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Rabies virus (RV) is a highly neurotropic virus that migrates from the portal of entry to the central nervous
system (CNS). The cytoplasmic dynein light chain (LC8), which is involved in a variety of intracellular motile
events, was shown to interact with RV phosphoprotein (P). In order to determine the functional significance
of this interaction, P residues 143 to 149 or 139 to 149 encompassing a conserved LC8-interacting motif
(K/RXTQT) were deleted from recombinant viruses SAD-L16 and SAD-D29. These viruses are identical except
for a replacement of the arginine at position 333 (R333) of the RV glycoprotein by an aspartic acid in SAD-D29.
SAD-L16 virus is fully pathogenic for mice, whereas SAD-D29 is nonpathogenic for adult mice but retained
pathogenicity for suckling mice. The deletions introduced into the LC8 binding site abolished the P-LC8
interaction and blocked LC8 incorporation into virions. All the mutants propagated in cell culture as efficiently
as the parent strains. The pathogenicity of the mutants was then compared with that of the parent viruses by
inoculating suckling mice. SAD-L16 derivatives were as pathogenic as their parent virus after intramuscular
inoculation, indicating that LC8 is dispensable for the spread of a pathogenic RV from a peripheral site to the
CNS. In contrast, SAD-D29-derived deletion mutants were attenuated by as much as 30-fold after intramus-
cular inoculation but remained as pathogenic as the parent virus when inoculated directly into the brain. This
remarkable attenuation after intramuscular but not after intracranial inoculation suggested that abolishing
the P-LC8 interaction reduces the efficiency of peripheral spread of the more attenuated SAD-D29 strain. These
results demonstrate that elimination of the LC8 ligand and simultaneous substitution of R333 considerably
attenuate RV pathogenicity and may be helpful in designing and developing highly safe live-RV-based vaccines.

Rabies remains one of the most dreadful neurotropic infec-
tious diseases affecting humans and animals. Rabies virus (RV)
multiplies first at the site of infection and is transported by
retrograde flow through peripheral nerves to the central ner-
vous system (CNS), where it causes encephalomyelitis. The
mechanism by which RV is transported retrograde from pe-
ripheral sites to the neurons is poorly understood. What has
recently been described is that the cytoplasmic dynein light
chain (LC8), which is involved in the retrograde intracellular
transport of organelles, interacts with the phosphoprotein (P)
of RV and is incorporated into mature virions (13, 25). The
interaction of RV P with LC8 was shown by coimmunoprecipi-
tation analysis, and mapping studies have demonstrated that
LC8 interacts in the region between residues 138 and 172 of
the P protein. Using biochemical and mutational analysis of
selected LC8 binding proteins, Lo et al. (18) identified a con-
sensus sequence containing a K/RXTQT motif that interacts
with LC8. The involvement of LC8 in various intracellular
transport mechanisms and other cellular functions led to the
suggestion that the P-LC8 interaction might be the driving
force for the retrograde transport and pathogenesis of RV.
However, the functional significance of this interaction in the
neuroinvasive processes of RV has not yet been elucidated.

RV is a nonsegmented negative-stranded RNA virus of the

Rhabdoviridae family. The viral proteins of RV are associated
either with the core component, called the ribonucleoprotein
(RNP) complex, or with the viral envelope. The RNP complex
consists of the RNA genome encapsidated by the nucleocapsid
(N) protein in combination with polymerase (L) and the P
protein. The RNP complex serves as a template for virus tran-
scription and replication. The P protein interacts with the N
and L proteins (4, 5, 12) and is believed to work as a noncata-
lytic cofactor of the viral RNA polymerase. P protein is mul-
tifunctional, binding to other viral proteins to act as a chaper-
one to help viral genome replication, and also interacting with
cellular factors, possibly to participate in RV spread and
pathogenesis (13, 25).

The viral envelope component is composed of a transmem-
brane glycoprotein (G) and a matrix (M) protein. The M pro-
tein is localized on the inner surface of the viral envelope
surrounding the RNP and is involved in the virus assembly and
budding process (20). In addition to M protein, the spike G
protein also participates in the virus release process by increas-
ing budding efficiency (22). G protein is responsible for cell
attachment and membrane fusion and is the main protein
responsible for the induction of virus-neutralizing antibodies.
Moreover, the G protein is known to play a role in virulence.
In particular, the arginine (R) residue at position 333 (R333)
of the G protein has been shown to be responsible for RV
pathogenicity (11, 23, 29). Among several neutralization-resis-
tant RV mutants generated under selection pressure with
monoclonal antibodies, only mutants that possess an amino
acid differing from R333 of the G protein were found to have
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reduced pathogenicity for adult mice (29). This finding con-
firmed the presence of a direct correlation between RV patho-
genicity and R333 and helped in developing attenuated RV
vaccines for oral immunization of animals (17, 19). Such live
rabies vaccine viruses possessing an amino acid other than
R333 in the glycoprotein are nonpathogenic to immunocom-
petent adult mice. However, they are still pathogenic when
inoculated into baby mice (33), demonstrating the existence of
residual pathogenicity and the potential risk to immunocom-
promised animals and humans.

