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Rabies is an important public and veterinary health threat in South Africa. The genus Lyssavirus is
composed of 12 species including classical rabies virus (RABYV, genotype 1), Lagos bat virus (LBV,
genotype 2), Mokola virus (MOKYV, genotype 3), Duvenhage virus (DUVV, genotype 4), European bat
lyssavirus type-1 and type-2 [EBLV-1 (genotype 5) and EBLV-2 (genotype 6), respectively] and
Australian bat lyssavirus (ABLV, genotype 7). In addition, several lyssaviruses have been also recovered
from Chiroptera including Aravan virus (ARAV), Khujand virus (KHUV), Irkut virus (IRKV), West
Caucasian bat virus (WCBYV) as well as Shimoni bat virus (SHIV). The unusual lyssaviruses (Lagos bat
virus, Mokola virus and Duvenhage virus) have been identified exclusively on the African continent. The

canid and mongoose rabies biotypes in genotype 1 are commonly diagnosed in the Canidae and



Herpestidae species, respectively. Dog rabies is responsible for at least 90% of the human death tolls
rather than by mongoose rabies biotype through case surveillance data in South Africa and this has led to
the notion that canid rabies biotype is more virulent rather than mongoose rabies biotype. Therefore, this

study was proposed to the difference in virulence of two rabies biotypes prevalent in South Africa.

The rabies viral genome encodes five structural proteins, namely the nucleoprotein (N), phosphoprotein
(P), matrix protein (M), glycoprotein (G) and RNA-dependent RNA polymerase (L). Amongst the
proteins, the G-protein has been found to control entry, egress and pathogenicity of RABV, and is a
critical factor for death of infected cells. Several amino acid residues which drive the pathogenicity of the
RABV, known as pathogenic determinants, are found on the RABV G-protein. Furthermore, the
interactions between PDZ domains and PDZ-binding site (PDZ-BS), located at the carboxyl terminus of
the G-protein cytoplasmic domain (Cyto-G) could be pivotal role in the determination of phenotypes

depending on cellular partners recruited by the PDZ-BS of its envelope G-protein.

The present study was undertaken to provide an insight into the pathogenicity of the South African
RABV biotypes, namely canid and mongoose rabies biotypes. Moreover, mongoose rabies biotype
recovered in a domestic dog (referred as spill over) was also included in this study. These viruses were
selected to represent the two rabies biotypes based on their reactivity patterns to a panel of monoclonal
antibodies (mAbs) and phylogenetic analysis using the cytoplasmic domain of the G-protein and the
variable G-L intergenic region. In order to elucidate the pathogenicity of the selected RABV isolates, the
nucleotide and amino acid homologies of the complete G-protein encoding gene and pathogenic
determinants on the G-protein ectodomain were evaluated. Then, the chimeric G-protein constructs were
generated by grafting the carboxyl terminal of the cytoplasmic domain in a virulent RABV CVS
backbone (GenBank Acc. No: AF406694). These chimeric constructs were expressed in a recombinant
lentivirus system and in vitro neuronal survival or death phenotypes were evaluated to determine the

pathogenicity of South African RABV constructs.



The genetic analyses exhibited that the three RABV isolates in this study possessed identical amino acid
residues at positions 194 (asparagine), 318 (phenylalanine), 352 (histidine) and 333 (arginine), which are
highly involved in RABV pathogenicity. Therefore, the search for other pathogenicity determinants was
required. Through phenotypic observations of neurite outgrowth and apoptosis assays in a recombinant
lentivirus system, the G-canid chimeric construct demonstrated the highest neurite outgrowth followed by
G-spill over and G-mongoose constructs, despite no significant G-protein expression level differences
being observed in immunocytochemistry assays. On the other hand, the G-canid construct exhibited the
lowest apoptotic/cell death level followed by G-spill over and G-mongoose. Through the phenotypic
observations, the change of histidine (H) to tyrosine (Y) at position -8 from the 5 end of the cytoplasmic
domain was demonstrated that histidine at -8 may play an important role in apoptotic phenotype in the

ETRL-COOH chimeric construct.

Overall, these findings suggest that amino acids outside of the canonical PDZ-BS (4 amino acids) can
also influence the virulence/attenuation phenotype. This may possibly explain why some rabies strains
such as PDZ-BS ETRL can be considered as virulent, since amino acids out of last 4 amino acids of

carboxyl terminus may further modulate the PDZ BS/PDZ interaction and phenotypes.
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CHAPTER 1

General introduction and objectives of the study



1.1 The history of rabies

Rabies is one of the oldest zoonotic diseases known to medical history. This disease is very
closely associated with animal bites and still continues to be a public and veterinary health threat
to date (Wilkinson, 1988). It was first described in the 23" century B.C. from the Eshnunna
Laws code (Babylon civilization). In this apt description of the disease, authorities would ask the
owner of a mad dog to pay two thirds of a mine of silver, if his dog caused death of a man
through bite (Théodorides, 1986). Aristotle, in the 4™ century B.C, described rabies as a disease
that drives animals mad and that animals will contract disease from such a mad dog. Man was,
however, not considered to be affected by the disease. One widespread belief was that rabies was
caused by a small worm, called lytta by the Greeks and was thought to be found at the base of
the dog’s tongue. A contemporary poet of Ovid (1% century B.C), Grattius Falistcus knew the
mythical origin of sublingual “lyssa” of rabid dogs (from Greek word lyssa, meaning “rage”) and
also believed that extracting the worms completely cured the dogs of the disease (Wilkinson,
2002). Georg Gottfried Zinke (1804) demonstrated that rabies could be transmitted by saliva,
however, there was no accurate diagnosis of the infectious agent in both men and animals at that
time. The isolation of the infectious agent, rabies control (based on quarantine measures,
muzzling orders or euthanasia) and human treatment were only possible in the 19" century (Baer,
2007). In 1885, the first human rabies vaccine was developed by Louis Pasteur and his co-
workers, and used successfully to treat a 9-year-old boy, Joseph Meister, who had sustained
severe wounds after being bitten by a rabid dog in France. The crude nervous tissue-derived
preparation was used thereafter throughout the world to manage rabies infections. Since the late
1880s, the administration of rabies vaccines and post-exposure prophylaxis (PEP) have been
developed the management of dog-bite cases through safe and efficacious biologics against the
viral infection (McGettigan, 2010). Today, rabies vaccines are virtually 100% efficacious when
used according to the recommendations of the World Health Organization (WHO) (Briggs,
2007).

1.2 Classification of lyssaviruses

Rabies virus (RABV) is the prototype species of the genus Lyssavirus in the family
Rhabdoviridae (a word derived from the Greek word rhabdos, meaning “rod”). The family
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Rhabdoviridae has been classified together with Paramyxoviridae, Filoviridae and Bornaviridae
and they constitute the “super family” taxon, order Mononegavirales. All members of this order
contain non-segmented, negative-sense and single-strand RNA genomes of approximately 12 kb
in length (Mayo and Pringle, 1998). The morphology, chemical structure and life cycles of these
members are closely related to vesicular stomatitis virus (VSV), the prototype member of the
genus Vesiculovirus, in the same family (Schnell et al., 2010; Tordo et al., 2005). Classical
RABY and rabies-related lyssaviruses belong to one of 12 lyssavirus species as recommended by
the International Committee on Taxonomy Viruses in 2011 (http://www.ictvonline.org) and
these members share the unique capability with RABV to produce a rabies-like
encephalomyelitis. Rabies virus is a prototype member of genotype 1 virus (formerly referred to
as serotype 1) and occurs globally. Other members of the lyssavirus genus include Lagos bat
virus (LBV, genotype 2), Mokola virus (MOKYV, genotype 3), Duvenhage virus (DUVV,
genotype 4), European bat lyssavirus type-1 and type-2 [EBLV-1 (genotype 5) and EBLV-2
(genotype 6)] and Australian bat lyssavirus (ABLV, genotype 7). Several lyssaviruses also have
been recovered from Chiroptera including Aravan virus (ARAV) from the mouse-eared bat
(Myotis blythii) in southern Kyrgyzstan in 1991 (Kuzmin et al., 1992), Khujand virus (KHUV)
from a whiskered bat (Myotis mystacinus) in northern Tajikistan in 2001 (Kuzmin et al., 2003),
Irkut virus (IRKV) from the greater tube-nosed bat (Murina leucogaster) in eastern Siberia as
well as West Caucasian bat virus (WCBV) from a common bent-winged bat (Miniopterus
schreibersii) in Krasnodar, Russia (Botvinkin et al., 2003). More recently, Shimoni bat virus
(SHIV), recovered from a brain of a dead Commerson’s leaf-nosed bat (Hipposideros
commersoni) in the coastal region of Kenya (Kuzmin et al., 2010), has been classified as a new
independent lyssavirus species by the ICTV. In addition, there are two proposed new species into
lyssavirus genus, namely Ikoma lyssavirus (IKOV) (Marston et al., 2012) and Bokeloh bat
lyssavirus (BBLV) (Freuling et al., 2011).

This virus (RABV) circulates and is maintained by carnivoran and chiropteran species. All
lyssaviruses, with the exception of Mokola virus (MOKYV), have been isolated from bats
(Badrane and Tordo, 2001; Nel and Rupprecht, 2007). In addition, bat lyssaviruses still remain
important in order to understand both virus and chiropteran host ecology and to determine the
potential for spill over transmission into both humans and non-flying mammal populations
(Banyard et al., 2011).



Lyssaviruses have been divided into two distinct phylogroups immunopathologically and
phylogenetically (Badrane et al., 2001). In this classification, genotypes 1, 4, 5, 6 and 7 belong to
phylogroup I. The genotype 3 and 4 (LBV and MOKY) are distributed exclusively on the
African continent and are members of phylogroup Il (Badrane et al., 2001). The members of
phylogroup | are pathogenic to mice when introduced via both intramuscular and intracerebral
routes (Badrane et al., 2001). In contrast, the members of phylogroup |1 appear to be pathogenic
to mice only via the intracerebral route, although high doses (1 x 10° LDs) via the intramuscular
route can also cause death in mice (Markotter, 2007). According to the criteria proposed for
lyssavirus phylogroup classification, West Caucasian bat virus (WCBV) could be considered as a
representative of an independent phylogroup I11 as it is the most divergent of the lyssaviruses,
with only limited relatedness to LBV and MOKYV (Kuzmin et al., 2003). Commercial vaccinal
strains belong to RABV and the corresponding rabies vaccines are effective against all the
members in phylogroup I, however, they offer only partial protection to members in phylogroup
Il (Badrane et al, 2001; Nel, 2005).

1.3 Rabies virus structure

All rhabdoviruses are bullet-shaped with one flattened end (planar) and the other rounded
(hemispherical). The viral particles are composed of protein (67-74%), lipid (20-26%), RNA (2-
3%) and carbohydrate (3%) as integral components (per cent of total mass) of their structure
(Wunner, 1991). The physical appearance was first described through electron microscopy (EM)
(Davies et al., 1963; Matsumoto, 1962, 1963). The average length of a standard-size, infectious
virion is 180 nm (130-250 nm) and the average diameter is 75 nm (60-110 nm) (Davies et al.,
1963; Hummeler et al., 1967; Sokol, 1975). The virion consists of two structural units: a central
and dense cylinder formed by the helical nucleocapsid (NC) or ribonucleoprotein (RNP) core,
and a thin surrounding envelope (8 nm wide) covered with spike-like projections, which are 10
nm in length and 5 nm apart. The five structural proteins of the virus particle (virion) include the
nucleoprotein (N), the phosphoprotein (P), the matrix protein (M), the glycoprotein (G) and the
RNA-dependent RNA polymerase (L) (Figure 1.1) (Schnell et al., 1994; Tordo, 1996; Wunner et
al., 1988).
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Figure 1.1 A structure of the RABV nparticle illustrating the arrangement of the structural proteins and the
nucleocapsid with the RNA genome (Warrell and Warrell, 2004).

The viral RNA genome plus N-, P- and L-proteins form the backbone of the tightly coiled helical
NC, which extends along the longitudinal axis of the bullet-shaped virus particle. The NC is
associated with a significant amount of P-protein and some of which carry copies of the L-
protein (Albertini et al., 2011). The NC covered with M-protein is enwrapped by a lipid bilayer
containing G-protein derived from the host cell plasma membrane during the budding process
(Albertini et al., 2011). The repartition of G- and M-proteins in the envelope of the virus is not
homogeneous with the planar end of the particle and this part is solely comprised of the lipid
bilayer (Guichard et al, 2011).

The membrane-associated proteins, M-protein and G-protein, are associated with the lipid-
bilayer envelope that surrounds the helical NC core. The rabies virus M-protein is involved in
virus budding, virion morphogenesis, modulation of genome replication and transcription (Finke
and Conzelmann, 2003; Finke et al., 2003), whereas the G-protein, which forms spikes, plays a
critical role in attachment to host cells and determining the neuroinvasive pathway of the virus
(Albertini et al., 2011; Kucera et al., 1985; Ito et al., 2001; Yan et al., 2002).

The lyssavirus genome is a single-stranded RNA molecule with negative sense polarity and
cannot be translated directly. It implies that the negative-sense genome RNA needs to transcribe
the genome RNA to produce complementary (positive-strand) monocistronic mRNAs. The non-

coding leader (Le) sequence at the 3* end (first 58 nucleotides) of the 11,932-nucleotide genome



RNA of RABV (Pasteur virus, PV strain) is multifunctional in RABV replication, as it is in VSV
(Conzelmann and Schnell, 1994; Whelan and Wertz, 1999). This particular signal initiates
genome transcription and replication. Immediately downstream of the Le, in sequential order, are
the five structural genes (N, P, M, G and L) followed by a non-coding trailer (Tr) sequence (last
70 nucleotides) at the 5’ end. The genes are separated by short sequences including the

pseudogene (), which represent the intergenic regions of the genome (Figure 1.2).
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Figure 1.2 A schematic illustration of the rabies virus genome. Nucleoprotein (N), phosphoprotein (P), matrix
protein (M), glycoprotein (G) and RNA-depentdent RNA polymerase protein (L) genes are separated by non-coding
intergenic sequences including the pseudogene (y). Short (58 and 70 nucleotides) non-coding sequences at the 3’

and 5’ends of the genome, called leader (Le) and trailer (Tr) sequences, respectively.

1.4 Functions of rabies virus proteins

1.4.1 Nucleocapsid

The nucleocapsid is the vital component active in transcription and replication. During RNA
synthesis, the P-protein binds the L-protein to the N-RNA template through an N-P interaction
that involves two adjacent N-proteins in the NC. The L-P binding to the N-RNA probably
triggers conformational changes that allow access of the polymerase to the RNA (Albertini et al.,
2011).

1.4.1.1 RNA-dependent RNA polymerase/ large protein

The RNA-dependent RNA polymerase (large protein) is the largest of the five proteins encoded
by the viral genome and makes more than half (54%) of the coding potential of the RABV
genome (Wunner, 2007). The L-protein is the enzymatic component of the L-P polymerase
complex which, along with the non-catalytic co-factor, the P-protein, responsible for the majority

of enzymatic activities involved in viral RNA transcription and replication and for the synthesis
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of the cap-structure for the viral mRNAs (Albertini et al., 2011; Wunner, 2007). Apart from
sequence analyses, very little is known about the L-protein of RABV, because no easy system
exists for reconstituting in vitro transcription or replication (Albertini et al., 2011). Therefore,
many of activities of these multifunctional enzymes such as L-protein have been identified in
genetic and biochemical studies by using the polymerase of VSV and the paramyxovirus Sendai
virus. Three essential activities encoded by the RNA-polymerase are involved in the binding and
utilization of ATP. These are i) binding and utilization of ATP, ii) the transcriptional activity that
requires binding to substrate ribonucleoside triphosphates (rNTPS) and iii) polyadenylation and
protein kinase activity for specific phosphorylation of the P-protein in transcriptional activation
(Banerjee and Chattopadhyay, 1990; Poch et al., 1990; Sanchez et al., 1985). Many of the
putative functions of this multifunctional protein, including mRNA capping, methylation and

polyadenylation are not fully understood yet (Wunner, 2007).

