particles). The ratio of infectious 
virions to defective interfering particles varies from 1/100 to 1/1000. Defective 
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Table 1. Proteins of rhabdoviruses 

Protein M.W. (KDa) 
Estimated number of molecules/virion 
VSV Rabies IHNV VHSV 

L ~200 50 72 43 14 
G 57 1205 1335 166 107 
N 50 1258 1325 766 892 
M1 (NS) 33 466 691 270 464 
M2 (M) 23 1826 1t48 1192 956 

v s v  Vesicular stomatitis virus [140]; Rabies [54]; 1 H N V  infectious haematopoietic 
necrosis virus [72]; V H S V  viral haemorrhagic septicaemia virus [8]. IHNV and VHSV 
have a sixth protein not present in the virions of about 12KDa (NV) [83] 

particles are abundant in persistent infections and in undiluted in vitro passages 
[71]. 

Rhabdoviruses consist of a helically wound ribonucleocapsid (3.5 g long) 
surrounded by a lipid bilayer through which spikes project outside at 5 nm 
intervals. Trypsin treatment of the virion removes the spikes leaving behind a 
short peptide traversing the lipid bilayer. Removal of the lipid bilayer with 
phospholipases and fixation with formaldehyde yields the protein skeleton of 
the virus with the spikes attached to the ribonucleocapsid. Disruption of the 
lipid bilayer with detergents (Triton, CHAPS, etc.) releases the free spikes and 
the ribonucleocapsid, coiled in the absence of salts or uncoiled in the presence 
of high salt concentrations. 

Rhabdoviruses have about 11000 bases of negative RNA to code for 3700 
amino acid (aa) residues corresponding to an average of 5-6 proteins (Table 1). 
Rhabdoviruses possess 2 membrane proteins, the glycoprotein G(G) that 
forms the non-covalently-bound homotrimer spikes (65 KDa monomers) and 
the matrix protein M (M2) (20KDa). Rhabdoviruses have several internal 
proteins, the RNA polymerase L (200 KDa), a second matrix protein sometimes 
phosphorylated, Mt, NS or P (24 KDa) and the nucleoprotein N phosphory- 
lated in most rhabdoviruses except in VSV (38 KDa). The internal proteins, L, 
N, and the viral RNA form the viral ribonucleocapsid. The approximate 
composition of rhabdoviruses is 74~ of protein, 20~o of lipid (from the 
membrane of the infected cell), 3~o of carbohydrate (in the G) and 3~ of RNA. 

The M protein is resistant to protease digestion and lactoperoxidase 
iodination and at least in part, attaches both to the G on the internal side of 
the membrane and to the ribonucleocapsid (demonstrated by cross-linking) to 
the opposite side [28, 73, 155] (Fig. 1A). The M protein including that of fish 
rhabdoviruses [10] is basic [90], most probably to attach to the negatively 
charged residues of the inner surface of the membrane [155]. The cytoplasmic 
tail of the VSV G contains a sequence to interact with the M protein, to stabilize 
the G trimer [-96] and to direct foreign chimeric proteins (pseudotypes) into 
VSV particles [106]. However, the results of negative staining and immuno- 
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Fig. 1. The two proposed models for rhabdovirus molecular morphology. Rhabdoviruses 
contain an internal ribonucleocapsid (11) surrounded by a lipid-bilayer (~-------) through 
which G homotrimer spikes protrude (f f f). The M protein ( - - - - - - )  either covers all the 
internal side of the viral membrane (A) or is inside the ribonucleocapsid (B, drawn after 

Barge et al. [-7]) 

electronmicroscopy, preliminarly confirmed by skeleton-liposome binding 
studies [7] have proposed a new model for the structure of rhabdoviruses in 
which the nucleocapsids are wound around a core of protein M (Fig. 1B). 
According to this model the protein M would be attached to the G and/or the 
lipid but only at the ends of the viral skeleton. The possibility also exists that 
both structures could be in a dynamic equilibrium depending on external con- 
ditions (for instance, pH) as suggested by some electron micrographs [15, 18]. 

Rhabdovirus types 

The Rhabdoviridae family has been classified into the Lyssavirus (rabies) and 
the Vesiculovirus (vesicular stomatitis virus, VSV) genera [16] on the basis of 
seroneutratization and studies with monoctonal antibodies (Mabs) [144]. Other 
rhabdoviruses include those infecting fish, plants and arthropod insects. 
Closely-related strains can infect different species, for instance, VSV not only 
infects some vertebrates but also replicates in insect vectors as do some plant 
rhabdoviruses. 

Lyssaviruses are rabies and rabies-related viruses, each one having several 
subtypes that affect mammals worldwide. All 5 viral gene products, the L, G, 
Mz, M1 and N proteins, are present in the virion. The cDNA derived G 
sequences from fixed and street rabies strains have been recently compilated 
[9, 134] (Table 2) but new sequences continuously appear in the literature. 
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Table 2. Selected Rhabdoviridae viruses and the number of aa of G 

Host Virus description # aa Reference 

Fish VHSGER VHSV 07.71 507 [132] 
VHSDK VHSV DK 507 E94] 
IHNGP IHNV Cedar 507 [77] 