Despite significant scientific advances in rabies prevention
and control, the disease remains a major threat to public health
and continues to cause numerous human deaths in the tropics.
Canine rabies is still epizootic in most countries of Africa,
Asia, and South America, and infection via dogs is responsible
for most human deaths from the disease. The presence of large
numbers of ownerless dogs in these countries necessitates in-
troduction of new control strategies in addition to the existing
parenteral vaccination programs. Due to the success in control
of wildlife rabies by oral immunization (19, 35), several devel-
oping countries are presently volunteering to make use of oral
vaccination of dogs. However, compared to the live oral vac-
cine strains used for immunization of wildlife, vaccine strains
for oral immunization of dogs have to be highly safe due to the
much closer relationship between dogs and humans than be-
tween wild animals and humans. Furthermore, there is a grow-
ing interest in exploiting the potential of recombinant RV-
based vectors to protect humans and animals from other
infectious agents. Recently it has been shown that a recombi-
nant RV expressing human immunodeficiency virus type 1
(HIV-1) envelope glycoprotein might serve as a potential vec-
tor for an HIV-1 vaccine (28). The success of such RV-based
vaccines is, however, largely dependent on the safety of the RV
strain, particularly in immunocompromised patients.

To define the role of the P-LC8 interaction in virus transport
and virus pathogenesis, it was necessary to construct mutants in
which the LC8 binding domain was modified. The present
paper describes the effects of deletions of either 7 or 11 resi-
dues from the LC8 binding site in the P protein with or without
an R333 substitution in the G protein. Surprisingly, when de-
letions are introduced into the LC8 binding site of an RV that
possesses an amino acid differing from R333, a dramatic re-
duction in pathogenicity for 1- to 2-day-old suckling mice was
observed after peripheral inoculation. The profound advan-
tage of this extensive attenuation of RV in developing live oral
rabies vaccines or RV-based vectors with eliminated or dimin-
ished risks associated with retrograde neuronal spread is dis-
cussed.

MATERIALS AND METHODS

Cells and viruses. A recombinant RV, SAD-L16, possessing the authentic
sequence of the attenuated SAD-B19 (6) vaccine strain (a derivative of the Street
Alabama Dufferin strain [SAD]), was generated from a full-length cDNA clone
(27). BSR-T7/5 cells expressing phage T7 RNA polymerase in a stable manner
(3) were used to recover infectious RV from cDNA.

Construction of cDNA clones. In order to introduce deletions into the LC8
binding site of the P protein, a 2.2-kb BstBI fragment comprising nucleotides
1497 to 3738 of the SAD B19 sequence was first cloned into the pSK vector.
Site-directed mutagenesis was carried out using the QuikChange site-directed
mutagenesis kit according to the manufacturer’s (Stratagene) instructions.
Primer pairs 142 (5�-GGAAAGTCTTCAGAGGGCCGAGAGCTCAAG-3�)
and 143 (5�-CTTGAGCTCTCGGCCCTCTGAAGACTTTCC-3�) were used to

delete nucleotides in positions 1940 to 1960, corresponding to amino acids 143 to
149 of the RV P protein. A larger deletion encompassing nucleotides 1928 to
1960, which corresponds to amino acids 139 to 149 of RV P protein, was also
introduced using oligonucleotides 144 (5�-CCCAACCCTCCAGGAGGCCGA
GAGCTCAAG-3�) and 145 (5�-CTTGAGCTCTCGGCCTCCTGGAGGGTTG
GG-3�). The accuracy of the introduced deletions was confirmed by sequencing
the modified region. Clones containing the desired deletions (7 or 11 amino
acids) were digested with NcoI and SnaBI, and the respective �0.8-kb fragments
were introduced into the full-length clone SAD-L16 after removing the corre-
sponding fragment. The resulting plasmids encoding deletions of 7 or 11 residues
in the LC8 binding site of P protein were named L-�P7 and L-�P11, respectively
(Fig. 1A).