1.4.1.2 Nucleoprotein

The nucleoprotein of the RABV (450 amino acid residues) is the most conserved of the viral
proteins and a major component of the internal NC (Wunner, 2007). The N-protein binds to
cellular RNA and forms long helical N-RNA complexes or closed N-RNA rings, depending on
the length of the encapsidated RNA (lIseni et al., 1998). The N-protein is one major component
of packing RNA genome and protects the viral genome against ribonuclease activity and factors
which recognize foreign nucleic acids in order to start interferon production (Albertini et al.,
2011; Schneider et al., 1973). In addition, genotype-specific epitopes on the N-protein enable the
assignment of viruses to genotypes on the basis of their reactivity patterns (antigenicity) with a
panel of anti-N monoclonal antibodies (mAbs) (Flamand et al., 1980; Dietzschold et al., 1987;
Smith, 1989). Immunologically, the N-protein is a major target for T helper (Th) cells that cross-
react among RABYV and rabies-related viruses to induce immunological reactions (Celis et al.,
1988a, 1988b; Ertl et al., 1989). Several T helper cell epitopes in the N-protein of RABV have
been identified and mapped using a series of overlapping synthetic peptides (Ertl et al., 1989).
Furthermore, the NC of the RABV and N-protein in particular behave as an exogenous super
antigen (SAg) (Lafon et al., 1992) both in humans and mice (Lafon et al., 1994), which may
increase immunopathogenicity and also enhance the antibody response. This may explain the
potent activation of peripheral blood lymphocytes in human vaccines and ability to increase and

potentiate immune response to vaccination by the N-protein (Lafon et al., 1994). In addition, N-
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protein could also contribute in damping the host innate immune response favouring interferon
evading strategy. The amino acids at positions 273 and 394 in the N-protein seem to be
important for the host innate immune response (Masatani et al., 2011; Rieder and Conzelmann,
2009).

1.4.1.3 Phosphoprotein

The Phosphoprotein of RABV is an essential component of the replication and transcription
complex and acts as a co-factor for the viral RNA-dependent RNA polymerase. The P-protein of
rhabdoviruses has a modular multi-domain architecture and is central to the formation of an
active NC. It recruits the viral polymerase to the N-protein-bound viral RNA (N-RNA) via an
interaction between its C-terminal domain and the N-RNA complex (Delmas et al., 2010). The
P-protein acts as a chaperone for soluble nascent N-protein and prevents its polymerization (self-
assembly) and non-specific binding to cellular RNA (Mavrakis et al., 2003), thus directing N-
protein encapsidation of the viral RNA (Chenik et al., 1994; Fu et al., 1994; Gigant et al., 2000).
The specific interaction of a conserved domain within the P-protein and the cytoplasmic light
chain (LC8), involved in the intracellular transport of organelle, had been proposed at first to
play a role in the retrograde transport to the central nervous system (CNS) (McGettigan et al.,
2003). Nevertheless, a recent study demonstrated that the interaction between the P-protein and
LC8 is not directly involved in the retrograde axonal transport from the periphery to CNS nor
pathogenicity. Rather, the P-protein-LC8 has a significant role in the transcriptional activity of

viral polymerase (Tan et al., 2007).

In addition, the P-protein of RABV is a type | interferon (IFN) antagonist counteracting
transcriptional activation of IFN and IFN-mediated JAK/STAT signaling (Brzdzka et al., 2005,
2006; Chelbi-Alix et al., 2006). The P-protein contains two independent domains accounting for
the IFN antagonistic functions: the amino acid residues 176-186 being involved in the inhibition
of interferon regulatory factor (IRF) 3 and 7 phosphorylation and the C-terminal (288-297) being
involved in the binding to Signal Transducer and Activator of Transcription (STATS) preventing
the nuclear import of activated STATSs (Rieder et al, 2011). Therefore, the P-protein inhibits IFN
production by impairing IRF-3 phosphorylation, IFN signaling by blocking nuclear transport of
STATL1 and alters promyelocytic leukemia (PML) nuclear bodies (a part of cellular immune

defense mechanism) by retaining PML in the cytoplasm (Chelbi-Alix et al., 2006).
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1.4.2 Envelope proteins

Viral membrane proteins, M- and G-proteins, and a mixture of lipoprotein components derived
from the cell membrane form the outer envelope of virus particle (Wunner, 2007). The M-
protein associates with both the NC and the viral G-protein, collaborating with G-protein in
infected cells, to produce progeny virions in the budding process at the cell membrane (Nakahara
et al., 1999). On the other hand, the G-protein produces the trimeric spike-like projections or

peplomers to facilitate the virus to bind to the receptors on the cell surface (Gaudin et al., 1992).

1.4.2.1 Matrix protein

The matrix protein of RABV is small multi-functional protein of 202 amino acids (25 kDa) and
is responsible for the assembly and budding of virus particles (Finke et al., 2003). The M-protein
binds to and condenses the nascent NC core into a tightly coiled, helical RNP-M protein
complex, forming a sheath around it and producing the bullet-shaped ‘skeleton’ structure of the
virion. In the mean time, the M-protein binds to the NC structure and the cytoplasmic domain of
the G-protein (Cyto-G) (Mebatsion et al., 1999) facilitating the binding of the viral core structure
to the host membrane at the marginal region of the cytoplasm where it initiates virus budding
from the cell plasma membrane (Mebatsion et al., 1999). Therefore, the M-protein gives the
virion its characteristic bullet-shape, regardless of whether its location is within the NC core or
on the external surface of the core (Barge et al., 1993; Lyles et al., 1996). Apart from virus
assembly, the M-protein is involved in regulating RNA synthesis, maintaining a balance between

replication and transcription (Finke et al., 2003).

In addition, the M-protein of RABV is known to be a determinant of pathogenicity and may
contribute to host tropism (Finke et al., 2010). In non-virulent RABV strains, the M-protein was
found to activate host cell caspases and induce apoptosis as TRAIL dependent pathway (the
tumor necrosis factor-related apoptosis-inducing ligand) (Kassis et al., 2004; Larrous et al.,
2010). The existence of “late” or L-domains (PPEY) in the M-protein could also facilitate the
viral budding by anchoring the M-NC with host cell proteins (Wirblich et al., 2008). It is

suggested that RABV PPEY motif possesses L-domain activity in the context of a virus infection



and may be important for the pathogenic potential of the virus in an animal model (Okumura and
Harty, 2011).

1.4.2.2 Glycoprotein

The glycoprotein forms trimeric transmembrane spike structures that allow the virus to attach to
neurons and then enter the host cell via a fusion event. The G-protein facilitates also the budding
of the virus (Mebatsion et al., 1996; Robison and Whitt, 2000). The mature G-protein of all
RABYV strains has 505 amino acid residues (524 amino acids are translated from a G-mRNA
transcript). In contrast, a mature MOKV G has 503 amino acids (522 amino acids are encoded in
the MOKV G-mRNA) (Benmansour et al., 1992; Bourhy et al., 1993). The G-protein of all
RABY and rabies-related lyssaviruses is composed of four domains; the signal peptide domain
(SP), the ectodomain (ED), the transmembrane domain (TM) as well as the cytoplasmic domain
(CD) (Wunner, 2007). The G-protein of RABV plays an important role in establishing the
phenotype of the virus in defining the pathogenicity of the virus (Ito et al., 2001; Kucera et al.,
1985; Yan et al., 2002). The ectodomain of G-protein (amino acid residues 1-439) is responsible
for interaction of the RABV with its receptors such as nicotinic acetylcholine receptors (nAChR),
neuronal cell adhesion molecule (NCAM), p75 neurotrophin receptor (p75NTR) and
gangliosides (Lafon, 2005). The pathogenic or virulent phenotype of the virus correlates with a
single amino acid at a specific position in the G-protein. For instance, the amino acid residue
arginine (Arg) [or lysine (Lys)] at position 333 in the wild-type (normal) G-protein is responsible
for the virulence phenotype of RABV. Intracerebral inoculation of RABV into adult
immunocompetent mice resulted in virus variants with different amino acid residues [e.g.
glutamine (GIn), isoleucine (lle), glycine (Gly), methionine (Met) or serine (Ser)] in place of
Arg-333 in the G-protein, less pathogenic or avirulent phenotypes are induced by these amino
acid residue substitutions compared to the parental wild-type virus (Dietzschold et al., 1983; Seif
et al., 1985; Tuffereau et al., 1989). Mebatsion et al. (1996) showed that the G-protein enhances
the efficiency of virus budding by up to 30-fold, suggesting that this protein has an autonomous
exocytic activity (Mebatsion et al., 1996; Robison and Whitt, 2000).

The carboxyl terminal portion (last 44 amino acids) of the G-protein, namely the cytoplasmic
domain, extends inward from the plasma membrane into the cytoplasm of the infected cell where

it interacts with the M-protein (Mebatsion et al., 1999), the major structural protein involved in
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virion assembly and egress (Okumura and Harty, 2011). The presence of the cytoplasmic domain
augments the incorporation of spikes into the viral envelope (Mebatsion et al., 1996). The
cytoplasmic domain of the G-protein encodes at the C-terminal a PDZ-binding site (PDZ-BS)
allowing the binding of the G-protein with the PDZ domain of peculiar host cell partners
influencing RABV pathogenicity of the RABV infected neurons. The PDZ domains are globular
structures, 80-100 amino acids long, that contain a groove into which the C-terminal segment of
a partner protein, PDZ-BS, inserts (Lafon, 2011). The cytoplasmic tail carries a crucial
determinant controlling the balance between neuronal survival and death of an infected neuron
(Prehaud et al., 2010). The G-protein is also pivotal for the induction of host humoral immune
response to RABV infection and as the target of virus-neutralizing antibody (VNA) and for
virus-specific helper and cytotoxic T cells (Celis et al., 1988a; Macfarlan et al., 1986). Overall,
the nature of the G-protein governs the neurotropism, the speed of uptake of virus particles as

well as the promotion of the survival of the infected cells (Lafon, 2011; Schnell et al., 2010).

1.4.3 Non-coding regions of rabies virus

The five structural genes of the lyssavirus genome are separated by non-coding nucleotide
sequences: one dinucleotide (N-P), two pentanucleotide (P-M and M-G) and one long 423
nucleotide sequence (G-L) (Figure 1.2). This non-coding region has been implicated in the shut-
off of the host cell macromolecular synthesis in VSV (Grinnell and Wagner, 1985), however,
protein shut off is not usually observed during infection with the RABV (Tuffereau and
Martinet-Edelist, 1985). The leader RNA (Le) sequence, a small RNA (57-58 ribonucleotides)
and very rich in alanine, is transcribed at the 3* end of the genome. The long intergenic region
between the G and L genes is a remnant gene or pseudogene (y) lacking an open reading frame
(ORF) to code for a detectable protein (Tordo et al., 1986). This region is highly mutable and is

the most divergent area of the RABV genome (Sacramento et al., 1991).

1.5 Host species, the route of infection and life cycle

1.5.1 Host species of rabies virus and the route of infection

All terrestrial mammals are susceptible to RABV infection and this disease occurs on all

continents except the Antarctica (Warrell and Warrell, 2004). Indeed, the RABV has been
11



isolated from nearly all mammalian orders (Rupprecht et al., 2002) with Carnivora and
Chiroptera, being major vectors of RABV and rabies-related lyssaviruses (Badrane and Tordo,
2001). For instance, domestic dogs are the major reservoir of the disease throughout Africa and
Asia (Rupprecht et al., 2002). The red fox (Vulpes vulpes) is the main vector species involved in
rabies epidemiology in Europe (Cliquet and Aubert, 2004), whereas raccoons and skunks are the
most frequently diagnosed species with RABV in the USA (Krebs et al., 2005). In developing
countries of Asia and Africa, dogs remain the major vectors, although wildlife species are also

involved in transmission cycles (Bingham et al, 1999).

The RABYV is usually introduced through bites or scratches with infectious saliva, although
transmission can result via licks on broken skin or mucous membrane, but not through intact skin.
Airborne natural infection is possible in exceptional circumstances, for instance in caves
harbouring large numbers of potential infected bats (Constantine, 1962) or in laboratory
accidents by aerosolized RABV (Tillotson et al., 1977; Winkler et al., 1973). Contamination of
other mucous membranes, such as the eyes and nose, is a potential risk, and human infections
documented to date were as a result of corneal or organ transplantation (Anderson et al., 1984;
Centers for Disease Control and Prevention, 1999; Hellenbrand et al., 2005; Srinivasan et al.,
2005).

1.5.2 The life cycle of rabies virus

The life cycle of RABYV either in cell culture or in vivo can be divided into three phases. The first
or early phase, which includes virus attachment to receptors on susceptible host cells, entry via
direct virus fusion and uncoating of virus particles into cytoplasm followed by the second or
middle phase, which includes transcription and replication of the viral genome and protein
synthesis. Finally, the third or late phase comprises virus assembly and egress from the infected
cells (Wunner, 2007). The schematic overview of RABV life cycle in the host cell is shown in

Figure 1.3.

1.5.2.1 The first phase (attachment and entry)

The RABV enters nervous system via a motor neuron through the neuromuscular junction or a

sensory nerve through nerve spindle. Infection starts with the attachment of RABV to a target
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cell surface receptor. The muscle expresses the alpha nicotinic acetylcholine receptor (AChR)
especially at the muscle side of neuromuscular junctions. The RABV usage of this receptor can
allow virus multiplication in muscle prior to entry into the nervous system or concentration of
the viral particles at the neuromuscular junction improving the probability of RABV being taken
up by nervous terminal (Lafon, 2005). The neural cell adhesion molecule (NCAM) CD 56,
expressed at the neural side of the neuromuscular junction and at the synaptic membrane, is a
good candidate for entry into the nervous system (Lafon, 2005; Thoulouze et al., 1998), whereas
the low-affinity neurotrophin receptor (p75NTR) might contribute to the axonal transport of
RABV (Langevin et al., 2002; Tuffereau et al., 1998, 2007). After entry at the neuromuscular
junction or passage through the synapse, RABV particles propagate in axonal vesicles
transported by a retrograde route (Klingen et al., 2008). RABYV replication occurs in the cell
body and dendrites but not in the axon (Ugolini, 1995). Once the cell body is reached, it is likely
that the vesicles liberate the NC by fusion of the G-protein with the membrane of the axonal
routing vesicle. Nevertheless, no experimental evidence of this step has been brought yet. It is
responsible for low pH-induced fusion of the viral envelope with plasma and endosomal
membranes (Gaudin et al., 1993; Roche and Gaudin, 2004) and the acidic environment of the

vesicle induces a conformational change of the G-protein (Albertini et al., 2011).

1.5.2.2 The second phase (virus replication)

All transcription and replication events take place in the cytoplasm (Albertini et al., 2011). The
L-P complex enters the nucleocapsid at the 3’ end of the RNA and starts transcription with the
production of a short RNA molecule, the leader RNA. Subsequently, mRNAs are produced for
N-, P-, M-, G- and L-proteins, generating a gradient of amount of transcript (leader RNA >
MRNA N > mRNA P > mRNA M > mRNA G > mRNA L) (Albertini et al., 2011). During
transcription, the mRNA is capped and methylated on its nascent 5° extremity at the end of the
gene. The replication requires ongoing protein synthesis to provide a source of soluble N-protein
(N°) necessary to encapsidate the nascent RNA. Later in infection, the activity of the polymerase
P-L complex switches from transcription to replication to produce a full-length positive RNA
strand complementary to the complete genome (Albertini et al., 2011). These positive-stranded
RNAs are also encapsidated by N-protein, bind the L-P complex and are used as templates to

amplify new negative-stranded RNA genomes for new nucleocapsids (Albertini et al., 2008).
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1.5.2.3 The third phase (virus assembly and budding)

Once sufficient pools of viral progeny (negative strand) RNA and the viral N-, P- and L- proteins
have accumulated in the infected cell, formation of rabies viral RNP complexes and assembly of
virus particles begins (Wunner, 2007), starting with encapsidation of progeny (negative-strand)
genome RNA and NC formation (Iseni et al., 1998; Liu et al., 2004; Mavrakis et al., 2003).