RABMOK rab Mokola 524 [134] 
RABPV rab PV 524 [135] 
RHRBGD rab ERA 524 [4] 
RABSAD rab SADB19 524 [33] 
RABMEP rab MEP 524 [101] 
RABLEP rab LEP 524 [133] 
RABCVS rab CVS 524 [111] 
VSVGPNO8 VSV N.J.-I 517 [103] 
VSVGPNJA VSV N.J.-II 517 [103] 
VSVGPN29 VSV N.J.-III 517 [103] 
RHGPORS VSV Orsay 511 [59] 
RHGM VSV San Juan 511 [118] 
RHVSVGR VSV Indiana 511 [137] 

SIGMA Drosophila 526 [131] 
BEFV Boy. eph. fev. 623 [141] 

SYNVG ATCC-PV263 628 [67] 

Mammal 

Cattle 
Horse 
Swine 

Insect 

Plant 

VHS Viral haemorrhagic septicaemia; I H N  infectious haematopoietic necrosis; VPC 
spring viremia carp; RAB rabies; VSV vesicular stomatitis virus; BEFV bovine ephemeral 
fever virus; S Y N V  sonchus yellow net virus 

Vesiculoviruses are grouped in 2 main serotypes, New-Jersey (VSV-NJ) and 
Indiana (VSV-Ind), and in other minor strains [16, 103], each one having several 
subtypes. Vesiculoviruses affect cattle, horses and swine and are distributed 
throughout the Americas but are also present in Europe. All 5 viral gene 
products, the L, G. M, NS and N, are present in the virion. The cDNA derived 
G sequence has been studied in 34 VSV-NJ isolates [103] and 26 VSV Ind 
isolates [14]. Other studies have also reported cDNA derived VSV G sequences 
[59, 118, 137]. 

The main fish rhabdoviruses include those of cold-water teleost, like 
infectious hematopoietic necrosis virus (IHNV) or viral haemorrhagic septicae- 
mia virus (VHSV) and those of warm-water teleost like spring viraemia of carps 
(SVCV) or others affecting eels and perch. Five mRNAs encoded the L, G, M1, 
Mz, and N structural IHNV proteins, whereas the sixth encoded a nonviral 
(NV) protein of about 12KDa  [83]. The gene order by R-loop was 5' 
L-NV-G-M2-M1-N. A similar gene structure has been discovered also in VHSV 
(B. Basurco, pers. comm. 1994). Only the cDNA derived G sequences from 
IHNV [77] and from VHSV [-94, 132] have been published to date. 

Only the cDNA derived G sequence of the plant rhabdovirus sonchus yellow 
net virus has been reported to date [67]. The cDNA derived G sequence of 
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bovine ephemeral fever [t41] and of Sigma virus have also been reported 
[130, 131]. More than 100 other rhabdoviruses remain uncharacterized. 

The glyeoprotein G of rhabdoviruses 

Molecular structure 

The virion of rhabdoviruses possesses a unique G, an homotrimeric membrane 
protein forming a protruding 83 ~ spike [61, 62]. The G is responsible for virus 
attachment to cell receptors [152], it contains the fusion properties of the virus 
detectable at pH ~< 6 in VSV [78], in rabies [61] or in VHSV [87] and it reacts 
with the host neutralizing Abs in VSV [75], VHSV [93], IHNV [48] or rabies 
[403. 

The G of VSV-Ind has 511 amino acids including a signal peptide, two sites 
of potential glycosylation [118], a nonglycosylated hydrophobic protease- 
resistant fragment of MW ~ 5000, two acylated sites, two regions of a-d 
hydrophobic heptad-repeats [29] and an hydrophilic cytoplasmic carboxy- 
terminal peptide tail [142]. In all rhabdoviruses studied this basic structure is 
highly conserved (Fig. 2). The VSV-NJ G contains 517 aa with a 50.9~o sequence 
identity to the VSV-Ind. The rabies G contains 524 aa with more than 90~o 
sequence identity among strains and with about a 20~ sequence identity with 
the VSV G. 

The VSV G exists in the virion as a homotrimer, as shown by chemical 
crosslinking and sedimentation velocity analysis of detergent-solubilized mole- 
cules [46]. In the presence of octylglucoside, fluorescein or rhodamine-labelled 
G monomers undergo reversible dissociation (in the nM range or at 60 
ng/ml)-association (at 1000-fold higher concentration) [97]. Isolated G in the 
presence of octylglucoside at pH 7.5 appears as trimers in the VSV-Ind or as 
monomers in the VSV-NJ (the trimers of the VSV-NJ G are more stable at 
pH 5.7) [45]. Exchange among genetically different G monomers also occurs 
among the trimers in vivo [154]. 

The G extracted from the virion membrane by octylglucoside [108] or by 
lysolecithin [3] forms tail to tail rosettes as viewed in the electron microscope. 
A mixture of isolated G and sonicated phosphatidylcholine when dialyzed free 
of detergent is capable of forming vesicles with the G spikes protruding 
asymmetrically from the exterior of the lipid membrane as determined by 
proteolytic digestion. 