Rabies virus infection causes the appearance of specific histopathologic changes of infected
nerve cells, known as Negri bodies, which are characteristic neuronal intracytoplasmic inclusions
in the infection with street RABYV strains. The Negri bodies are typical perinuclear aggregates
formed by viral proteins, viral nucleic acids and host proteins such as TLR3 (Lahaye et al., 2009;
Ménager et al., 2009). In close vicinity of mitochondria and rough endoplasmic reticulum, they
form assembly factories for the virus. They are pathognomical (typical feature of the infection)
structures used as definite histological proof of rabies. Amongst the five encoded proteins, the
viral M-protein plays a key role in virus budding and is thought to recruit host proteins to
facilitate efficient virion egress. A late budding domain (L-domain) mediates the recruitment of
host proteins linked to the vacuolar protein sorting (vps) pathway of the cell to facilitate virus-
cell separation (Chen and Lamb, 2008; Okumura and Harty, 2011). The mature virions acquire
lipid bilayer envelope and the infectious virions will be produced bearing the G molecules
arranged as trimeric spike-like structures tightly packed and anchored in the viral envelope in the
final stages of RABV assembly (Wunner, 2007). Eventually, the virus particles then escape from

the infected cells by budding.
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Figure 1.3 A schematic overview of RABV life cycle in host cells (Albertini et al., 2011).

1.6 Infection of the nervous system by rabies virus

1.6.1 Entry into the central nervous system

The RABYV is a highly neurotropic virus that spreads along the neuronal network. Once the virus
enters, it then travels from the site of peripheral inoculation to the CNS by retrograde fast axonal
transport. The virus multiplies first in the muscle before entry into the nervous system, it seems
to depend on the nature of the strain with street RABV isolates multiplying into muscular cells
(Fekadu and Shaddock, 1984; Murphy et al, 1973) and laboratory RABYV strains such as CVS
not infecting into muscles (Coulon et al., 1989; Shankar et al., 1991). Whatever the route of
inoculation through masseter muscle (Jackson, 1991) or intranasal route (Lafay et al., 1991), the
spread of virus variants within the CNS is dependent on the fast axonal transport mechanism
(Jackson, 2007). Movement to the brain via the spinal cord is rapid and associated with an
explosive increase in viral particles. Studies performed with G-protein gene-deficient
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recombinant RABV showed limited spread in the brain of mice after intracerebral inoculation
(Etessami et al., 2000). It demonstrates that the G-protein of RABV is necessary for trans-
synaptic from one neuron to another (Jackson, 2007). Once CNS neurons become infected, there
is rapid dissemination of RABV infection along neuroanatomical pathways. The brainstem is
infected first, followed by the thalamus and lastly the cortex (Tsiang, 1988). The infections are
widespread and involve major regions of the CNS including the cerebral cortex, hippocampus,
brainstem, cerebellum and spinal cord. It predominantly infects pyramidal neurons of the
hippocampus with relative sparing of neurons in the dentate gyrus in adult mice (Jackson and
Reimer, 1989).

1.6.2 Spread from the central nervous system

Spread from the CNS to peripheral sites such as various organs including the salivary glands,
allows efficient transmission of the infection to its natural hosts. Widespread infection of
epithelial cells of salivary gland results from viral spread along multiple terminal axons rather
than spread between epithelial cells (Charlton et al., 1983). In the same regard, infection was
observed in the ganglion cell layer of the retina and in corneal epithelial cells, innervated by
sensory afferents via the trigeminal nerve. Thus, the detection of RABV antigens in corneal
impression smears has been used as a diagnostic test for human rabies (Koch et al., 1975).
Studies in both natural and experimental rabies have demonstrated infection in a variety of
extraneural organs including the adrenal medulla, cardiac ganglia and plexuses in the luminal
gastrointestinal tract, liver and exocrine pancreas (Balachandran and Charlton, 1994; Debbie and
Trimarchi, 1970; Jackson et al., 1999).

1.7 Diagnosis of rabies

Rabies diagnosis is most frequently performed for the post-mortem examination of animals that
have had human contact (bite/lick) or have otherwise potentially caused human exposure to the
disease. Nevertheless, the presence of neutralizing antibodies in the serum, the cerebrospinal
fluid (CSF) and detection of viral RNA in skin nuchal biopsies can be performed in the patients
alive. The results of the diagnostic test underpin disease control, prevention of the disease and
management of human contact cases. Evidence of the RABV infection, based on positive

diagnostic test results, needs prompt administration of rabies post-exposure prophylaxis (PEP) to
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the exposed person, preventing onset of the almost invariably fatal infection (Trimarchi and
Nadin-Davis, 2007).

The fluorescent antibody test (FAT) is the gold standard and one of the most accurate
microscopic tests available for the diagnosis of rabies and is more sensitive compared to
histopathological methods (Dean et al., 1996). The presence of RABV antigen is demonstrated
in acetone-fixed brain smears by means of immunofluorescence using a polyclonal anti-
lyssavirus fluorescein labeled conjugate. This test is fast, comparatively inexpensive and more
than 99% sensitivity in experienced hands (Dean et al., 1996). Another sensitive and reliable test
is the mouse inoculation test (MIT), which is applicable in the case of inconclusive or human
contact cases that are negative on FAT. However, it requires a large number of mice per sample,
labour-intensive and requires long periods of observation (up to 28 days). In many laboratories,
the rabies tissue-culture infection test (RTCIT) has now replaced MIT. The RTCIT is
considerably more sensitive to infection with low amounts of virus than are experimental mice. It
is also relatively easy to perform, less expensive and results are obtained within 4 days, as
compared with the MIT which takes 28 days (Webster and Casey, 1996). Current developments
in PCR technology have focused on improvements in the quantitative capability of the
methodology. Furthermore, real-time PCR technique is also able to offer the potential of a rapid
diagnosis and an additional benefit for a significant reduction in the chance for false-positive
results arising through sample contamination (Trimarchi and Nadin-Davis, 2007). Real time-
gPCR is one of the most recent assays to detect minute quantities of virus in brain tissues (Szanto,
2009) and this technique allows all genes involved in the pathogenesis of RABV to be monitored
(Wang et al., 2005).

1.8 Role of glycoprotein in pathogenicity and neuroinvasiveness

1.8.1 Pathogenic determinants in ectodomain

Several studies have demonstrated that virus variants with a mutation from arginine to glutamate
at position 333 affecting antigenic site 111 of the G-protein, become apathogenic, regardless of
the site of infection or the dose of virus used (Coulon et al., 1982, 1983; Dietzschold et al., 1983;
Seif et al., 1985; Tuffereau et al., 1989). A virulent strain with arginine at position 333 in the G-

protein spreads more rapidly in the mouse brain than an attenuated strain with an amino acid
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residue other than arginine, and that in vitro cell-to-cell spread of the virulent strain is more
efficient than that of the attenuated strain (Dietzschold et al., 1985). Other amino acid
substitutions at different positions on the G-protein of RABV appear to confer or influence viral
pathogenicity. For instance, the mutation position at 194 results in lysine replacing asparagine
and is associated with increased pathogenicity in adult mice (Faber et al., 2005; Prehaud et al,
1988). The two substitutions, phenylalanine at position 318 substituted for by serine or valine
and histidine at position 352 substituted for by arginine or tyrosine, prevent the G-protein of
RABYV from interacting with p75NTR (soluble or membrane-anchored form) (Langevin and
Tuffereau, 2002).

1.8.2 Protein interaction domains in cytoplasmic domain

RABYV carboxyl-terminus encodes a PDZ-BS allowing the cytoplasmic domain of G-protein to
interact with host cell proteins expressing a PDZ domain. The PDZ domains are one of the most
commonly found protein-protein interaction modules controlling main signalization pathways
such as cell growth, survival and death (Sheng and Sala, 2001). The PDZ domains were first
identified as regions of sequence homology found in diverse signaling proteins (Cho et al., 1992;
Kim et al., 1995; Woods and Bryant, 1993). The name PDZ is derived from the first three
proteins in which these domains were identified: PSD-95, DLG and ZO-1. These domains have
also been referred to as Discs large homology region (DHR) or GLGF repeats (after the

conserved Gly-Leu-Gly-Phe signature within the primary sequence).

Recently, the PDZ domains have emerged as one of the most abundant protein interaction
domains in organisms as diverse as bacteria, yeast, plants, invertebrates and vertebrates (Ponting,
1997). These domains specifically recognize short C-terminal peptide motifs located in the
partner protein. The PDZ target specificity is dependent on the C-terminal amino acid sequence
of the interacting protein (Songyang et al., 1997). Since being recognized as sequence repeats,
PDZ domains have emerged in the past few years as important modular protein interaction
domains found in organizing diverse cell signaling assemblies (Sheng and Sala, 2001). The
residue of C-terminal is referred to as the Py; subsequently residues termed P_;, P, P_3, etc are
toward N-terminus. The PDZ domains generally show the carboxylated amino acid at the 0
position of the peptide ligand is a major determinant in the interaction and are specialized for

binding of carboxyl-terminus in partner proteins, most often transmembrane receptors and
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channel proteins and/or other PDZ domains (Jelen et al., 2003). The structure of a PDZ domain
comprises six f-strands (BA ~ BF) and two a-helices (aA and aB), which fold into a six-stranded
B-sandwich domain. Peptide binding occurs in a groove between the BB strand and the aB helix.
Each PDZ domain binds a single peptide ligand. The main chain of the BB strand runs the length
of the peptide-binding groove and provides important interactions with the main chain of the
peptide (Figure 1.4) (Sheng and Sala, 2001).

Carboxylate-binding -
B loop

Arg 318

./ Carboxylate-binding

o

Figure 1.4 Structural diagrams of PDZ3 domain of PSD-95. (A) Ribbon representation of the PDZ3 domain; 6 -
sheets and 2 a-helices consists of the modular structure characteristic for PDZ domains. The carboxylate-binding
loop involved in ligand binding is indicated. (B) Chemical interactions involved in peptide binding. Hydrogen bonds
are depicted (dashed white line) between residues of the PDZ domain (blue) and the peptide ligand (orange) (Doyle
et al., 1996).

The inhibition or perturbation of the function of cellular PDZ proteins appears to be a widely
used strategy for viruses to enhance their replication, dissemination in the host and transmission
to new hosts (Javier and Rice, 2011). The RABV also has evolved mechanisms to enforce the
survival of the host cells infected by targeting the PDZ domain of Microtubule Associated
Serine-Threonine kinase 2 (MAST2), which is acting as an inhibitor of neuron survival (Loh et
al., 2008). The RABYV infected human neurons may undergo either death or survival pathway
whether the RABV strain is attenuated or virulent. The capacity of the RABV to promote
neuronal survival (a signature of virulence) or death (a marker of attenuation) depends on the
cellular partners recruited by the PDZ-BS of its envelope G-protein (Prehaud et al., 2010). The
result of single amino acid difference from glutamine (Q) to glutamic acid (E) at position P_3,
relative to the last amino acid residue of the C-terminal, which is denoted as 0, displayed distinct
abilities to promote the neuronal survival or apoptotic death of infected neurons in vitro (Prehaud
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et al., 2010). Remarkably, one mutation (Q to E) in the PDZ-BS was sufficient to switch the fate
of the infected cell from survival to apoptosis (Prehaud et al., 2010).

In this rationale, we have decided to analyze the neurosurvival and pro-apoptotic properties by

the amino acid sequences in the Cyto-G of the South African isolates.

1.9 Objectives of the study

The majority of human rabies deaths (> 90%) in South Africa is caused by the canid rabies
biotype rather than the mongoose rabies biotype (wildlife) (Weyer et al., 2010). This observation
has led to the notion that the canid rabies biotype is more pathogenic than the mongoose biotype.
The question is therefore whether high number of human deaths by canid rabies is the result of
the different level of pathogenicity or caused by other factors such as high chances of contact
between humans and domestic dogs. This study was therefore aimed to evaluate the difference in

virulence of the two rabies biotypes commonly encountered in South Africa.

The virulence of RABYV relies on the capacity of this virus to reach the nervous system and to
propagate into the nervous system without Killing the infected cells by premature apoptosis and
without being cleared off by the immune response. This virus has evolved unique strategies to
evade the host immune response and preserve the neuronal network integrity (Lafon, 2011). The
objective of this project was first to sequence the entire G-protein encoding gene of the three
South African RABYV isolates and then to compare the properties of the C-terminal of the G-
protein to trigger in vitro either neurite outgrowth or apoptosis. In previous study, two laboratory
RABYV strains were compared to demonstrate how RABV controls the fate of infected neurons:
CVS-NIV and ERA-NIV. CVS-NIV causes fatal encephalitic rabies after inoculation and
engages neurosurvival signaling pathway in neurons, whereas ERA-NIV strain was identified
that it causes neuronal death in the infected cells (Prehaud et al., 2010). The chimeric constructs
were generated by grafting last 12 amino acids of the G-proteins of isolates replacing of the
original residues of a virulent RABV strain CVS-NIV. After the infection of the recombinant
constructs to human and rat neuronal cells, the phenotypes of neurite outgrowth and apoptotic
induction were evaluated and the pathogenicity of South African isolates was determined in a

recombinant lentivirus system.
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The objectives of this research project were:

i) To genetically characterize the complete G-protein encoding genes of the South African rabies

virus isolates (canid, mongoose and spill over).

i) To compare neurosurvival and pro-apoptotic features of the last 12 amino acid residues of the
Cyto-G of the 3 variants with those of canonic RABV (ERA-NIV and CVS-NIV).

- By expressing the last 12 amino acids of the South African variants and ERA-NIV and CVS-NIV in rat and
human neuronal cells infected with recombinant lentiviruses.
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CHAPTER 2
Genetic characterization and identification of
pathogenic determinants of genotype 1

South African rabies biotypes
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2.1 Literature review

2.1.1 Host species of rabies in South Africa

Canid and mongoose rabies biotypes are independently maintained and transmitted in South
Africa. The former infects carnivores of the Canidae family such as domestic dogs (Canis
familiaris), jackal species (Canis mesomelas and Canis adustus) and bat-eared foxes (Otocyon
megalotis). The latter, mongoose rabies has been present in South Africa at least 200 years
before the introduction of the canid rabies lineage (King et al., 1993; Swanepoel et al., 1993;
Van Zyl et al., 2010; Von Teichman et al., 1995) and small carnivores (1~5 kg; 23~75 cm) are

involved in the infectious cycle (Nel et al., 2005).

The first outbreak of dog rabies in South Africa occurred in 1892 in Port Elizabeth and was
caused by an infected dog imported from England. This outbreak primarily involved dogs and
other domestic animals such as cats and cattle. After strict control measures, however, the
disease was eradicated from this area and canid rabies was only encountered in South Africa five
decades later (Cluver 1927; Neitz and Thomas, 1933). In this most recent introduction of the
disease, canid rabies spread from Angola into the southern African neighbouring countries
(Namibia, Botswana, Zimbabwe and eventually South Africa) from the late 1940s onwards
(Swanepoel et al., 1993). Canid rabies became common in South Africa after 1950, when it
entered the dog population in the northern Limpopo province (Alexander, 1952). Today, canid
rabies is maintained by dogs and jackals in the northern Limpopo province, also in dogs in
KwaZulu-Natal and Eastern Cape provinces. In the drier western regions of this country, the bat-
eared fox is suggested to be a reservoir and maintain the canid rabies biotype (Bingham, 2005;
Sabeta et al., 2007; Swanepoel et al., 1993; Thomson and Meredith, 1993). In South Africa,
rabies is constantly diagnosed in domestic and wildlife carnivore species including mongooses.
Whilst dogs remain the major vector of human rabies in South Africa, only few cases reported

exposures to domestic cats (Weyer et al., 2010).