Importance of glycosylation in foldin 9 and assembly 

The carbohydrate of the G accounts for 10~o of its total mass with a branched 
structure attached to a mannose-rich pentasaccharide core by N-linked 
glycosylation [112]. Only two of the three glycosylation sites in the ectodomain 
of G in most of the rabies strains are glycosylated, giving rise to two molecular 
forms separable by gel electrophoresis [151]. The degree of final sialylation 
(negative charges) produces host-dependent heterogeneity because the virion 
depends on the host cell enzymes for the addition of carbohydrate [126]. 
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Fig. 2. Positions of structural elements of the G of rhabdoviruses. The names of the 
rhabdoviruses correspond to those of Table 2. • Cysteins; [] putative glycosylation aa 
consensus sequences (in aa single letter code, NXS, T); • predicted transmembrane and 

signal peptides. II II It tt, newly defined a-d hydrophobic heptad-repeats [29] 

The current model  of synthesis, folding, processing and membrane insertion 
of the VSV G, has been derived by using cell-free systems [64]. When the 
m R N A  coded by the G gene is translated in a cell-free system, a 63 K D a  
nonglycosylated precursor is synthesized which after the addition of microsomal 
membranes, yields a 67 KDa  glycosylated protein lacking the signal peptide 
[92]. Some glucose and mannoses  are removed 10-20rain later at the Golgi 
apparatus where the peripheral sugars N-acetylgtucosamine, galactose, sialic 
acid and fucose are added. All the processing is finished before the G is 
transported to the plasma membrane [124]. 

The addition of the carbohydrates is needed for the nascent protein chains 
to fold properly, probably to make hydrophobic folding intermediates more 
soluble and less likely to form irreversible aggregates. Elimination of some 
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cysteins [99] and/or inhibition of glycosylation either by site-directed mutage- 
nesis in the consensus sequences or by inhibition of glycosylation by tunicamy- 
cin, leads to aggregated, misfolded, and/or disulfide crosslinked complexes in 
addition to high-temperature sensitive phenotypes [59]. For instance, in the 
presence of tunicamycin, cells infected with VSV released 10~o-70}; of virus 
particles at 30 °C but none at 37 °C [65]. At lower temperatures folding and 
subsequent transport can be normal while at high temperatures, the underglyco- 
sylated G misfolds. A similar phenomenon is seen in refolding experiments in 
vitro, which usually have to be performed at reduced temperatures to be efficient 
[44]. On the other hand, the antiviral effects of short hyperthermic treatments 
in rhabdovirus infected cells are most probably due to some alteration of 
glycosylation [36]. 

In many of the mutants, selected as spontaneous, obtained by mutagenesis 
(site directed or randomly induced) or a few of the MAb-resistant (MAR), the 
altered polypeptide structure affected its degree of glycosylation which in turn 
resulted in partial unfolding [116]. Temperature sensitive VSVG mutants had 
either the two sites underglycosylated [-116] or only one site glycosylated [81]. 
G mutants containing only one glycosylated site are still transported to the 
plasma membrane and incorporated into viral infectious particles. However, 
at least in some strains of VSV, when neither of the two sites were glycosylated, 
the G was not transported [12]. Even a single aa substitution inhibits the 
transport of the VSV G at non permissive temperature, the G remains in an 
endoglycosidase H-sensitive site, and non infectious virions lacking spikes are 
produced [59]. 

Folding-assembly of homotrimers 

Folding starts co-translationalty and folding-assembly continues post-trans- 
lationally as monitored in pulse-chase experiments by the acquisition of 
conformation-dependent epitopes, disulfide bond formation, differential effects 
of mutations and increased protease/glycosidase resistance. Besides glycosyla- 
tion, folding is also critically dependent on the presence of both chaperones 
and folding enzymes to prevent irreversible aggregation (aggregation which 
occurs, for instance, when these molecules are expressed in E. coli) [44]. Only 
correctly and completely VSV folded molecules [45] are transported out of the 
endoplasmic reticulum to the Golgi apparatus were they might stay a total of 
20 min [99, 109]. 

In the X-ray structures of the influenza hemagglutinin (homotrimer) and 
neuraminidase (homotetramer) there are two folding domains, a stem domain 
rich in ~..helical structure and a globular top domain rich in 13-sheet structure 
containing the active sites. The disulfide bonds and hydrophobic areas are 
inside the folded monomers or in the monomer-trimer interfaces. Similar 
models might explain the architecture of the G of rhabdoviruses. Since domains 
acquire their three-dimensional structures independently of each other, this 
probably could account for the successful expression of chimeric VSV G [35]. 
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Assembly to trimers is a late event since it requires the complete and correct 
folding of monomers. Assembly takes place in about 7rain and needs ATP 
[44]. Coexpression of wild type and mutant or fluoresceinated monomers from 
different virus strains have demonstrated that monomers are randomly recruited 
from the newly synthesized pools to be assembled into trimers [96]. 

The mechanisms by which the transport into the secretory pathway of 
incompletely folded, misassembled, or unassembled G are selectively inhibited, 
called quality control [37, 44], are poorly understood and constitute an area 
for future research [68]. 

Fatty acid acyIation 

Palmitic acid attachment to the G was located in the cytoplasmic domain on 
the VSV-Ind G by thermolysin digestion and by site-directed mutagenesis [117]. 
Cysteines have been involved in the palmitate acylation because of its hydrolysis 
with hydroxylamine [100]. G lacking the palmitate was, however, glycosylated 
and transported normally to the cell surface, suggesting that fatty acid acylation 
might have only an effect on the long-term stability of the G in the membrane. 
Fatty acid acylation has been also demonstrated in rabies E63] but has not 
been found in VSV-NJ [60]. 

Soluble G 

A soluble form of the G of VSV [26, 27], of rabies [43] and of VHSV (unpubl.), 
accumulates in the extracellular medium of cells infected in vitro. For VSV, 
one every 6 G molecules is cleaved in the endoplasmic reticulum shortly after 
its synthesis, transported to the cell membrane, and shed out to the extracellular 
medium. Soluble G purified from virion-depleted extracellular medium is 5 KDa 
smaller than the virus associated G [43, 57], due to the absence of the carboxy 
terminal region which contains the hydrophylic cytoplasmic and the membrane- 
anchoring hydrophobic domains [19]. 

Cell-rhabdovirus interaction 

The cellular rhabdovirus receptor(s) 

The interaction of a rhabdovirus with a cell depends on the presence of a 
receptor(s) molecule(s) on the cell and of a cell-binding molecule (G) on the 
virion. There is little evidence for variation in cell-surface receptors as 
determinants for rhabdoviral cellular susceptibility. For instance, VSV has a 
very wide host  range, varying from insect, to fish and to mammalian cells. 
However, the cellular susceptibility to rhabdoviral infection depends not only 
on the existence of external receptors but also on the intracellular environment 
required for rhabdoviral replication. 

Saturation of rhabdoviral binding at 4 °C was complete at 4000 VSV labeled 
virions per cell implying the existence of a specific cellular receptor [123]. 
Dose-response curves and Scatchard plots of VSV binding affinities [123] and 
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binding of Ab-neutralized VSV to the cells, suggested the existence of two cell 
binding sites [120]. However, since many stocks of rhabdoviruses contain an 
unknown amount of non infective defective interfering particles, the studies of 
rhabdoviral absorption/infection are particularly difficult to interpret. Thus, 
there are two cell receptors or two types of rhabdoviral particles? 

VSV competes with rabies virus binding, suggesting the existence of a 
common receptor for all rhabdoviruses. This common receptor has a chloro- 
form-methanol soluble component(s) that blocks virus binding and infectivity 
[32, 152]. Treatment of susceptible cells with phospholipases but not with 
trypsin inhibited the binding of VSV or of rabies to its host cells [128, 152]. 
Only phosphatidylserine was capable of inhibiting both the binding of VSV to 
the saturable cell surface receptor and 90~o of VSV plaque formation [119]. 
Both the serine head group and the hydrophobic fatty acid portions of the 
phosphatidylserine were essential for its inhibiting activity. Binding of phos- 
phatidylserine to the G has been also demonstrated in VHSV [303. The 
predominant segregation of the phosphatidylserine among other membrane 
phospholipids to the inner part of the cellular membrane (80-90~o) could explain 
the limited number of the virus attachment sites observed in the outer part of 
the cellular membrane. Despite the apparent role of phosphatidylserine in VSV 
binding and infection [78], it is also possible that it constitutes only a portion 
of a larger protein-lipid complex receptor [119, 120]. 

The rabies G sequence aa 170 to 255 is highly homologous to the regions 
of the snake venoms that bind to the acetytcholine receptor (AChR) [134]. 
Furthermore, rabies G binds to the AChR and behaves as an AChR antagonist 
[69]. Consequently, polyclonal antibodies (PAbs) against rabies virus-neutraliz- 
ing MAbs bound to AChR. Even though more experiments with MAbs 
confirmed that the AChR could be one of the rabies receptors [69], all these 
experimens did not address the possible complexity of multiple virus receptors, 
one or more than one for the cells in culture, two or more for the nervous 
system, etc. The complete characterization of the rhabdovirus cellular receptor(s) 
is still an open question. 

The rhabdoviral cell-bindin9 molecule 

Removal of G by proteases reduces several orders of magnitude both the 
infectivity and the agglutination of erythrocytes by rabies, VSV and other 
rhabdoviruses. Confirming these observations, isolated VSV G also hemagglu- 
tinates goose erythrocytes. 

Whereas rhabdoviral binding can occur at 4 °C and pH 7.5, entry of the 
virus to the cell by endocytosis is an energy-dependent event which occurs at 
physiological temperature. Then fusion of the viral membrane with the host 
cell membrane occurs after the pH is lowered to ~ 5, as suggested by fusion 
inhibition with lysosomotropic amines (chloroquine, ethylenediamine, tetracaine, 
ammonium chloride, etc.) in VSV [115,123] and in rabies [127]. The 
rhabdoviruses can also bind (about 10 times more VSV or rabies bound to 
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cells at pH ~< 6.5 than at higher pH) [152] and fuse directly to the plasma 
membrane but only under acidic medium conditions [78]. 

G-phospholipic vesicles fused with acidic phospholipid vesicles (phosphati- 
dylserine or phosphatidic acid) only at pH 5 as monitored by electron 
microscopy or fluorescence energy transfer [47]. Hemolysis of human erythro- 
cytes by VSV was also maximal at pH 5 [6] and exposure to pH 5 of infected 
or transfected cells expressing G causes cell to cell fusion in VSV [61] as welt 
as in VHSV ([87] (results not shown)). The 25 aminoterminal aa of the VSV 
G had pH-dependent hemolytic activity [121] with the minimum requirement 
of only its 6 amino terminal aa [122]. However, since site-directed mutagenesis 
mutants obtained without hemolytic activity still showed pH-dependent fusion 
activity [150], other viral G regions must be implicated in the fusion process 
[82, 122]. 