Mongoose rabies was first identified in the 1890s and is thought to be indigenous to southern
Africa (Nel et al., 2005; Snyman, 1940; Swanepoel et al., 1993). Since 1916, several cases of

suspected rabies had been reported from different areas of the country with strong evidence
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suggesting yellow mongooses and genets as vectors of the disease (Cluver, 1927). Mongoose
rabies is not only endemic in South Africa, but has been reported from other parts of the world
including the Caribbean, where it appears to be the main manifestation of enzootic disease
(Chaparro and Esterhuysen, 1993; Zumpt, 1982). As a consequence of different habitat and
distribution patterns among mongoose species, the principal vector species for the mongoose
rabies biotype in South Africa is the yellow mongoose (Cynictis penicillata) (Swanepoel et al.,
1993; Taylor, 1993). The slender mongoose (Galerella sanguinea) was initially thought to be the
maintenance host of mongoose rabies in Zimbabwe (Bingham et al., 2001; Foggin, 1988),
although current data seems to suggest that the African civet is possibly a key host for this
variant (Sabeta et al., 2008). The mongoose rabies biotype is currently reported to contribute
approximately 10% of total confirmed rabies cases through monoclonal antibody typing in South
Africa (Records of the Onderstepoort Veterinary Institute, 2010). The mongoose rabies biotype
is thought to be well adapted to these small carnivores of southern Africa with considerable
antigenic and genetic diversity in comparison to the canid rabies biotype (Bingham, 1999; King
et al., 1993; Von Teichman et al., 1995). Previous studies have shown that these two rabies
biotypes (canid and mongoose) may jump species boundaries, called “spill over infection”,
although such events are thought to occur infrequently (Chaparro and Esterhuysen, 1993; King et
al., 1993; Nel et al., 1997). Interestingly, the spill over of mongoose rabies biotype into dog
hosts does not establish further dog to dog transmission thereby leading to dead end infections
(Figure 2.1) (Ngoepe et al., 2009).

i ——1
Spill over

C——,.

JACKAL CYCLE

Figure 2.1 Two well-characterized RABV biotypes in South Africa, the canid and mongoose, circulate
independently. The canid biotype infects carnivores of the Canidae family such as domestic dogs (Canis familiaris),
jackal species (Canis mesomelas and Canis adustus) and bat-eared foxes (Otocyon megalotis), whereas the yellow
mongoose (Cynictis penicillata) is the principal vector species of the mongoose rabies biotype. Occasionally, host
switch events have happened between two families and are referred as spill over.
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2.1.2 Objective

The objective of this set of experiments was to genetically characterize the complete G-protein

encoding genes of three RABYV isolates commonly encountered in South Africa.

2.2 Materials and methods

2.2.1 Selection of rabies virus isolates and diagnostic tests

2.2.1.1 Selection of rabies viruses

Three South African rabies viruses used in this study were retrieved from the archive of the
O.LE Rabies Reference Laboratory of the Agricultural Research Council-Onderstepoort
Veterinary Institute (ARC-OVI) in Pretoria, South Africa. The viruses and epidemiological
information (i.e. origin species, biotype, locality of origin and longitude/latitude) are shown in
Table 2.1 and Figure 2.2. In addition, a mongoose rabies biotype recovered from a domestic dog

will be referred as a “spill over isolate” in this study.

Table 2.1 Epidemiological information of RABV isolates from various localities of South Africa used in this study.

Lab ref No./

Year of isolation Species of origin Biotype Locality of origin Longitude Latitude
22107 (8:/ ‘;'i'gti"‘é g‘:nnlgﬂf;tea) Mongoose Ei'gfer:fs"tgi')” 26.21 29.10
143/07 (Canig‘;i‘;‘ri;‘ﬁiaris) Canid Se'("li’f‘r?]‘; (‘)’:)'(')‘;ge 23.42 30.56
198/08 Canine Mongoose De Aar 24.01 30.43

(Canis familiaris) (Northern Cape)
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Figure 2.2 Representative map indicating geographical origins where the RABV isolates were recovered.

2.2.1.2 Fluorescent antibody test

The original brain samples for this study were tested for the presence of lyssavirus antigen with
fluorescent antibody test (FAT) (Dean et al., 1996). A composite brain smear was prepared on
degreased clean slide glasses in a biological safety cabinet (BSC) class Il, air-dried at room
temperature and fixed with cold acetone for 15 minutes. The smear was stained with a polyclonal
fluorescein isothiocyanate (FITC)-conjugated immunoglobulin produced in goats (goat antisera)
(O.1.LE Rabies Reference Laboratory, ARC-OVI) and incubated at 37°C in a humidified
atmosphere for 30 minutes. After the incubation period, the slides were washed three times in
0.01 M phosphate buffered saline (pH 7.2-7.4), air-dried, mounted with mounting fluid (glycerol
and PBS, 1:1) and examined using a fluorescent microscope (Axiolab-Zeiss, Germany) (Dean et
al., 1996).

2.2.1.3 Monoclonal antibody typing

Monoclonal antibodies (mAbs) directed against the rabies nucleocapsid (anti-N) were first
described in 1978 (Wiktor et al., 1978), and since then this tool has been used to identify and
characterize RABV variants and thereby understand the geographical spread of rabies biotypes

and their maintenance in specific hosts. The samples, positive for the lyssavirus antigen (Dean et
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al., 1996) were further characterized using a panel of 15 anti-N monoclonal antibodies (N-mAbs)
(Centre of Expertise for Rabies, Canadian Food Inspection Agency, Nepean, Ontario, Canada)
(Table 2.2).

Table 2.2 Panel of 15 anti-nucleocapsid monoclonal antibodies (N-mAbs) for antigenic typing of southern African

lyssaviruses and reactivity pattern of South African rabies isolates used in this study.

Monoclonal Canid Mongoose Mongoose Canid Spill over
antibody biotype biotype (22/07) (143/07) (198/08)

1C5 - - - - -

26AB7 +++ Var +++ +++ +++

26BE2 +++ Var +++ +++ +++

32GD12 var Var - +++ -

38HF2 +++ +++ +++ +++ +++
M612 - - - - -
M837 - - - - -
M850 - Var +++ - -
M853 +++ — — +++ -

M1001 - - - - -

M1335 - Var +++ - -

M1386 - +++ +++ - +++

M1400 - var - - +++

M1407 +++ var +++ +++ +++

M1412 +++ var +++ +++ +++

M1494 - var 4+ - 4+

Key
+++ Highly positive
- No reaction
var Variable (reacts with some viruses, but not with others)

2.2.1.4 Mouse inoculation test

A 10% brain suspension of the original brain tissue of each of the three samples was prepared for
the mouse inoculation test (MIT) in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen)
(Koprowski, 1996). In brief, fresh original brain material was homogenized in DMEM and
centrifuged at 200 x g at 4°C for 10 minutes. The supernatant (~20 ul) was inoculated into three-
day-old suckling mice (n=8 per family) via intracerebral route using a 1 ml syringe with 25 G
needle (0.50 x 16 mm) (Terumo, Japan). Clinical signs daily were monitored for a period of 28
days. The FAT test was then undertaken on brains of mice which succumbed to RABV infection
during this period to confirm the presence of antigen.
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2.2.2 Recovery of viral RNA and sequences
2.2.2.1 Total viral RNA extractions

Total viral RNAs were extracted from original brain material using Trizol® Reagent (Sigma,
USA) according to the manufacturer’s guidelines. Approximately 0.1 mg of original brain tissue
was homogenized by vortex mixing in 1 ml of Trizol® Reagent. Then 200 pl of chloroform
(Sigma, USA) was added and centrifuged the homogenate at 13,000 rpm for 10 minutes. The
aqueous phase was transferred to a clean 1.5 ml eppendorf tube and total RNA was extracted
using the RNA Clean & Concentrator kit (Zymo research, USA) as described in the
manufacturer’s instruction. The membrane was then washed twice with wash buffer and the

RNA eluted with 25 pl of nuclease free water (Promega, USA).
2.2.2.2 Primer sequences

Previously designed forward and reverse primers for a conserved region of G-protein encoding
gene for canid and mongoose rabies biotypes were used as described by Van Zyl et al. (2010)
(Table 2.3). The primers were synthesized without any further purification by Integrated DNA
technologies (IDT, USA) and reconstituted according to manufacturer’s instructions. A primer
combination of ViVMF (forward primer) and L(—) (reverse primer) was used for both biotypes
as an external pair of primers (2444 bp). The second pairs of primers, RabC4100F (forward
primer) and RabC4203R (reverse primer) for the canid rabies biotype and ViVGF (forward
primer) and ViIVGR2 (reverse primer) for the mongoose rabies biotype (including spill over
isolate), were designed and used for an internal pairs of primers (hemi-nesting) to increase the

specificity of DNA amplification of G-protein encoding gene.

Table 2.3 Primers used in cDNA synthesis, PCR and sequences (Van Zyl et al., 2010).

Primer name Sequences (5°—3”) Annealing position Biotype
ViVMF (+) GATTCCTCTCTGCTTCTAG 3099 PV canid/ mongoose
L(-) CAAAGGAGAGTTGAGATTGTAGTC 5543 PV canid/ mongoose
ViVGR2 (-) GCATCGCGACCCATGTTCC 4086 PV mongoose
ViVGF (+) GGATTCGTGGATGAAAGAGGC 4016 PV mongoose
RabC4203R (-) CACTCCTCTCTCTTCTTGAC 4203 NC 001542 canid
RabC4100F (+) TTATGGATGGAACATGGGTCGCG 4100 NC 001542 canid
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2.2.2.3 Complementary DNA synthesis

Complementary DNA (cDNA) synthesis of the complete G-protein encoding gene was
performed as previously described (Sacramento et al., 1991; Von Teichman et al., 1995). The
sense primer ViVMF (10 pmol) and 200 ng of the extracted RNA were denatured at 65°C for 5
minutes on AccuBlcok™ Digital Dry Baths (Labnet International, USA) and immediately snap
cooled on ice for 5 minutes. The reverse transcription reaction consisted of 2 ul of dNTP mix
(2.5 mM each), 2 pul of 0.1 M DTT, 40 U of RNaseOut (Invitrogen, USA), 1 ul (200 U/ul) of
SuperScript™ 111 Reverse Transcriptase (Invitrogen, USA), 4 ul of 5X First-Strand Buffer (250
mM Tris-HCI, 375 mM KCI and 15 mM MgCl,, pH 8.3, Invitrogen) and nuclease free water in a
total volume of 20 pl. The reaction was performed at 42°C for 50 minutes and a final

inactivation at 70°C for 15 minutes.

2.2.2.4 Polymerase chain reaction

The amplification of the complete G-protein encoding gene was conducted in a 50 pl volume,
and consisted of 5 pl of 10X PCR buffer, 2.5 mM each dNTP mixture, 25 mM MgCl; solution, 2
ul of cDNA hybrid, 2 U of Tag DNA polymerase (5 U/ul, Takara Biotechnology, Japan), 4 ul of
10 pmol of each of the forward and reverse primers (Table 2.2), and nuclease-free water. The
PCR mixture was then subjected to the following cycling conditions in a Gene Amp 9700
thermocycler (Applied Biosystems, USA): an initial denaturation at 94°C for 2 minutes,
followed by 30 cycles of 94°C for 30 seconds, 42°C for 30 seconds and 72°C for 90 seconds, a
final extension step of 72°C for 7 minutes and then the reaction mixtures were kept at 4°C (Van
Zyl et al., 2010). The PCR products were assessed on 1% ethidium bromide stained agarose gel

and visualized under UV transillumination.

2.2.2.5 DNA sequencing and analysis

The PCR products were purified using the Wizard® SV Gel and PCR Clean-up system (Promega,
USA). For the purification, the band expected (2444 bp) was excised from the gel and purified
the PCR amplicon. Then it was quantified using a spectrophotometer ND-1000 (Nanodrop

Technologies, USA) and then the DNA was sequenced using the BigDye terminator kit (Applied
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Biosystems, USA) according to the manufacturer’s guidelines, with the same primer set that was
used in the preceding RT-PCR steps. The sequencing products were analyzed on an automated
ABI Prism 377 DNA sequencer (Applied Biosystems, USA). A consensus sequence was
generated by editing the forward and reverse nucleotide sequences using all alignments

algorithm in Molecular Evolutionary Genetics Analysis (MEGA) 4.0 (Tamura et al., 2007).

2.2.2.6 Phylogenetic analysis

In order to establish and confirm the biotypes, 592 bp nucleotide sequence region, encompassing
the cytoplasmic domain of the G-protein and the G-L intergenic region, was used. The
nucleotide sequences were aligned using Clustal X (Higgins and Sharp, 1989) and then the
multiple alignments were conducted to generate a distance matrix for reconstruction of the
phylogenetic trees. The genetic distances were evaluated by Kimura’s two-parameter method
(Kimura, 1980) and the phylogenetic trees constructed with the neighbour-joining method. The
branching order of the phylogenetic tree was evaluated by using bootstrap analysis of 1,000
bootstrap replications to evaluate the significance of the branching pattern and the phylogenetic
tree was viewed with NJPlot software (Perriere and Gouy, 1996). For the generating
phylogenetic tree, mongoose rabies isolates from Zimbabwe and South Africa (n=25) and canid
rabies isolates (n=27) were retrieved from the GenBank (Table 2.4) (Nel et al., 2005; Zulu et al.,
2009), with positions relative to the nucleotide sequence of Pasteur virus (PV) (GenBank Acc.
Number: M13215) (Tordo et al., 1986).
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Table 2.4 Epidemiological information of previously characterized mongoose and canid rabies biotypes from
different localities in South Africa and Zimbabwe (Nel et al., 2005; Zulu et al., 2009).

\ﬁrou.s Labrelz\lf(elrence izoﬁgiiglfw Species Province Locality Longitude Latitude  GenBankAcc.No
1 19518 1991 Galerella sanguinea Matabeleland Fort Rixon 29°08’ 19°51° AF304187
2 20948 1992 Mellivora capensis Matabeleland Bulawayo 28°40° 19°59° AF304189
3 19571 1991 Mellivora capensis Matabeleland Bulawayo 29°52’ 19°26° AF304184
4 22107 1994 Galerella sanguinea Manicaland Rusape 32°08’ 18°32’ AF304185
5 19671 1991 Civettictis civetta Manicaland Rusape 32°10° 18°37° AF304188
6 759/96 1996 Feline Mpumalanga Belfast 29°53’ 25°48° AY353992
7 926/93 1993 Suricata suricatta Mpumalanga Carolina 30°16° 26°04° AF079908
8 669/90 1990 Cynictis penicillata Mpumalanga Grootgewaagd 29°52’ 26°42’ AF079907
9 878/92 1992 Atilax paludinosus Free State Harrismith 2855’ 27°4T7° AF079918
10 420/90 1990 Cynictis penicillata Northwest Wolmaranstad 26°14° 27°13° AF079921
11 970/93 1993 Suricata suricatta Northwest Ventersdorp 26°32’ 26°23° AF079924
12 480/90 1990 Cynictis penicillata Northwest Bloemhof 25°32’ 2725 AF079923
13 372/96 1996 Genetta genetta Free State Ficksburg 2754’ 28°46° AY353993
14 248/98 1998 Xerus inauris Free State Clocolan 27°30° 2859’ AY353994
15 271/98 1998 Suricata suricatta Free State Bothaville 26°37° 27°24° AY354013
16 28/96 1996 Cynictis penicillata Northern Cape Kimberley 24°40° 29°03’ AF304180
17 476/96 1996 Suricata suricatta Northern Cape Hopetown 24°02° 29°37° AF304178
18 257/98 1998 Cynictis penicillata Northern Cape Victoria West 22953’ 30°35’ AF304173
19 364/96 1996 Cynictis penicillata Eastern Cape Uitenhage 25928’ 33°48° AY354004
20 558/95 1995 Suricata suricatta Mpumalanga Middelburg 24°32° 31°29° AY354003
21 127/91 1991 Otocyon megalotis Western Cape Malmesbury 18°25° 33925’ AF079915
22 262/95 1995 Suricata suricatta Western Cape Piketberg 18°59° 33°08° AY354016
23 611/92 1992 Genetta genetta Northern Cape Postmasburg 22953’ 27°43° AF079912
24 446/92 1992 Genetta genetta Northern Cape Postmasburg 22°30° 28°12’ AF079909
25 718/98 1998 Genetta genetta Northern Cape Gordonia 20°30° 2758’ AF304169
26 1265/80 1980 Canis familiaris Northwest Brits 27°34° 25°22° EF686047
27 820/94 1994 Canis familiaris Northwest Vryburg 24°45° 26°08’ AF177118
28 479/96 1996 Canis familiaris Limpopo Thabazimbi 27°24° 24°43° AF303070
29 536/96 1996 Canis familiaris Mpumalanga Carolina 30°33° 25°57° EF686057
30 373/97 1997 Canis familiaris Mpumalanga Barberton 31048’ 25°42° AF303069
31 224/98 1998 Canis familiaris Mpumalanga Ermelo 29°59° 26°31° AF177098
32 208/99 1999 Canis familiaris Limpopo Waterberg 28°21° 24°35° EF686061
33 596/99 1999 Canis familiaris Mpumalanga Piet Retief 30°45° 27°15° AF303063
34 675/99 1999 Canis familiaris Northwest Mankwe 27°23° 25°06’ AF303071
35 733/99 1999 Canis familiaris Northwest Brits 27°33 25°14° AF303067
36 1004/99 1999 Canis familiaris Limpopo Polokwane 29°14° 23°43° EF686052
37 1041/99 1999 Canis familiaris Mpumalanga Wakkerstroom 30°32° 27°04° EF686058
38 273/00 2000 Canis familiaris Limpopo Polokwane 29°24 24°03° EF686065
39 572/00 2000 Canis familiaris Limpopo Potgietersrus 28°10° 22°58’ EF686066
40 582/01 2001 Canis familiaris Mpumalanga Piet Retief 30°48’ 27°42° EF686072
41 644/01 2001 Canis familiaris Mpumalanga Barberton 31°35° 25°37 EF686078
42 42/01 2001 Canis familiaris Limpopo Musina 29°47° 22°33’ EF686067
43 224/03 2003 Canis familiaris Limpopo Ellisras 28°12° 22°42° EF686111
44 187/04 2004 Canis familiaris Mpumalanga Nkomazi 31°40° 25°21° EF686102
45 606/04 2004 Canis familiaris Mpumalanga Piet Retief 31°08° 27°11° EF686131
46 729/05 2005 Canis familiaris Mpumalnga Skukuza 31°36° 24°59° EF686120
47 757/05 2005 Canis familiaris Limpopo Ellisras 28°17° 22°47 EF686122
48 98/06 2006 Canis familiaris Mpumalanga Ermelo 30°07° 26°05’ EF686125
49 136/06 2006 Canis familiaris Limpopo Thohoyandou 30°28” 22°58’ EF686126
50 288/06 2006 Canis familiaris Limpopo Giyani 31°8” 23°56’ EF686128
51 341/06 2006 Canis familiaris Limpopo Louis Trichardt 29°54° 23°2° EF686150
52 197/06 2006 Canis familiaris Limpopo Sibasa 30°28” 22°58’ EF686152

Key

Virus No. 1 ~ 25  mongoose rabies viruses

VirusNo. 26 ~ 52 canid rabies viruses

Virus No. 1 ~ 5  All from Zimbabwe (Nel et al., 2005)

Virus No. 6 ~ 52  All from South Africa (Nel et al., 2005; Zulu et al., 2009)
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2.3 Results

2.3.1 Viral isolation and monoclonal antibody typing

Fluorescent antibody test (FAT) was performed to confirm the presence of lyssavirus antigen
considering that these isolates had been in storage at -80°C for 2~3 years. The three virus isolates
showed typical bright apple-green fluorescent antigen, varying in size and in 100% fields of the
smear through FAT. The reactivity of South African rabies isolates using a panel of anti-N-mAbs

is shown in Table 2.2.

The median survival days were 8.5 days in canid, 7.5 days in mongoose and 6 days in spill over
isolates. The mouse inoculation test was used to amplify viral antigen and the survival curve of
each group was evaluated by monitoring the development and progress of clinical signs.
Although MIT is not a way of evaluating pathogenicity, the mice survival curve of South African
rabies viruses exhibited no significant difference by Log-rank (Mantel-Cox) test. All suckling
mice deaths were observed at 17 days post infection (DPI) (canid and mongoose isolates) and 14
DPI (spill over isolate) (Figure 2.3). FAT test was performed and 23 out of 24 brains from dead
mice (one negative result was from a mouse succumbed at 3 DPI in spill over group) showed

positive results at the end point of experiment.

100 —e— canid
| —=— mongoose
—a— spill over

% survival
4]
e

H H .
o 57 Y V10 15 20
days post infection

Figure 2.3 Mice mortality pattern of canid, mongoose and spill over isolates of 3-day-old outbred suckling BALB/c
mice (n=8 per group) injected intracerebrally with 10% brain suspensions. Mortality was recorded daily basis and

the Kaplan-Meier survival curves were established.
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2.3.2 PCR and phylogenetic analysis

PCR amplicons were obtained with the combination of ViVMF/L(-) primer to amplify the
complete G-protein encoding gene (Figure 2.4). The PCR products were sequenced and analyzed
for amino acid differences in the known and described pathogenic domains as described in
Materials and Methods 2.2.2.5. The nucleotide sequences obtained were edited [see Appendix 1
(1518 bp)] and the phylogenetic tree generated is shown in Figure 2.5. Both mongoose (lab ref
No. 22/07) and spill over isolates (lab ref No. 198/08) belonged to a cluster of typical South
African mongoose rabies (group 4), which is the most prevalent lineage identified in yellow
mongooses in the Free State and Northern Cape (Nel et al., 2005). The canid rabies biotype (lab
ref No. 143/07) was part of a cluster of a typical canid virus from a dog-rabies endemic area, that
is, ‘Limpopo, Mpumalanga and North West provinces’ and is the dominant canid variant

encountered in this country (Zulu et al., 2009).

2400 bp

1500 bp

1000 bp

143/07 198/08 (+)ve control (-ve control

Figure 2.4 One per cent agarose gel stained with ethidium bromide and visualized by UV light. Lanes 1, 3 and 5 are
hemi-nested PCR products (~ 1000 bp), whereas lane 2, 4 and 6 are the PCR products of the complete G genes (lane
7 and 8; positive controls and lane 9; negative control). Canid rabies biotype (lab reference number 77/10) and
nuclease free water were used as positive and negative controls, respectively. A 100 bp DNA ladder was used for

molecular weight marker (M) in lane 1.
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Figure 2.5 A neighbour-joining tree constructed from an alignment of 592 bp nucleotide sequences encompassing
the cytoplasmic domain of the G-protein gene and the G-L intergenic region of canid and mongoose rabies biotypes
from Zimbabwe and South Africa. Bootstrapping of 1,000 trials was applied and only node confidence limits of >70%
were considered significant. The scale bar indicates nucleotide substitutions per site.

Key—-LP-Limpopo, NW-Northwest, MP-Mpumalanga
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2.3.3 Comparison of pathogenic domains on glycoprotein

The complete G-protein (503 amino acids) of each virus except the signal peptide domain (19
amino acids) was used to confirm the homology of nucleotide and amino acid sequences of the
G-protein amongst the three South African virus isolates. Nucleotide analyses of the complete G-
protein genes demonstrated 95.19% nucleotide identity in the G-protein encoding gene between
mongoose and the spill over isolates (1445/1518 nucleotide identity). The nucleotide homologies
for the canid/mongoose and canid/spill over isolates were 85.90% and 86.95%, respectively
(Table 2.5, Appendix 1). On the other hand, there were 17 amino acid differences (17/503, 3.38%
divergence) between mongoose and spill over isolates. An amino acid identity of 91.65%
(mongoose versus canid isolates) and 92.24% (canid versus spill over isolates) were shown in
this analysis (Table 2.5, Appendix 2). This high homologous nucleotide and amino acid levels
probably indicate that spill over isolate is originated from mongoose biotype and thus minimal
changes occurring during host switch events and this was further confirmed by monoclonal
antibody typing (Table 2.2). The homology was lower when canid and mongoose isolates were

compared, and similar data was obtained in the comparison of canid and spill over isolates.

Table 2.5 Percentage nucleotide and amino acid identity of the complete G-protein gene of South African rabies
isolates used in this study.

South African RABV isolate Nucleotide Amino acid
Mongoose  vs. Spill over 95.19% (1445/1518 nucleotide) 96.62% (486/503 amino acid)

Canid Vs, Mongoose 85.96% (1305/1518 nucleotide) 91.65% (461/503 amino acid)

Canid Vs, Spill over 87.02% (1321/1518 nucleotide) 92.24% (464/503 amino acid)

The amino acid residues which are known as pathogenic determinants on G-protein ectodomain
of the South African virus isolates and laboratory fixed RABV strains were compared in order to
determine the difference of pathogenic domains in this envelope protein. Comparisons of the
amino acid differences of the G-protein are shown in Table 2.6 and it is evident that no amino
acid changes practically at specific positions of G-protein which are responsible for
pathogenicity amongst these rabies viruses (Table 2.6).
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Table 2.6 Comparisons of amino acid residues of the pathogenic determinants in the G-protein of the South African
RABY and fixed laboratory strains (CVS and ERA).

South African RABYV isolates Fixed laboratory strains
Region of
: Reference
G-protein 2217 143/7 198/8 CVs ERA
Mongoose Canid spill over AF406694 AF406693
Amlzg)saud Arginine Arginine Arginine Arginine Arginine Jackson, 1991; Lafay et al., 1991
Am|?r’1300a0|d Lysine Lysine Lysine Lysine Lysine Coulon et al., 1998
Amino acid - . . . . .
318 Phenylalanine  Phenylalanine  Phenylalanine | Phenylalanine  Phenylalanine Langevin and Tuffereau, 2002
Amggzaud Histidine Histidine Histidine Histidine Histidine Langevin and Tuffereau, 2002
Amllng 4aC'd Asparagine Asparagine Asparagine Asparagine Asparagine Faber et al., 2005

2.4 Discussion

This part of the study was undertaken to genetically characterize and identify pathogenic
determinants in three South African rabies isolates. The presence of lyssavirus antigen of rabies
biotypes (canid, mongoose and spill over), based on FAT was confirmed by MIT. The RABV
biotype was confirmed through nucleotide sequence analysis and monoclonal antibody typing.
The three South African isolates showed that genetic variations due to locality of origin of the
samples (Nel et al., 2005; Zulu et al., 2009).

A recent study demonstrated that the incubation period prior to the time the mice succumbed to
rabies virus infection is dependent on the dose of inoculants (Markotter, 2007). Moreover, a
longer incubation period was observed when lower amounts of virus were introduced,
irrespectively of the route of inoculation. The mouse inoculation test in this study was performed
only via intracerebral route with crude preparation of brain material i.e. dose of virus not known.
The results obtained by using Kaplan-Meier survival analysis showed that there were no
statistically significant differences in survival curves amongst three RABYV isolates. The early
death was observed in the spill over group at 3 DPI, however, it might be due to bacterial
contamination or other technical errors (Koprowski, 1996). Although, the titre of viral infection
for inoculations was unknown, the data of MIT showed analogous patterns of death irrespective

of biotypes used.
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The G-protein gene of the mongoose isolate and that of the spill over isolate were homologous
95.19%. At amino acid level, the genetic divergence between mongoose and spill over isolates
was 3.38% (Table 2.5). This high level of homology indicated that the spill over isolate in this
study is of mongoose origin and minimal changes occurred during host switch events. In contrast,
the canid isolate were 14.04% and 12.98% nucleotide divergence apart from the mongoose and
spill over isolates, respectively (Table 2.5). This finding was supported by the phylogenetic
analysis which indicated canid and mongoose rabies biotypes are independently maintained and

transmitted in South Africa.

Previous studies using the fixed laboratory CVS strain showed that reduced pathogenicity is
associated with RABV G-protein and point mutations in the G-protein gene leading to the
replacement of arginine at position 333 generated avirulent viruses with a restricted capacity to
propagate in the CNS (Dietzschold et al., 1983; Jackson, 1991; Lafay et al., 1991). The double
mutation of lysine at position 330 and arginine at position 333 to asparagine and methionine
respectively, was apathogenic for adult mice and the double mutant was able to infect BHK and
neuroblastoma cells and freshly prepared embryonic motor neurons, albeit with a lower
efficiency than the CVS strain (Coulon et al., 1998). Substitutions at positions at 318 or 352 in
G-protein ectodomain completely abolished virus interaction with p75NTR receptor as either a
soluble or membrane—anchored receptor (Langevin and Tuffereau, 2002). Although a recent
study showed that the RABV, and paradoxically so, does not require p75NTR for binding or
infection, indicating that p7SNTR may not be essential and that other receptors could be required
for virus infection (Tuffereau et al., 2007). Moreover, the mutation of asparagine at position 194
in the G-protein to AAG or AAA (Lys-194) was associated with increased pathogenicity (Faber
et al., 2005). Therefore, specific amino acid changes of G-protein ectodomain play a crucial role
in lyssavirus pathogenicity and all three South African RABYV isolates exhibited the same amino
acid residues at positions (arginine at 333, lysine at 330, phenylalanine at 318, histidine at 352
and asparagine at 194) which are known as pathogenic domains in lyssavirus. There were no
apparent variations in pathogenicity of RABV isolates. Other pathogenic determinants which are

possibly involved in the pathogenicity of South African RABV must be sought for.
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CHAPTER 3
In vitro neurosurvival/apoptotic properties of
COOH terminus of G-protein of South African
RABYV isolates as assessed in

a recombinant lentiviral system
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3.1 Objective

The objective of the experiment was to evaluate the neuroprotective properties of Cyto-G of the

South African isolates expressed in neuronal cells by recombinant lentiviruses.

This was achieved by grafting the carboxyl terminal of the cytoplasmic domain in a virulent
RABV CVS backbone, the characterization of the expressed chimeric genes and phenotypes
(neurosurvival or apoptosis) driven by these chimeric constructs were evaluated to determine the

pathogenicity of South African isolates in a recombinant lentivirus system.

3.2 Materials and methods

3.2.1 Design of plasmid and oligonucleotides

3.2.1.1 Plasmid

The plasmid used for the study is based on the cytoplasmic domain of G-protein of a virulent
laboratory fixed rabies strain (CVS). The nucleotide sequence of the laboratory RABV CVS
strain (GenBank Acc. number: AF406694), a pathogenic RABV strain causing fatal encephalitis
in mice, was previously cloned and its ectodomain was deleted. The plasmid with the deleted
ectodomain resulted in delta EC (AEC), for the evaluation of neuroprotective properties
(European Patent WO 10/116258A1). Subsequently, the construct of G-protein delta EC (G-AEC)
was delivered in a lentivirus vector plasmid (pLenti 6.3/VV5-TOPO) using pLenti 6.3/V5-TOPO
TA cloning kit (Invitrogen, USA), namely AF5, for the neuroprotection assay (courtesy of Dr. Z.
Khan, Unité de Neuroimmunologie Virale, Institut Pasteur). This plasmid system has a neurite
outgrowth promoting effect and provides a means for inducing and/or stimulating neurite

outgrowth, following RABV G construct expression (Figure 3.1).
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Figure 3.1 Schematic diagrams of the complete G-protein and RABV G gene construct. (A) Complete G-protein
(524 amino acids are translated including signal peptide domain) of RABV CVS strain which contains the signal
peptide domain, ectodomain, transmembrane domain and cytoplasmic domain. (B) The structure of G survival AEC,
derived from complete G-protein, 437 amino acid residues of ectodomain were deleted and the cytoplasmic tail of
the G-protein is the neurovirulent RABV (CVS strain) genetic back ground. (C) pLenti expression construct
containing G-survival AEC, based on pLenti6.3/V5-TOPO vector (Invitrogen, USA).

3.2.1.2 Oligonucleotides for mutagenesis

The mutagenic oligonucleotide primers based on sequences of the cytoplasmic domains of G-
proteins (Table 3.1) and the synthetic 46-base oligonucleotides were synthesized by Eurogentec
Co. (Belgium) and used without further purification. For the mutant strand synthesis, 125 ng per
each primer was used. The sequences of mutagenic oligonucleotide primers for this study, were
based on the sequence of the cytoplasmic domain of virulent laboratory RABV strain (CVS-NI1V)

(GenBank Acc. number: AF406694), whereas the sequence of the ERA-NIV strain (attenuated
40



laboratory strain, GenBank Acc. No. AF406693) was used to generate G construct for a negative

control of neurite outgrowth and a positive control of apoptotic assay (Table 3.2).

Table 3.1 Last 12 amino acid residues and nucleotide sequences of the cytoplasmic domain of laboratory RABV
strains (CVS-NIV and ERA-NIV) and South African RABYV isolates (canid, mongoose and spill over).