Exposure of isolated VSV virions to pH 5 induces an accumulation of the 
G at the ends of the intact virion as shown by electron micrographs [18]. 
Exposure of isolated G to pH 5 induces a conformational change(s) which 
allows the protein to interact simultaneously with the viral and the host cell 
membranes. This interaction in VSV-Ind seems to occur via one or several 
stretch(es) of hydrophobic aa as mapped by fusion-defective mutants generated 
by aa insertion either after aa residues 123, 194, 410 and 415 [90] or in the aa 
118-136 region [143]. Site-directed mutagenesis identified a VSV peptide 
involved in the low-pH induced membrane fusion between aa 123-137 [156]. 

There is a pH-dependent reversible equilibrium between the native fusion- 
active (83 ~) and the fusion-inactive (113 ,~) rabies G trimers, in the absence of 
membrane lipids. Exposition of the G trimers to pH 5.9, resulted either in the 
inhibition of fusion in the absence of lipids or in the activation of fusion in the 
presence of lipids. Activation of the G trimers for fusion requires a conforma- 
tional change that exposes hydrophobic regions at its surface as demonstrated 
by binding of MAbs to region II and by fluorescence assays [61]. 

Phospholipid binding to synthetic peptides from VHSV G allowed the 
mapping of one of the binding site(s) to be located in an a-d  hydrophobic 
heptad-repeat region followed by 2 closely spaced arginines (aa 82-109) [31]. 
These newly defined heptad-repeats differ from the ones previously described 
to form coiled coils [95] because of the inclusion of the hydrophobic aa W, H 
and T in the a-d  sites. Similar but not identical new a -d  hydrophobic 
heptad-repeat regions do exist not only in VHSV (Table 2) but also in all other 
rhabdoviral G sequenced to date [29] (Fig. 2 and Table 4). Only the binding 
of phosphatidylserine to VHSV but not to the isolated peptide (aa 82-109) 
was dependent of low pH, suggesting that a pH-induced G conformational 
change is needed in the virion to make functional the phospholipid binding 
peptide. 

A model which could have high similarities to the above has been proposed 
for influenza hemagglutinin in which a classical a-d  hydrophobic heptad-repeat 
region with random conformation in the native trimer, only coils at low pH, 
relocating an amino terminal fusion peptide from the inside of the trimer toward 
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Table 3. Position of the phospholipid-binding peptides p2 and p106 
in the G sequence of VHSV 

837 

...RPAQLRCPHEFEDINKGLVSVPTRXIHLPLSVTSVSAVASGHYLHEVTYEVTCSTS.I 
HYLH~VTY~VTCSTS 2 

IIHLPLSVTSVSAVASGHYLH 3 
IIHLPLSVTSVSAVASGHYLH~VTY~VT 4 

l J J J J f I i I 1 [ f 
55 60 65 70 75 80 85 90 95 i00 105 II0 

1 Partial sequence of the G of VSHV. 2 p106 sequence of a 15-mer peptide that binds 
.phospholipids. 3 Computer predicted s-helix. 4 p2, synthetic peptide containing the s-helix 
plus the Arg (R) containing sequence (R_VTY_RVT) that binds phosphoiipids with a 10-fold 
higher specific activity than p106. The hydrophobic aa of the a-d hydrophobic heptad- 
repeats are in bold. The positively charged aa (Arg) are underlined. Numbers are the amino 
terminal aa positions on the G [31] 

Table 4. Complete sequences of the amino terminal heptads of the hydrophobic heptad- 
repeats (positions a b c d e f g )  of the G of rhabdoviruses and its carboxy terminal parts 

containing basic residues 

VHSGER 68 FEDINKG LVSVPTR IIHLPLS VTSVSAV ASGHYLH RVTYR 107 
VHSDK 68 FEDINKG LVSVPTK IIHLPLS VTSVSAV ASGHYLH RVTYR 107 
IHNGP 99 IHKV LYRTICS TGFFGGQ TIE _KALVEMK 126 
SIGMA 151 VKDHPVM LDPYTNN YVDAIFP GGISSPG 178 
BEFV 149 LIQHKPF LNPYDNI ZYD SRFLTPC 173 
SYNVG 90 ITGARWN YVGISIP VFKIVTN EVCYTSH 118 

RABMOK 140 WLRT VTTTKES LLLISPS IVEMDIY GRTLHSP 171 
RABPV 140 WLRT VKTTKES LVIISPS IADMDPY DRSLHSR 171 
RHRBGD 140 WLRT VKTTKES LVIISPS IADMDPY DRSLHSR 171 
RABSAD 140 WLRT VKTTKES LVIISPS IADMDPY DRSLHS~ 171 
RABHEP 140 WLRT VKTTKES LVIISPS ITDMDPY DRSLHSR 171 
RABLEP 140 WLRT VKTTKES LVIISPS ITDMDPY DRSLHSR 171 
RABCVS 140 WLRT VRTTKES LIIISPS ITDMDOY DRSLHSR 171 

VSVGPN08 134 TVTD AEAI~IIT VTPHSVK VDEYTGE WID PHFIGGR 168 
VSVGPNJA 134 TVTD AEA/{IVT VTPHSVK VDEYTGE WID PHFIGGR 168 
VSVGPN29 138 AEAHIIT VTPHSVK VDEYTGE WID PHFLGGR 168 
RHGPORS 134 TVTD AEAHIVQ VTPHHVL VDEYTGE WVD SQFINGK 167 
RHGM 134 TVTD AEAHIVQ VTPHHVL VDEYTGE WVD SQFINGK 168 
RHVSVGR 134 TVTD AEAHIVQ VTPHHVL VDEYTGE WVD SQFINGK 168 