RABV CVS-NIV (GenBank Acc. No. AF406694)
TGG GAA TCA CAC AAG AGT GGG GGT GGT ACC AGA CTG TGA
w E S H K S G G Q T R L stop

RABV ERA-NIV (GenBank Acc. No. AF406693)
TGG GAA TCA CAC AAG AGT GGG GGT GAG ACC AGA CTG TGA
w E S H K S G G E T R L stop

South African canid rabies isolate (Lab ref No.143/07)
TGG GAA TCA TAC AAG AGT GGG GGT GAG ACC AGA CTG TGA
W E S Y K S G G E T R L stop

South African mongoose rabies isolate (Lab ref No. 22/07)
TGG GAA TCA TAC AAG AAT GGG GAG GAG ACC AGA ATG TGA
W E S Y K N G E E T R M stop

South African spillover rabies isolate (Lab ref No. 198/08)
TGG GAA TCA TAC AAG AAT GGG GGT GAG ACC AGA ATG TGA
W E S Y K N G G E T R M stop

Table 3.2 Sequences of two complementary oligonucleotide primers containing the desired mutation for

mutagenesis. The underlined and bold sequences (letters) represent the target region to be mutated.

Mutagenic

Construct oligonucleotide Sequence
ERA1 5’-TGGGAATCACACAAGAGTGGGGGTGAGACCAGACTGTGAGGCCAAG-3’
ERA
ERA2 3’-ACCCTTAGTGTGTTCTCACCCCCACTCTGGTCTGACACTCCGGTTC-5
canidl 5’-TGGGAATCATACAAGAGTGGGGGTGAGACCAGACTGTGAGGCCAAG-3'
Canid
canid2 3’-ACCCTTAGTATGTTCTCACCCCCACTCTGGTCTGACACTCCGGTTC-5”
mongoosel 5’-TGGGAATCATACAAGAATGGGGAGGAGACCAGAATGTGAGGCCAAG-3'
Mongoose
mongoose2 3’-ACCCTTAGTATGTTCTTACCCCTCCTCTGGTCTTACACTCCGGTTC-5
spill overl 5’-TGGGAATCATACAAGAATGGGGGTGAGACCAGAATGTGAGGCCAAG-3!
Spill over

spill over2 3’-ACCCTTAGTATGTTCTTACCCCCACTCTGGTCTTACACTCCGGTTC-5’
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3.2.2 Recovery of recombinant viruses and viral characterization

3.2.2.1 Mutagenesis

The QuikChange Lightning Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was
utilized to construct the plasmid mutation. The mutant clones are generated by amino acid
substitutions using the enzyme technology, called pfuUltra high-fidelity DNA polymerase for
mutagenic primer-directed replication of plasmid strands and Dpn | endonuclease is used to
digest the parental DNA template. In this assay, a reaction was set up to include: 5 ul of 10X
reaction buffer, 50 ng of pLenti TOPO expression construct (AF5) as a backbone of vector, 125
ng of oligonucleotide primers for both directions, 1 ul of dNTP mix, 1.5 pl of QuikSolution
reagent and 1 pl of QuikChange Lighting Enzyme, which is a derivative of PfuUltra, high-
fidelity DNA polymerase for mutagenic primer-directed replication of both plasmid strands and
made up to 50 pl with nuclease free water. The mutant strand synthesis reaction mixture was
subjected to the following parameters in a thermocycler; an initial denaturation at 95°C for 2
minutes, and 30 cycles of 95°C for 20 seconds, 60°C for 10 seconds and 68°C for 30 seconds

with a final extension step at 68°C for 12 minutes, and incubated at 4°C.

A volume of 2 ul of Dpn 1 restriction enzyme was added to each reaction to digest parental
methylated (hemi-methylated) DNA and mixed thoroughly. Then, the reaction mixture was spun
down briefly and incubated at 37°C for 5 minutes for the digestion of the parental supercoiled
double-stranded DNA. The ligation reaction was transformed into XL10-Gold ultracompetent
cells (Stratagene, La Jolla, CA, USA). The transformation was performed with 45 pl of XL10-
Gold competent cells and 2 ul of the ligation reaction, and then gently swirled and incubated on
ice for 30 minutes. Heat-shock treatment was subjected to the transformants at 42°C for 30
seconds in a water bath. Then, 500 pl of preheated super optimal broth (S.0.C medium)
(Appendix 4) was added and the tube was incubated at 37°C for 1 hour with shaking at 225~250
rpm. The transformants were then spread on trypticase-yeast extract-maltose medium (T.Y.M
medium) (Appendix 4) with Ampicillin (100 pg/ml) agar plates and incubated overnight at 37°C.
The colonies grown on the plate were collected and resuspended in T.Y.M with Ampicillin (200
ug/ml) liquid broth medium and further incubated overnight at 37°C with shaking at 180 rpm.
The plasmid DNA was applied to QIAprep® Spin Miniprep column system, which uses silica

membrane technology as described in the Qiagen Spin Miniprep protocol to obtain high-copy
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plasmid DNA from overnight E.coli cultures in medium. Then, PCR reactions were performed to
confirm whether the gene of interest is in the frame with the C-terminal tag or not. Moreover,
four clones (ERA, canid, mongoose and spill over) were sequenced to confirm their identities

and ensure the absence of any aberrant lentiviral vector recombination (Appendix 3).

3.2.2.2 Re-transformation

The plasmids recovered through Miniprep procedures were retransformed into Stbl3 E.coli
(Invitrogen, USA) to isolate plasmid DNA for the production of a recombinant lentivirus. The
extracted Miniprep plasmid (1 pl) was added into 5 pl of Stbl3 chemically competent E.coli. It
was incubated on ice for 30 minutes and treated heat-shock at 42°C for 30 seconds. Pre-warmed
S.0.C medium (250 pul) was added into the competent cell mixture and shaken at 37°C for an
hour. Then, the cell mixture was spread on T.Y.M-Ampicillin agar plates. Highly purified
plasmids were extracted using PureLink HiPure Plasmid filter MaxiPrep (Invitrogen, USA),
which is by anion-exchange resin to purify plasmid DNA and provides high-quality plasmid
DNA for transfection of eukaryotic cells, according to the manufacturer’s manual. Once purified
plasmids were obtained, genes encoding G-protein were sequenced by Eurofins MWG (France)

to confirm the sequences prior to lentivirus isolation.

3.2.2.3 Lentiviral vectors and expression of the chimeric glycoprotein

Lentivirus vectors are commonly generated in human embryonic kidney (HEK) 293 T-cells,
which are a highly transfectable cell line (Cockrell and Kafri, 2007). Therefore, vectors were
produced by transient transfection, a technique for an introduction of DNA into mammalian cells,
with the following modifications. A total of 5 x 10° cells were seeded in 10 cm diameter Cell*
dishes (Sarstedt, Germany) using Dulbecco’s Modified Eagle Medium with Glutamax-1
(DMEM+Glutamax, Invitrogen) with 10% fetal calf serum and the penicillin (10,000 1U/ml) and
streptomycin (10 mg/ml) mixture at 37°C with 5% CO,, The culture medium was replaced 3~4
hours prior to transfection (70~80% confluent) and the transfection was conducted by using the
calcium phosphate method, the common chemical-based transfection via the formation of a
calcium phosphate-DNA precipitate. A total of 13 pg highly purified plasmid DNA obtained
through MaxiPrep step was used for transfection of one plate: 13 pg of pMDL gag/pol RRE

plasmid, 3 pg of pRSV-Rev plasmid for viral producing and 3.75 pg of pMD-VSVG which is
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the envelope G-protein expression plasmid. Then, 125 pl of 1 M CaCl, (Sigma, USA) and
nuclease free water were added to make final volume of 500 pl. The mixture was transferred to a
15 ml plastic tube, which contained 500 pl of 2X HEPES buffered saline (Sigma, USA) in a drop
wise manner to form a fine precipitation with air-bubble and the medium was replenished after
14~16 hours of the precipitation. In the mean time, the level of transfection was evaluated by
using GFP (Green Fluorescent protein) through flow cytometry and assayed using the
CellQuestTM Pro (BD Biosciences) software.

The HEK 293 T-cells, which contained vector particles, were collected 48 hour post transfection
and the debris (impurities) were removed by centrifugation and filtration using 0.45 micron filter.
Then, the concentrated vector particles were collected by ultracentrifugation at 4°C and 22,000
rpm for 90 minutes. After the ultracentrifugation, the pellet was resuspended in 50 ul, 1% bovine
serum albumin (BSA) containing PBS (PBS/BSA). It was incubated on ice for 1 hour, aliquoted
into siliconized 1.5 ml plastic tubes and stored at -80°C for long term storage. The titre of
lentiviral vectors were calculated by using an HIV-1 P24 ELISA Kit (Perkin-Elmer Life Science
Inc., Boston, MA, USA).

3.2.3 Characterization of the expressed chimeric genes

3.2.3.1 Quantitative real-time polymerase chain reaction

Neuroscreen-1(Cellomics, USA), a subclone of PC 12 and a widely used cell line derived from
rat pheochromocytoma that serves as a standard model system for neurons, was harvested for 48
hours after the infection of recombinant lentiviruses (250 ng/well). Then, total RNA was
extracted using the RNeasy Mini Kit (Quiagen) as described in the manufacturer’s guideline.
Neuroscreen-1 cells were washed with 3 ml of warm PBS and lysed by adding 350 pl of lysis
buffer. The isolated viscous lysate was collected and homogenized by using the QlAshredder
spin columns (Quiagen). Then, 50 pl of RNase-free water was directly added to the spin column
membrane and the concentration of RNA was measured using a spectrophotometer ND-1000
(NanoDrop Technologies, USA). The complementary DNA was synthesized from the 500 ng of
extracted RNA using oligo dT primer, 200 1U of SuperScript Il (Invitrogen) and subjected to
cDNA synthesis with the following cycling parameters: 25°C for 10 minutes, 42°C for 95

minutes and 70°C for 15 minutes and 2 1U/ul of RNAseH (Invitrogen) was added to purify
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cDNA products. The PCR amplicons were carried out in a total volume of 25 pl with 12.5 pl of
Power SYBR Green PCR master mix (Applied Biosystems), 10 ul of nuclease free water, 2 pul of
template cDNA and 2.5 pl of each forward and reverse primer (0.1 pg/ul), which is shown in
Table 3.3. Amplification of target DNA and detection of PCR products were performed with
7500 Fast Real-Time PCR system (Applied Biosystems, USA); 10 minutes at 95°C, 40 cycles of
95°C for 15 seconds and 60°C for 60 seconds. The RNA quantification was normalized to 18S
rRNA as a reference gene (housekeeping gene) and the amplification of the target sequence was

detected by an increase of fluorescence above a baseline with no or little change in fluorescence.

Table 3.3 Gene-specific primers for lentivirus vectors transcription analysis.

primer Sequence Remark
QPCRLenti — » - A CGCCATCCACGCTGTTTTGACCTCCATAG In plasmid sequence after
(Forward) transcription start site
gPCRLenti . .
(Reverse) GTGTTGCGTAGGTTCTGATCGATTGACTCTTC In RABV G cytoplasmic domain

3.2.3.2 Protein concentration and Western blotting

The recombinant lentivirus infected Neuroscreen-1 cells were lysed individually in 300 pl of
RIPA buffer (50 mM Tris-HCI, pH 8.0, containing 150 mM sodium chloride, 1.0% Igepal® CA-
630 (NP-40), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, Sigma) and Protease
Inhibitor Cocktail and Phosphatase Inhibitor Cocktail Tablets (Roche, Germany), and 25 units of
endonuclease (Benzonase® Nucelase, Novagen) per microliter were added to degrade all forms
of DNA and RNA. Protein concentrations generally are determined and reported with reference
to standards of a common protein such as BSA. A series of dilutions of known concentration
were prepared to determine standard curve, bicinchoninic acid (BCA) protein assay was used to
detect and quantitation of total protein using Micro BCA™ protein assay kit (Pierce
Biotechnology, USA) according to the manufacturer’s instruction. A standard curve was
established to quantify the protein from the lysate reactions. After 2 hours incubation at 37<C, the

resultant purple colour was measured at 562 nm absorbance with an optical reader.

All these extracts were subjected to detect the G-protein expression level by immuno blotting.
One hundred microliters of lysate was mixed with 33 pl of 4X lithium dodecyl sulfate sample
buffer (LDS, Invitrogen) and 15 pl of 10X NuPAGE® sample reducing agent (final conc. 1X),
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which contained 500 mM dithiothreitol (Invitrogen). The reaction mixture was then boiled at
100°C for 5 minutes and cooled down on ice immediately. Proteins were separated on precast
4%~20% gradient polyacrylamide gels (Pierce Biotechnology, Rockford, IL, USA) for protein
electrophoresis in BupH Tris-HEPES-SDS running buffer dissolved in 500 ml of deionized
water at 120 volt for an hour. Polyvinylidene difluoride membranes (PVDF, Hybond-P; GE
HealthCare) used widely in immunoblotting applications were rinsed with absolute ethanol and
soaked in 1X NUPAGE® Transfer Buffer (Invitrogen). The gel, which was sandwiched between a
sheet of the PVDF membrane, several sheets of blotting papers and blotting pads, was assembled
on to a blotting module (XCell™ 11 Blot Module, Invitrogen). Then, the transferring module was
electroeluted at 50 volt for 1 hour on ice. The membrane was blocked with 5% BSA in PBS -0.1%
Tween buffer (PBST). The membrane was then incubated overnight at 4°C with non-commercial
primary antibody purchased from Proteogenix, France (Table 3.4) in PBST on the bidirectional
rotator. The primary antibody was decanted and washed 10 times with PBST buffer for every 5
minutes at room temperature on the shaker. The membrane was incubated with Donkey Anti-
Mouse IgG horseradish peroxidase conjugate as a secondary antibody (Jackson Immuno
Research, Code No. 715-036-150) for an hour and washed 10 times again with PBST as
described above. The expressed protein was developed with Super Signal West Femto kit (Pierce
Biotechnology, Rockford, IL, USA), which is a sensitive enhanced chemo luminescent substrate
for detecting horseradish peroxidase (HRP) on immunoblots, and subjected to G:Box gel

documentation and analysis system (Syngene, Cambridge, UK).

Table 3.4 Antibodies specific for peptides encoded by the cytoplamsic domain of G-protein used in Western blotting.

Antibody Peptides used for immunization Species
V17 NH2-GKIISSWESHKS-COOH Mouse monoclonal antibody
V18 NH2-GKIISSWESHKS-COOH Mouse monoclonal antibody
V9 NH2-TGREVSVTPQSGKI-COOH Rabbit polyclonal antibody

3.2.3.3 Immunocytochemistry assay

Infected Neuroscreen-1 cells (60 ng/well) were grown in RPMI 1640 medium supplemented
with 5% heat-inactivated fetal calf serum (FCS), penicillin (10,000 1U/ml), streptomycin (10
mg/ml) and 200 mM L-glutamine (100X, Invitrogen) on coverslips. After reaching confluence
(~70%), Neuroscreen-1 cells were fixed in 4% paraformaldehyde in PBS for 20 minutes at room
temperature and washed with PBS at 48 hours post infection. The samples were incubated for 20

46



minutes at room temperature in 0.3% Triton X-100-PBS and washed once with PBS. A volume
of 500 pl of MS blocking buffer (1X PBS, 2% of BSA and 5% of fetal calf serum) was added to
the reaction mixture and then incubated at room temperature. The blocking buffer was replaced
by 300 pl of antibody (polyclonal antibody V9 (1/50 dilution)) with MS blocking buffer and
incubated overnight at 4°C. The antibody was washed three times with PBS and the fluorescence
was detected by incubation for 2 hours with 300 pl of goat-anti mouse antibody labeled with
Alexa 488 (1/500 dilution) and goat-anti rabbit labeled with Alexa 488 (1/500 dilution) with 5%
CO; at 37°C. A volume of 300 ul of Hoescht 33342 (1/200 dilution) was added to cells to stain
nucleus and incubate another 20 minutes. The plate was washed with PBS and mounted on the
slide glass and examined the distribution of G-protein with Leica DM5000B microscope.

3.2.4 Neuroprotection assay

3.2.4.1 Neurite outgrowth assay

Neurons (also called nerve cells) are highly specialized cells for the processing and transmission
of cellular signals via chemical and electrical means by using different components; nucleus,
soma, dendrites, axon and synapses. Neurites are referred any projections from the cell body of
neurons either an axon or a dendrite. Neurite outgrowth contributes a complex wiring network,
which are branched, it allows each neuron to have the ability to establish connections with

multiple targets (Fig 3.2) (Mingorance-Le Meur and O’Connor, 2009).