The relative positions of all the heptads of hydrophobic repeats are given in Fig. 2. 
Hydrophobic residues in heptad positions a and d are in bold. The heptads are separated 
by a space to better appreciate its position. The numbers to the left and to the right of 
the sequences are the amino terminal positions of the first and last aa, respectively. The 
positively charged aa residues to the carboxy terminal position of the heptad sequences 
are underlined. The region 123-137 of the VSV has been identified by site directed 
mutagenesis as implicated in the fusion activity of these viruses. VHS Viral haemorrhagic 
septicaemia; I H N  infectious haematopoietic necrosis; RAB rabies; V S V G P N  vesicular 
stomatitis virus, New Jersey serotype; RH vesicular stomatitis virus, Indiana serotype. Only 
the hydrophobicity of a-d positions is conserved ( -  AG values >/0.4 KCal/mol, aa W, F, 
Y, I, L, M, A, H, T). Whole heptad repeat sequences are unrelated among rhabdovirus 
genus and some of the basic residues terminating the heptad repeats or the space between 
residues are weakly conserved 
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the target cell membrane [22, 25]. Another model recently proposed for Sindbis 
virus entry shows that a change of conformation at low pH is followed by 
reduction of disulfide bridges and posterior new disulfide rearrangements before 
fusion occurs [1]. The existence of an internal aa 206-255 region partially 
bound to either the aa 20-63 or the aa 262-310 regions by disulfide bonds in 
the rabies G [42], suggests the existence of an equilibrium between" two forms 
of G. Whether or nor rhabdoviral membrane fusion could also be triggered or 
followed by rearrangement of some of the disulfide bridges in the rhabdoviral 
G molecule it is not known. The relationships, if any, among the newly defined 
a-d  hydrophobic heptad-repeats, the phospholipid binding regions, the confor- 
mational changes associated with fusion and the identified fusogenic peptides 
constitute one of the most exciting roads of research in these viruses. 

Antigenicity of the rabies G 

Protection against rabies seems to be dependent of a complex interdependence 
of host effector mechanisms: virus-neutralizing Abs, antigen-presenting cells, 
T-lymphocytes, interferon, etc. The relative importance of each of these during 
the course of a natural infection or after vaccination are poorly understood. 
Some studies showed that protection against rabies correlates well with the 
level of anti-G neutralizing Abs [146] but other studies found no such strong 
correlation [39, 40]. 

Most vaccines used for human protection after rabies exposure are derived 
from a rabies virus originally isolated and adapted to rabbit brain by Pasteur 
[-107]. It was assumed that this strain had sufficient cross-reactivity with all 
strains of rabies virus in different host species or geographical areas to protect 
exposed individuals. Subsequently the use of PAbs and MAbs revealed 
considerable antigenic variability among those viruses both in the G [55, 56] 
and in the nucleoprotein N [39]. 

The majority of the anti-G MAbs obtained by immunizing with inactivated 
rabies virus and screened by infected cell membrane immunofluorescence, 
preferentially recognize conformation dependent epitopes and neutralize viral 
infectivity [56, 147]. Most of the 266 anti-G rabies neutralizing MAbs 
recognized several overlapping epitopes that make up site II (72.5~o) and site 
III (24.8~o), the rest being directed towards sites I and IV, as shown by 
sequencing of MAb neutralization-resistant (MAR mutants) [11, 85]. The 
relative importance of each of the antigenic sites did not depend on the strain 
of virus or on the particular animal examined. Rabbit anti-idiotypic Abs 
prepared against neutralizing MAbs to regions I, II and III, showed no 
cross-reactivity between the 3 regions [113]. Only 1 of the 266 MAbs reacted 
against SDS and mercaptoethanol treated G and thus it probably reacts with 
a linear epitope [11]. However, it seems that the number of reports of anti-G 
MAbs which are independent of the native conformation is continuously 
increasing [23, 79]. MAR mutants to site II have aa substitutions located 
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between aa 34-42 or aa 198-200. In contrast, the mutants resistant to MAbs 
to site III have aa substitutions between aa 330-338. If those aa substitutions 
are in the MAb binding regions, site II could be a discontinuous, conformational 
antigenic site and site III a continuous, conformational antigenic site. 

Neutralization occurred with an average of 1-2 IgG/3 spikes or 1 IgM/9 
spikes as shown by binding and electron microscopy studies [54]. Although 
aa substitutions in the antigenic sites altered the neutralization of the rabies 
mutants, only the position of aa 333 seems to affect their pathogenicity in vivo 
[-125]. 

A neutralization epitope highly conserved on the G of all the rabies virus 
strains sequenced to date was defined by pepscan analysis as 26°LHDFRSDE. 
This peptide has been used either alone or in combination with T cell epitopes 
to produce anti-rabies Abs and to induce protection in mice [38]. However, 
the frequency of Abs to this epitope in serum Abs induced by rabies vaccination 
was very low [1383. 