Sorya=

Figure 3.2 A representative of a typical neuron indicating the basic part; including soma, dendrites and axon (Bear et
al., 2007). Neurite refers to any filamentous or pointed outgrowth, which is either an axon or a dendrite, from the

cell body of neurons. Neurite outgrowth is a fundamental process in the differentiation of neurons (Meldolesi, 2011).
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Neuroscreen-1cells were seeded in 24 well poly-D-lysine-coated tissue culture dishes (Cell Bind,
Corning). The cultures were incubated at 37°C in a humidified atmosphere of 5% CO,. After an
overnight incubation, the growth media was replaced with treatment medium, which contains
culture medium and 200 ng/ml of neuronal growth factor (NGF). Six hours post treatment with
NGF, 60 ng of recombinant lentiviral stocks were added into each well. Cells were fixed with 4%
paraformaldehyde in PBS and incubated for 30 minutes with crystal violet to visualize neurite
processes at 72 hours post infections. Images were taken from cells with a Leica DM 5000B UV
microscope equipped with a DC 300FX camera and analyzed data with ImageJ 1.44p, Neuron J
plug in (W. Rasband, National Institutes of Health, USA; http://imagej.nih.gov/ij). The assay
was repeated to establish reliability, and the significance of the differences between means was

evaluated statistically by using GraphPad™ Prism 5 (GraphPad Software, Inc.).

3.2.4.2 Measurement of apoptosis

Early in the apoptosis process, phosphatidylserine becomes exposed on the cell surface by
flipping from the inner to outer leaflet of the cytoplasmic membrane. Plasma membrane binding
of Annexin V in unfixed conditions was used to detect and quantify apoptotic cells. Whilst
Propidium lodide (PI) staining is a marker of membrane permeability alteration, measuring all
types of cell death including early, late apoptosis and necrosis. Apoptosis was measured by flow
cytometric using the infected SK-N-SH human neuroblastoma cells. These cells (SK-N-SH)
were propagated in Dulbecco modified Eagle medium (Invitrogen, USA) containing 2 mM of L-
glutamine, 1 mM of Na pyruvate, 10% of fetal calf serum, 2% of bicarbonate, 100 1U/ml
(penicillin) and 100 pg of streptomycin/ml at 37°C with 5% CO,. The harvested cells were
infected with 60 ng of each recombinant lentivirus stock. The infected cells were trypsinized and
incubated with Annexin V conjugate (Annexin V-FITC, Trevigen) in binding buffer for 15
minutes or with Pl at room temperature at 96 hours post infection. A volume of 300 ul of 1X
Binding Buffer was added and centrifuged at 1000 rpm and 20°C for 5 minutes. After the
centrifugation, the supernatant was aspirated with a vacuum pump and cells were resuspended in
400 pl of 1X Binding buffer and 50 pl of CellFix (BD Biosciences) prior to direct analysis by
flow cytometry with a FACSCalibur (BD Biosciences). The results were analyzed using the
CellQuestTM Pro (BD Biosciences) software.
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3.3 Results
Part 1: Characterization of recombinant rabies viruses
3.3.1 Quantitative monitoring of gene expression level

Real-time gPCR is a reliable detection and measurement of products generated during each cycle
of the polymerase chain reaction process which are directly proportionate to the amount of
template prior to the start of the PCR process (Ginzinger, 2002). Quantitative gene analysis was
utilized for this study to determine the genome quantity of chimeric constructs. All methods used
for analysis are based on determining the threshold cycle (Ct), the fractional cycle number at
which a fixed amount of mMRNA is formed through PCR cycling. The threshold cycle values
provide accurate measurements over a very large range of relative starting target quantities. Thus,
the relative levels of mRNA transcription were measured as shown in Figure 3.3. The level of
mRNA of G-spill over showed the lowest value (2.139 x 10°) amongst three South African
constructs, followed by G-canid (3.177 x 10°) and G-mongoose chimeric constructs (3.179 x
10°). The level of mMRNA transcription of G-CVS construct was expressed (6.367 x 10°) on
average 2-fold more than that of G-canid and G-mongoose constructs.

8.0x10° construct Level of MRNA transcription
? _ T
o B0x10°7 G-ERA-NIV 1.762x105
1]
£
T 40x10°
] - T G-canid chimera 3.177x105
z .
® 20404
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[ G-mongoose chimera 3.179x105
0 T T T T T
\§~\ &L L L2 §\
& & & & Rl G-spill over chimera 2.139x105
0‘(0 @0 6@0 e}{: 010
& £ g
& § N
[©] & K
o < G-CVS-NIV 6.367x105

Figure 3.3 Variations in the relative abundance of mMRNA transcription level in a recombinant lentivirus system by

relative RT quantitative PCR at 48 hours post infection.
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3.3.2 Concentration of total protein

The quantity of total protein was evaluated using micro BCA protein assay with BSA for the
quantification of total protein concentration obtained. G-CVS-NIV showed the highest level of
total protein concentration (3.4 pg/ul), on the other hand, the total concentration of protein in
chimeric G-ERA-NIV was 2.1469 pg/pl. The chimeric mongoose construct indicated the highest
level of the concentration of protein (2.63 pg/ul) amongst the three South African constructs

followed by G-spill over (2.47 ug/ul) and G-canid (1.98 pg/ul) constructs (Figure 3.4).

concentration of protein
construct (ug/ul)
NI M Hg/p
N.I 3
G-ERA-NIV [ s s
G-ERA-NIV 2.1469
G-canid [N
G-canid 1.98
G-mongoose NN I —
G-mongoose 2.63
G-spill over | —
G-spill over 2.47
G-CVS-NIV W
. | | | | | | G-CVS-NIV 3.4
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Figure 3.4 Concentrations of total protein determined using Micro BCA Protein assay Kit, which is a detergent-
compatible bicinchoninic acid formulation for the colorimetric detection and evaluation of total protein.

Representative results of protein contents of cellular lysates. N.I., not infected.

3.3.3 Western blotting for protein expression

The protein lysates were separated by SDS-PAGE in 4~20% gradient gel to verify the G-protein
expression level by Western blotting techniques. All chimeric constructs exhibited the protein
expression in lentivirus infected Neuroscreen-1 cells using the non-commercial polyclonal
antibody (V9), from an immunized rabbit, directly against (or recognizes) the peptide NH,-
TGREVSVTPQSGKI-COOH (Figure 3.5A). The prototype chimeric laboratory rabies strains
(G-CVS-NIV and G-ERA-NIV) which have no mutations of monoclonal antibody binding sites,
however, 1 or 2 amino acid residue changes on the peptides where monoclonal antibodies

recognized were in South African chimeric constructs (Figure 3.5A). South African G-constructs
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exhibited lower level of protein expression with non-commercial monoclonal mouse antibodies
(V17 and V18) compared to G-CVS-NIV and G-ERA-NIV (data not shown). On the other hand,
the homologous protein expression patterns in Neuronscreen-1 cells were presented with the
polyclonal antibody (V9) (Figure 3.5B). Therefore, the homologous expression level by using
the polyclonal rabbit antibody might be explained that it recognized the epitope upstream which
had no mutations for binding amongst all G-constructs compared with monoclonal antibodies in
this study.

C-RGTGREVSVTPQSGKIISSWESHKSGG-COOH
Peptide recognized by V9

Peptide recognized by V17, V18

G CVS-NIV
C - RGTGREV SVTPQESGEKTITISSWE SHIE K SGGOQTRTL - COOH

G ERA-NIV
€C - RGTGREVYVSVTPQSGEKTITISSWESHEKSGGETRTL - COOH

G-canid
C - RGTGREYV SVTPQSGKTITISSWESTYEKSGGETTRL - COOH

G-mongoose

C - RGTGREVYVSVTPQSGEKTTISSWETSTYZE KNG GETETRDM - COOH
G-spill over
C -RGTGREYV SVTPQSGKTITISSWESTYZEKDNGGETTRDM - COOH
& & é =
w D & S &
R & & & S ox M

| —— T 0100

Neuroscreen-1 cell, non-commercial polyclonal rabbit antibody (V9)

Figure 3.5 Immunoblotting analysis of G-constructs expressing recombinant lentiviruses. Proteins were separated
electrophoretically on a 4~20% gel SDS-polyacrylamide gel, transferred to a PVDF membrane and detected with a
specific anti-RABV G cytoplasmic domain antibody (V9). (A) Peptides which antibodies were recognized to
express proteins. Polyclonal antibody (V9) recognizes NH,-TGREVSVTPQSGKI-COOH and monoclonal
antibodies (V17 and V18) recognize NH,-GKIISSWESHKS-COOH. No amino acid residue mutations in G-ERA-
NIV and G-CVS-NIV on the peptides against monoclonal antibodies (V17 or V18). (B) Detection by Western
blotting of cytoplasmic domain, RABV G-protein with polyclonal antibody (\V9). The signal obtained for G-CVS-

NIV was at saturated level. N.I., not infected.
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3.3.4 Immunocytochemistry

The cellular distributions of RABV G-protein expressed were analyzed using double
immunofluorescence assay in infected cells (including non-infected cells as a negative control).
Nucleus was detected by Hoescht 33342 staining and G-protein expression was detected by
using the polyclonal rabbit antibody used in Western blotting. After the infection with the
chimeric G expressing recombinant lentiviruses, all infected cells exhibited the uniform

cytoplasmic expression of G-protein (Figure 3.6).

G-mongoose G-spillover

Figure 3.6 Expression of G-protein distribution of a recombinant lentivirus expressing each G-construct was
detected after the infection of recombinant viruses. The cellular RABV G distribution (green) was detected by UV

microscopy. The nucleus was shown in blue by Hoescht 33342 staining. N.I., not infected. Scale bars, 20 um.
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Part 2: Neuroprotection of G construct chimeras delivered by a recombinant lentivirus

3.3.5 Neurite outgrowth assay

Viral vector particles based on lentivirus were generated by plasmid transfection system as
described Materials and Methods 3.2.2.3. According to a previous study, virulent rabies strain
induces neurite elongation (Prehaud et al., 2010). Neuroscreen-1 cells exhibited a wide range of
phenotypic patterns depending on the chimeric strains infected at 72 hours post infection of
recombinant constructs. The average length of neurite per neuron of chimeric virulent CVS-NIV
construct was 468.127 um, a two-fold increased, compare to that of chimeric G-ERA-NIV
construct (232.182 um). The G-canid chimeric construct showed the highest neurite outgrowth
(455.782 um) amongst three South African rabies chimeric constructs, followed by G-mongoose
(293.927 pm) and G-spill over constructs (277.4 um) (Figure 3.7).

GraphPad™ Prism software was used to determine the values statistically and the threshold
significance level (P value: 0.05) was defined. (If the P value is less than the threshold, the
difference is ‘statistically significant’. If the P value is greater than the threshold, the difference
is ‘not statistically significant’). The data indicated that there were no significant differences of
the mean neurite outgrowth in the comparisons of “G-mongoose / G-spill over (P value: 0.1702)”
and “G-canid / G-CVS-NIV (P value: 0.5389)”. On the other hand, statistically significant
differences (P value < 0.05) were observed in other P value comparisons amongst G-constructs
(Table 3.5).
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Figure 3.7 Neurite outgrowth of RABV infected cells. Neuroscreen-1 cells (72 hour post infection). (A) Variable
different patterns of neurite outgrowth depending on the expression of the different G constructs. (B) Sustained
neurite outgrowth was measured for average length of neurite with ImageJ 1.44p, Neuron J plug in. (C) The mean

value of neurite length. The data shown are representative of duplicate experiments. N.1., not infected.

Table 3.5 Pairwise comparisons and statistical analysis of neurite outgrowth of G-constructs.

Pairwise comparisons of constructs P value Presence ?
G-CVS : N.1 <0.0001 +
G-ERA : N.1 0.0057 +
G-ERA : G-spill over 0.0002 +
G-ERA : G-canid <0.0001 +
G-ERA : G-mongoose <0.0001 +
G-ERA : G-CVS <0.0001 +
G-canid : G-CVS 0.5389 -
G-canid : N.1 <0.0001 +
G-canid : G-mongoose <0.0001 +
G-canid : G-spill over <0.0001 +
G-mongoose : G-spill over 0.1702 -
G-mongoose : N.I <0.0001 +
G-mongoose : G-CVS <0.0001 +
G-spill over : N.1 <0.0001 +
G-spill over : G-CVS <0.0001 +

@ Presence (+) of P value is indicated that P value is less than 0.05 and the presence (-) of P value is higher than 0.05.
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3.3.6 Apoptosis assay

Lentivirus infected SK-N-SH human neuroblastoma cells were analyzed for the induction of cell
death and apoptosis by Propidium lodide and Annexin V staining. The mean value of apoptosis
and cell death were determined statistically by using GraphPad™ Prism software (P value: 0.05).
The high-level Annexin V expression was noted in cells expressing the G-construct derived from
the attenuated strain G-ERA-NIV (13.94%) at 96 hours post infection. In the same condition, the
level of apoptosis by cells expressing the G construct derived from the virulent strain G-CVS-
NIV was 7.38%. These two constructs constituted the positive and negative controls,
respectively. Amongst South African RABV G-constructs, G-canid chimeric (4.51%) and G-spill
over chimeric (5.55%) constructs showed low level of apoptosis, whereas G-mongoose construct

showed relatively higher level of apoptosis (11.14%) (Figure 3.9).
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Figure 3.8 Analysis of the level of apoptosis using Annexin V-FITC (A) and membrane permeability using

propidium Idodide (B) were analyzed at 96 hours post infection and the relative percentage values of apoptosis/cell

death levels N.I., not infected. ns, not significant.
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Table 3.6 Significant differences by GraphPad™

Prism 5 and the percentage value of apoptosis and cell death by
Annexin V and Propidium lodide (PI) analyses to indicate the level of cell surface changes during the apoptotic

process. Statistical significance (P value < 0.05) is denoted as (+) and ‘not statistical significance’ is shown as (=) (P

value > 0.05).
L . Annexin-V Propidium Idodide
Pairwise comparison of constructs — A
P value significance P value Significance

G-ERA : N.1 0.0032 + 0.0420 +
G-ERA : G-canid 0.0079 + 0.0106 +
G-ERA : G-mongoose 0.1599 - 0.0501 -
G-ERA : G-spill over 0.0034 + 0.0142 +
G-ERA : G-CVS 0.0301 + 0.0078 +
G-canid : N.1 0.5154 - 0.9174 -
G-canid : G-mongoose 0.0151 + 0.0060 +
G-canid : G-spill over 0.3724 - 0.4705 -
G-canid : G-CVS 0.1071 - 0.4557 -
G-mongoose : N.1 0.0039 + 0.0106 +
G-mongoose : G-spill over 0.0042 + 0.0148 +
G-mongoose : G-CVS 0.0339 + 0.0021 +
G-spill over : N.1 0.6426 - 0.4371 -
G-spill over : G-CVS 0.0524 - 0.1751 -
G-CVS : N.1 0.0398 + 0.4077 -

Part 3: Summary of phenotypes observed

The recombinant lentivirus G-CVS-NIV construct exhibits the property of triggering neurite
outgrowth without the induction of apoptosis, while the recombinant lentivirus G-ERA-NIV
does not trigger neurite outgrowth but apoptosis instead. These features are consistent with
previous data collected by using recombinant RABV expressing entire G-proteins, with the
virulence of CVS-NIV and the absence of virulence of ERA-NIV (Prehaud et al., 2010).
Successful RABV propagation in the nervous system requires that neuronal cell bodies are not
damaged by premature apoptosis and that the integrity of axons and dendrites is preserved and
propagated (Lafon, 2011). Using this rough guideline, it can be hypothesized that G-canid
construct could be virulent since the expression of the chimeric G-protein construct triggered
neurite outgrowth and did not trigger apoptosis. With the same regards, the G-spill over
construct could also be virulent, negative induction of apoptosis and neurite outgrowth was less

stringent than those obtained by G-protein construct of the canid isolate.