Only a couple of classical biochemical studies have been made to map 
regions of the rabies G important for neutralization [42] and for lymphoprolife- 
ration [98] by cleaving the protein after methionine with cyanogen bromide 
(CNBr). CNBr-cleaved peptides of the G were resolved into 6 peptides under 
non-reducing conditions and into 8 peptides under reducing conditions. Each 
of the peptides induced binding Abs but only peptides aa 2063,  aa 123-198 
and aa 312-342 induced neutralizing Abs. The only peptide immunoprecipitated 
by hyperimmune sera was the aa 123-198. On the other hand, all the molecules 
of peptide aa 208-255 were bound by cysteine bonds to either peptide aa 20-63 
or aa 264-310, leaving a portion of the molecules of these last 2 peptides free 
of interpeptide cysteine bonds. These results suggested the existence of 2 different 
conformations on the native structure of G. The first conformation would 
contain more aa (aa 20-63 bound to aa 208-255) and the most antigenic peptide 
(aa 123-198) (large loop). The second conformation would contain less aa (aa 
264-310 bound to aa 208-255) (small loop). The existence of such structure 
related to one of the neutralization sites of G, correlates with the evidence that 
most neutralizing MAbs bind to conformational epitopes, reduction of the G 
reduces 95~ of its antigenicity [42] and 72.5~o of the neutralizing MAbs defining 
the conformation-dependent site II map both at aa 34-42 and 198-200 (inside 
the large loop). Further work into this area would no doubt increase our under- 
standing of the structure-neutralization relationships in the G of rhabdoviruses. 

Antigenicity of VSV G 

Only the G of the VSV is the antigen that gives rise to and react with neutralizing 
Abs [75, 110, 145]. The existence of four non-crossreactive neutralizing MAbs 
(defining 4 non-overlapping epitopes) in the G of the VSV-Ind [139] and in 
the VSV-NJ [89] has been confirmed by both MAb production, protection 
against protease digestion by neutralizing MAbs and mapping of MAR mutants 
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[89, 102, 137]. Reduction of the disulfide bonds of VSV G, inhibited the binding 
of most of the neutralizing MAbs. 

Of 19 MAbs anti VSV-Ind G, only 4 were neutralizing. Two of these MAbs 
also exhibited strong binding to the VSV M protein [139] suggesting a G-M 
interaction. None of the neutralizing MAbs have been found to inhibit the 
binding of radiolabeled VSV although most of the neutralizing MAbs inhibited 
VSV mediated cell fusion. In another study, deletion constructs and chimeras 
of the G genes of VSV-Ind and NJ of known aa sequences helped to delineate 
its epitope maps, based on binding affinity and cross-reactivity of MAbs. Four 
MAb neutralizable epitopes in VSV-NJ mapped to aa 193-289 whereas 2 MAb 
neutralizable epitopes in VSV-Ind mapped to aa 80-183 and other 2 to aa 
286-428. Earlier mapping attempts by proteolysis of the G and by sequencing 
MAR mutants were confirmed by this analysis [74]. 

The stabilization of the monomer-trimer equilibrium of VSV G by protein 
M interactions [96, 154] and the stability of the trimer structure during the 
low-pH-induced conformational changes needed for fusion [61, 62], suggest 
the importance of the trimer structure as a target for neutralizing Abs [11, 79]. 
Antigenic differences must exist between monomeric and trimeric G since 
differential diagnostic between VSV serotypes is made possible by the use of 
PAbs raised against each of its isolated trimers [2]. However trimer-specific 
MAbs have not yet been described for rhabdoviruses, probably because G 
isolated under a variety of conditions is often found to be monomeric [97]. 

Not only neutralizing but also nonneutralizing anti-VSV MAbs caused 
some in vivo protection against subsequent challenge [88]. Because only Fc 
containing MAbs could exert this effect, possible explanation for the protection 
caused by non-neutralizing MAbs could be complement lysis of the VSV bound 
by MAb. 

Stimulation of cellular immunology 

Viral infection induces both cytotoxic T lymphocytes (CTL) and Ab responses. 
Defective or inactivated viral particles although induce Ab responses are poor 
inducers of CTL responses [5]. The presence of defective-interfering particles 
in the rhabdoviral preparations reduced the levels of proliferating, interleukin- 
secreting CTL in mice [21]. 

Although the class I-restricted CTL response to VSV is mainly specific for 
the nucleoprotein, mice defective in the class I gene [58] generated a specific 
(positive for VSV-Ind but not for VSV-NJ) class II-restricted CTL response to 
G. G could enter the class II pathway either through synthesis from replication- 
competent VSV and from vaccinia-rhabdovirus recombinants containing the 
G gene [114] or through exogenous addition of inactivated, defective-interfering 
particles [20], micelles of G and soluble G [20]. Soluble G was the most 
efficient in terms of the number of molecules required to sensitize class II 
expressing target cells (104 molecules per cell or about 0.3-3 gg of G/ml). 
Extrapolation of these results to the in vivo rhabdoviral infections is possible 
because soluble G is synthesized during those and class II molecules are 
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inducible in many different cells. The lysis of uninfected cells exposed to soluble 
G by class II-restricted CTL could explain the haemorrhagic symptoms of 
some rhabdoviral infections [20]. 

To produce viral Ab responses, T-helper cells are most often needed and 
those are estimated by lymphoproliferation assays. Lymphoproliferation of 
virus-primed mice was shown by CNBr G peptides 20-63, 264-310, 312-342 
and 406-471. Under non-reducing conditions, 2 additional peptides 123-198 
and 77-121 stimulated lymphoproliferation, suggesting that disulfide-stabilized 
conformation was required for the integrity of a least some determinants. 
Different preparations of rabies viral G (purified native, soluble, rosettes, CNBr 
peptides, propionolactone-inactivated virus) showed no differences in stimula- 
tion of lymphoproliferation in contrast to its different stimulation of Ab 
responses [98]. 

Lymphoproliferation of rabies specific human T-helper cells required rabies 
antigens to be presented in association with class II molecules by antigen- 
presenting cells. Some of the T cell clones thus activated provided help for an 
Ab response (including neutralizing Abs) by rabies immune B cells [23]. The 
nucleoprotein N was the major rhabdoviral antigen stimulating lymphokine- 
secreting T-helper cells. Inoculation of mice with the identified synthetic 
peptides bearing the immunodominant T-helper cell epitopes resulted in an 
accelerated and enhanced neutralizing Ab response upon booster immunization 
with inactivated rabies virus [49]. Main T-helper epitopes of the VSV G in 
inbred mice have been characterized by obtaining T-cell hybridomas in aa 
52-71, 316-335 and 415-433. These epitopes were able to provide functional 
help for the production of anti-VSV specific neutralizing Abs [24]. 

Humoral and cellular immunology offish rhabdoviruses 

Studies on the induction of in vivo protective immunity against fish rhabdo- 
viruses have focused on the response to the G [13, 48], since neutralizing Ab 
to VHSV and IHNV shows exclusive specificity for this protein [93]. G from 
IHNV [48] and a region of G expressed in E. coli were effective in inducing 
protective immunity in the trout [66]. G from VHSV stimulated anamnestic 
lymphoproliferation in VHSV-immunized [50] and survivors of VHSV infec- 
tion trout [51]. Accordingly, recombinant G fragments of VHSV expressed in 
E. coli, Y. ruckeri (a trout pathogen) and S. cerevisiae also stimulated in vitro 
anamnestic lymphoproliferation in survivors of VHSV infection but not in 
uninfected trout [51, 52]. Some preliminary evidence was obtained which shows 
correlation of the in vitro neutralizing MAb recognition with the in vivo 
protection capacity of the cloned fragments both in IHNV [153] and in VHSV 
[52, 94]. However, it is not yet clear whether or not there are conserved as 
well as strain variable neutralizing epitopes on the G of both IHNV and VHSV 
[105, 148]. Much remains to be done because of the scarcity of neutralizing 
MAbs anti fish rhabdoviruses. 

Bacterially expressed nucleoprotein N augments the protective immunity 
induced by the G vaccine in fish in IHNV [104] but not in VHSV [52]. 
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However, these are few and still preliminary reports and more work should be 
done in this area. 

Vaccines 

Currently, most of the rabies vaccines for use in humans consist of inactivated 
virus produced in human diploid cells while those for use in wild animals consist 
of vaccinia recombinants expressing the rabies G. Such vaccines have proved 
effective. However, efforts toward a new generation of rhabdoviral vaccines 
that are tess expensive, safer and effective have been developed during the last 
years, including the possible use in the vaccine formulation of the rhabdoviral 
nucleoprotein N [41, 53, 84]. 

Characterization by immunoprecipitation with neutralizing MAbs, extent 
of glycosylation and protection studies, showed that a conformational correct 
rabies G could be expressed in recombinant yeast and vaccinia [76]. Injection 
into mice produced high titer neutralizing Abs. The G expressed in vaccinia 
generated a rabies specific CTL response in mice and the immunized mice 
survived rabies challenge. Finally, mice given oral vaccines of live vaccinia were 
also protected against rabies challenge [80, 86]. Some of the best field results 
reported were those obtained in a large-scale fox vaccine-bate vaccination in 
2200km 2 in Belgium, 81% of the foxes were vaccinated and the cases of rabies 
in that area dropped from 50-120 per year to none [17]. 

First attempts of using subunit vaccines were made by using recombinant 
bacteria, but cDNA cloned copies of rabies G mRNA when expressed in bacteria 
failed to yield a product capable of immunizing against rabies. The failure of 
inducing protection by the rhabdoviral G produced in bacteria compared to 
the successful production of fully immunogenic G in eucariotic vectors 
[76,80,86] is probably due to the bacterial inability to glycosylate and to 
correctly form the G disulfide bonds, therefore yielding an incorrectly folded 
G with intermolecular crosslinking which would be quite different from the 
native form of G which most probably is the membrane anchored trimer 
[61, 96]. However, there is not yet a direct evidence that G trimer structures 
are required for vaccination against rhabdoviruses. 

The need for better human vaccines still exists. Live-attenuated viruses may 
be immunosuppressive or cause clinical disease if not attenuated sufficiently. 
Alternatively if they are too attenuated, their ability to generate immunity is 
limited. On the other hand, killed vaccines are often unable to generate 
protective levels of immunity for reasons of antigen load or loss of important 
epitopes during inactivation and repeated immunizations are often necessary. 
Live recombinant vaccine vectors like the vaccinia one [17] are effective, but 
their repeated use in the same host may be limited by vector immunity; they 
are also subject to reversion events and can cause disease or death in 
immunocompromised hosts. First described in 1990 [91,149], direct gene 
injection and expression has since been demonstrated with many genes in 
several tissues and species as diverse as mice and fish [34, 70]. Its potential as 
a vaccine for influenza in a mouse model has been reported [136]. Immunization 
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with plasmid D N A  encoding viral proteins may  be advantageous  because no 
infectious agent  is involved, no assembly of  virus particles is required, a correct  
folding of the G is al lowed and an epitope selection for ant igen presenta t ion 
on the m e m b r a n e  of the infected cells by each individual is permit ted [129]. 
More  work  is needed, however,  to make  this technology a real al ternative to 
existing vaccines. 
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