In contrast, G-mongoose construct triggered apoptosis and low neurite outgrowth in vitro, it

could be expected that G-mongoose construct has the lowest virulence than G-canid and G-spill
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over constructs through phenotypic observations. The summary of phenotypes observed is
presented below (Figure 3.9).
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Figure 3.9 Summary of the phenotypic observation through the level of apoptosis and neurite outgrowth and
hypothetical virulence of recombinant viruses. The mutations of amino acid residues are indicated as underlined
bold letters.

3.4 Discussion

The role of the cytoplasmic domain of the RABV G-protein in vitro neurite outgrowth or
apoptosis has been previously studied by using recombinant RABVs (Prehaud et al., 2010). By
this means, it has been established that the control of death or neurite outgrowth relies on the
nature of the C-terminal of 4 amino acid residues in a recombinant lentivirus system and one
single mutation (Q to E at -3) in the PDZ-BS is sufficient to switch the fate of the infected cells
from neuronal survival to apoptosis. By using a chimeric expression of the C-terminus of the
Cyto-G delivered by a lentivirus, it was demonstrated that the expression of the 12 amino acid
triggers cell death when the C-terminus is terminated by amino acid sequences ETRL (G-ERA-
NIV construct), whereas expression of QTRL-COOH (G-CVS-NIV construct) triggers the cell
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survival phenotype as measured by neurite outgrowth. These observations validated our

experimental model.

When the properties of the three South Africa chimeras were compared to the prototype chimeric
CVS and ERA (G-CVS-NIV and G-ERA-NIV), it appeared that the G-canid chimeric construct
showed dominant feature of neurite outgrowth phenotype and low apoptotic level. On the other
hand, the chimeric G-spill over construct exhibited intermediate level of neuronal outgrowth and
negative apoptotic phenotype, whereas chimeric G-mongoose exhibited a remarkable apoptotic
phenotype and low capacity to trigger neurite outgrowth. Although the induction of apoptosis
was suggested to correlate with high level of G-protein expression (Yan et al., 2001), no
significant G-protein expression level difference was observed through immune blotting and

immunocytochemistry assay in this study.

Therefore, the results obtained in this study indicate the hypothetical virulence of three South
African rabies isolates: G-mongoose can be regarded as less virulent compared to G-canid
construct, and G-spill over construct showed intermediate virulent phenotype. It is important to
note that these results obtained are only forecasts. Animal experiments are now necessary to
strongly validate these conclusions and it will allow us to get more insight about RABV
pathogenicity comparing morbidity and progression of clinical signs after animals have received

the same amount of infectious viral particles of the three South African isolates.

Intriguingly, despite the expression of PDZ-BS ETRL as does ERA-NIV chimera which triggers
apoptosis, the G-canid chimera did not trigger apoptosis in this study. The chimeric G-ERA-NIV
and G-canid constructs were different by only one amino acid where the histidine at position -8
(G-ERA-NIV was replaced by tyrosine at the same locus in G-canid construct). Our observation
leads to conclude that this amino acid replacement at -8 may be important to abrogate death
phenotype. A similar situation can be found in a virulent CVS strain [PDZ-BS ETRL and
tyrosine at -8] (GenBank Acc. AJ506997.1). In contrast, an attenuated SAD-B19 strain [PDZ-BS
ETRL and the expression of histidine at position -8 in cytoplasmic domain] (GenBank Acc.
M31046.1) showed the same amino acid sequences as ERA-NIV strain has. Our result suggests
that the insertion of tyrosine at position -8 modifies the induction of apoptosis.
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A previous study (Prehaud et al., 2010) showed that apoptosis induction was associated with an
increase of the cellular partners fished by the PDZ-BS ETRL, whereas the number of interactors
remains low with the PDZ-BS QTRL. It can therefore be proposed that the replacement of
histidine by tyrosine at position -8 has modified the number of cellular partners. This is
supported by previous reports indicating that formation of the complex between the PDZ and the
PDZ-BS is dependent not only on the last 4 amino acids of C-terminal but also on the nature of
the residues as far back as position 8 from the 5’ end of cytoplasmic domain (Songyang et al.,
1997) and also by Drs Nicolas Wolff and Elouan Terrien (Unit of Nuclear Magnetic Resonance
of Biomolecules headed by Muriel Delepierre) who have observed that amino acid residues up to
position -13 were indeed involved in the formation of the complex between MAST2 PDZ and

the RABV G peptide (Dr Elouan Terrien, personal communication).

Furthermore, the mutation from glycine (G) to glutamic acid (E) at position -4 from the 5> end of
the cytoplasmic domain leads to an increase in apoptosis induction. This observation suggests
that amino acids outside the canonical PDZ-BS (4 amino acids) may also be involved in the

virulence/attenuation phenotype.

This hypothesis deserves further investigations to determine whether the constants of
dissociation of the complex and the number of cellular partners have been modified by the
replacement at position -8 (H/Y) and by the replacement at position -4 (G/E). With these
findings, it would be easier to understand why some ETRL strains can be considered as virulent
and why ETRM strains have lost their virulence. Nowadays, these new results emphasize the
critical role of the cytoplasmic domain in controlling commitment to survival or death and open

new avenues to identify unconventional PDZ-BS/PDZ interactions.
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CHAPTER 4
Concluding remarks and

future directions
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The neurotropic rabies virus spreads along neuronal pathways and invades the central nervous
system. Successful invasion of the nervous system by RABV requires that neuronal cell bodies
are not damaged by premature apoptosis and the integrity of axons and dendrites is preserved.
Cumulative evidence indicates that the rabies virus G-protein, the surface spike protein involved
in attachment to host cells, plays a pivotal role in the pathogenicity of the virus. Amongst four
distinct domains of G-protein, the cytoplasmic domain has been identified as a critical element
for the neurosurvival and apoptotic phenotypes (Lafon, 2011). The tissue culture-adapted rabies
virus strains such as ERA, HEP and CVS have been shown to correlate with the presences of
pathogenic determinants, however, the pathogenicity of South African street rabies virus has not
been undertaken. This study provides the first insight into pathogenicity of typical South African
rabies biotypes (canid and mongoose rabies biotypes) through genetic characterization and

neuroprotection properties.

The major purpose of this study was to elucidate the virulence of typical South African rabies
isolates from different localities (canid, mongoose and spill over). The genetic characterization
through phylogenetic analysis confirmed that mongoose and spill over isolates belonged to the
same cluster and the canid isolate represented a typical canid rabies variant in South Africa. In
addition, the three South African rabies virus isolates showed identical amino acid residues at
specific positions which are responsible for the interaction of the RABV with specific receptors.
Given this development, other factors responsible for the virulence in the G-protein were further

investigated.

Following investigations through in vitro analysis of the phenotypic properties carried by the
carboxyl terminus of the G-protein of the chimeric constructs, the recombinant G chimeras
expressed in a lentivirus system demonstrated different phenotypes regarding neurite outgrowth
and apoptosis. In brief, the canid chimeric construct showed the highest virulence amongst
chimeric constructs followed by the spill over and lastly the mongoose constructs. These
hypothetical conclusions of virulence were derived from the phenotypic observations through
neuroprotection assays. However, the pathogenicity from the recombinant constructs may not
reflect the real pathogenicity of the original RABV isolates. Therefore, animal experimentation
is hereby proposed for a further study by using a dog model. Overall, the animal experiments
will monitor progressively the clinical signs and assess immunologic parameters such as

inflammatory mediator interleukin (IL-6), Type 1 interferons (IFN-a and -B), proinflammatory
61



chemokines (CXCL10) and interferon signaling genes (STATs) as markers of
immunopathogenesis. This set of animal model experiments will provide more precise data for
the pathogenicity in a natural host species of rabies and complement the pathogenicity data we
obtained. During this investigation, it is expected that more informative data will be obtained for
the dead-end infection, while host switching events and actual pathogenicity levels of South

African rabies biotypes will be established through the proposed experiments.

In conclusion, this study is the first attempt to investigate the role of G-protein in the
pathogenicity of the South African canid and mongoose rabies biotypes. Indeed, there is a
critical involvement of the cellular signalling interactions (PDZ-BS/PDZ domains) for the
different phenotypic inductions. These findings alone though are not able to explain fully the
RABYV pathogenicity, however, the series of the proposed experiments will contribute to
generate new information on the pathogenicity of canid and mongoose rabies variants and further
studies including animal experiments are able to lead to advances in the treatment of rabies and

other viral diseases.
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Appendix 1. Multiple sequence alignment of a 1518-bp nucleotide sequence region of the G-
protein gene and South African rabies isolates; mongoose (22/07), canid (143/07) and spill over
(198/08). The dots indicate positions of identity amongst the aligned sequences and reference
sequences (ERA, GenBank Acc No. AF406693).
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Appendix 2. Multiple sequence alignment of a 503 amino acid region of the G protein of South
African rabies isolates; mongoose (22/07), canid (143/07) and spill over (198/08). The dots
indicate identical positions amongst the aligned sequences and reference sequences (ERA,
GenBank Acc No. AF406693).
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MONQO0SE  « -« « « « o < T oo e e e e e e e e K. ..
canid . . ... H oo o e e e e e e e e e e e e e e K. ..
spillover . . . ..o H oo o e e e e e e e e e e e e e K. ..
ERA SRVFPSGKCSGVAVSSTYCSTNHDYTIWMPENPRLGMSCDIFTNSRGE KR RY
mongoose ... .SN ... LT o v v e e e e e e e e e e e e e e e e T oo ov e e e e e e e e A
canid . . ... T T o o o 0 F ot e e e e e e e e e e T ... AL a
spill over . . . .. N ... LT oot oo e e e e e e e e e T oo A
ERA SKGSETCGFVDERGLYKSLEKGACKLEKLCGVLGLRLMDGTWVAMOQTSNETK
mongoose DR LONK Lo T oo e e e e D

canid LG R e D

spill over DR N K o e e e e e e e e e e e e T oo e D

ERA WCPPDQLVNLHDFRSDEIEHLVVEELVREKREECLDALESIMTTIEKSVSFRR
MONQO0SE -« « « « « o e K oo v e e e e e e e e e e e e e e e e e e
canid . ... ... T oo e e e e e e e e e e e 2
spillover . . . .. S
ERA LSHLRKLVPGFGKAYTIFNKTLMEADAHYKSVRTWNEILPSEKGCLRYVGGHR
MONQO0SE - - - - - - . . I .. .D. .V . . . ... .....
canid . . T
spillover . . .o T
ERA CHPHVNGVFFNGIILGPDGNVLIPEMQSSLLQQHMETLILESSVIPLVHPTLA
MONQgoose - - - - o .o [ S Voo V..M

canid . . . H oo oo v e e e e e e e e e e e e e 1
spillover . . . ..o S v v H e e T oo o V..M. ...
ERA DPSTVFKDGDEAEDFVEVHLPDVHNQVSGVDLGLPNWGKYVLLSAGALTA
mongoose - - - - - - . 3 Ko o v o v e R.I .V . .. .. I .
canid . ... K oo e e e e e ... TLoT .
spillover . . .. ... .. N O IV, ... 1.
ERA LMLIIFLMTCCRRVNRSEPTQLNLRGTGREVSVTPQSGKIISSWESHEKSG
mongoose ... TT . . L ... H.P..K.HR. E.K.A..S. AL . Y . N
canid . . .. P.S.ERS.G LK. .. .58 Voo Y

spill over LI LT L LT ... H.P..K.HL. E.K.A..S. AL ... Y . N
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ERA
mongoose
canid

spill over
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Appendix 3. Multiple sequence alignment of delta EC (ectodomain deleted)-South African
isolates and laboratory strains (ERA and CVS); delta EC-mongoose, delta EC-canid and delta

EC-spill over.

canid AEC
mongoose AEC
spilloverAEC
ERA AEC

CVSG AEClenti

canid AEC
mongoose AEC
spilloverAEC
ERA AEC

CVSG AEClenti

canid AEC
mongoose AEC
spilloverAEC
ERA AEC

CVSG AEClenti

canid AEC
mongoose AEC
spilloverAEC
ERA AEC

CVSG AEClenti

canid AEC
mongoose AEC
spilloverAEC
ERA AEC

CVSG AEClenti

ATGGTTCCTCAGGCTCTCCTGTTTGTACCCCTTCTGGTTTTTCCATTGTGTTTTGGGGGG
ATGGTTCCTCAGGCTCTCCTGTTTGTACCCCTTCTGGTTTTTCCATTGTGTTTTGGGGGG
ATGGTTCCTCAGGCTCTCCTGTTTGTACCCCTTCTGGTTTTTCCATTGTGTTTTGGGGGG
ATGGTTCCTCAGGCTCTCCTGTTTGTACCCCTTCTGGTTTTTCCATTGTGTTTTGGGGGG
ATGGTTCCTCAGGCTCTCCTGTTTGTACCCCTTCTGGTTTTTCCATTGTGTTTTGGGGGG

KK R AR AR AR A AR A AR AR A AR A A KR KA A AR AR KA A KRR AR A AR A AR A AR AR A AR A A AR AR A ARk kK

AAGTATGTATTACTGAGTGCAGGGGCCCTGACTGCCTTGATGTTGATAATTTTCCTGATG
AAGTATGTATTACTGAGTGCAGGGGCCCTGACTGCCTTGATGTTGATAATTTTCCTGATG
AAGTATGTATTACTGAGTGCAGGGGCCCTGACTGCCTTGATGTTGATAATTTTCCTGATG
AAGTATGTATTACTGAGTGCAGGGGCCCTGACTGCCTTGATGTTGATAATTTTCCTGATG
AAGTATGTATTACTGAGTGCAGGGGCCCTGACTGCCTTGATGTTGATAATTTTCCTGATG

KK AR R AR A A AR A KR A A KA A KR A A A A A A AR A AR AA I A A I A A I AR I A A A A R A AR A AR A A XA AKX K

ACATGTTGTAGAAGAGTCAATCGATCAGAACCTACGCAACACAATCTCAGAGGGACAGGG
ACATGTTGTAGAAGAGTCAATCGATCAGAACCTACGCAACACAATCTCAGAGGGACAGGG
ACATGTTGTAGAAGAGTCAATCGATCAGAACCTACGCAACACAATCTCAGAGGGACAGGG
ACATGTTGTAGAAGAGTCAATCGATCAGAACCTACGCAACACAATCTCAGAGGGACAGGG
ACATGTTGTAGAAGAGTCAATCGATCAGAACCTACGCAACACAATCTCAGAGGGACAGGG

KA KR AR AR AR A AR A AR AR KA AR KA AR A A AR A AR A KRR A A A AR A AR AR A A AR A A A AR A Ak Ak Ak k k%

AGGGAGGTGTCAGTCACTCCCCAAAGCGGGAAGATCATATCTTCATGGGAATCATACAAG
AGGGAGGTGTCAGTCACTCCCCAAAGCGGGAAGATCATATCTTCATGGGAATCATACAAG
AGGGAGGTGTCAGTCACTCCCCAAAGCGGGAAGATCATATCTTCATGGGAATCATACAAG
AGGGAGGTGTCAGTCACTCCCCAAAGCGGGAAGATCATATCTTCATGGGAATCACACAAG

AGGGAGGTGTCAGTCACTCCCCAAAGCGGGAAGATCATATCTTCATGGGAATCACACAAG
Kk Ak kA kA kA kA kh Ak kAR kA Ak Ak kA kA k ok Ak hk Ak Kk kkkkkkkkkx  *okkk*x

AGTGGGGGTGAGACCAGACTGTGA
AATGGGGAGGAGACCAGAATGTGA
AATGGGGGTGAGACCAGAATGTGA
AGTGGGGGTGAGACCAGACTGTGA
AGTGGGGGTCAGACCAGACTGTGA

*kk kKKK khkkkkkhkkk Kkhkkkk
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Appendix 4. Formula for media used in mutagenesis.

Super optimal broth (S.0.C) medium

Bactotyptone 20 g
Yeast extract 5.0 g

5 M NaCl 2 ml

1M KCI 2.5 ml

1 M MgCl,10 ml

1 M MgSQO,410 ml

1 M Glucose 20 ml
Deionized water 1liter

Trypticase-Yeast extract-Maltose (T.Y.M) medium

Bactotryptone 20 g

Yeast extract 5.0 g

Glucose 1.0 ¢

10 mM MgSO, (2.46 g, 7TH,0)
NaCl 5.0 g

Deionized water 1 liter
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