To generate viruses possessing deletions at the LC8 binding site and simulta-
neous substitution of R333 (SAD B19 nucleotide positions 4370 to 4372) of the
mature RV G protein, the following manipulations were carried out. First,
site-directed mutagenesis was performed with 21-mer oligonucleotides (5�-ATT
CCAAGTGTCGACTGACTT-3�) using pT7T-G as a template (7). The resulting
plasmid coded for a modified RV G protein in which the arginine (R333),
encoded by AGA, was replaced by aspartic acid (D333), encoded by GAC. A
full-length cDNA clone, SAD-D29, was then generated by replacing an StuI/
PpuMI cDNA fragment (SAD B19 nucleotides 4015 to 4470) of SAD-L16 with
the corresponding region of the modified G protein. Finally, the above NcoI/
SnaBI �0.8-kb DNA fragments possessing deletions in the LC8 binding site were
used to replace the corresponding fragment of SAD-D29. The resulting full-
length clones having D333 instead of R333 in the G protein and simultaneously
a deletion of 7 or 11 amino acids at the LC8 binding site of the P protein were
named D-�P7 and D-�P11, respectively (Fig. 1B).

Recovery of recombinant viruses. Transfection experiments were carried out
as described previously (27). Approximately 1.5 � 106 BSR-T7/5 cells were
transfected with a plasmid mixture containing 5 �g of pT7T-N, 2.5 �g of pT7T-P,
2.5 �g of pT7T-L, and 10 �g of one of the full-length plasmids using the
Stratagene mammalian transfection kit (CaPO4 protocol). Supernatants from
transfected cells were passaged, and infection of cells was monitored by direct
immunofluorescence with an anti-RV nucleoprotein conjugate (Centocor). The
recombinant viruses were further passaged two to three times, and the resulting
virus stocks were titrated by endpoint dilutions.

Replication of recombinant viruses in vitro. For one-step growth curve anal-
ysis, 106 BSR-T7/5 cells were grown in 3.2-cm-diameter dishes overnight and
infected in duplicate at a multiplicity of infection (MOI) of 10 with the various
recombinant viruses. After 2 h of incubation at 37°C, the inoculum was removed,
and the cells were rinsed three times with phosphate-buffered saline (PBS). Cells
were supplied with 2.5 ml of fresh medium and incubated further at 37°C. At 4,
18, 24, and 48 h after infection, 100 �l of culture supernatants was removed and

FIG. 1. Schematic representation of the RV gene order in the
negative-strand genomic RNA. (A) Recombinant RV SAD-L16, pos-
sessing the authentic sequence of SAD-B19 (6), which has an arginine
(R333) at position 333 of the G protein. (B) Recombinant RV SAD-
D29, possessing an aspartic acid (D333) at position 333 of the G
protein. Amino acid sequences around the LC8 dynein light chain-
binding site of the P protein (positions 138 to 150) are presented. The
P protein sequence KSTQT (positions 144 to 148) is identical to the
K/RXTQT motif found in a variety of proteins interacting with LC8.
The �P7 and �P11 mutants constructed in the backbone of SAD-L16
and SAD-D29 contain the indicated deletions of 7 or 11 amino acids at
the LC8 binding site of the respective P proteins.
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counted in duplicate on BSR-T7/5 cells. A multicycle growth analysis was done
as above except that the infection of BSR-T7/5 cells was done at an MOI of 0.01.

RT-PCR and sequence analysis. To determine whether the recombinant vi-
ruses maintained the introduced deletions, total RNA was isolated from BSR-
T7/5 cells infected with passage level 4 of the respective stock viruses. Reverse
transcription (RT)-PCR was performed on 1 �g of total RNA isolated from
infected cells. The PCR products were analyzed on 1% agarose gels and used
directly for sequencing.

Protein composition of mutant viruses and coimmunoprecipitation. To ana-
lyze the protein composition of recombinant viruses, �107 BSR-T7/5 cells were
infected at an MOI of 0.02 and incubated for 2 days. Virions in the supernatant
were then purified and concentrated by centrifugation through a 20% sucrose
cushion in a Beckman SW28 rotor at 25,000 rpm for 90 min. Pellets were
resuspended and mixed with protein sample buffer to disrupt the virions. Viral
proteins from purified virions were then resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride
membranes (Millipore). After incubation with a blocking solution, membranes
were incubated with rabbit serum raised against RV ribonucleoprotein S50 (22)
or a rabbit polyclonal anti-LC8 antibody, R4058 (15). Membranes were then
incubated with peroxidase-conjugated goat anti-rabbit immunoglobulin G. Pro-
teins were visualized after incubation with peroxidase substrate (Vector). Pull-
down experiments were performed by immunoprecipitating samples of cytoplas-
mic extracts of infected BSR-T7/5 cells with the anti-RV RNP serum S50.
Coimmunoprecipitation of LC8 was then analyzed by Western blotting after
incubating blots with the anti-LC8 antibody.

Pathogenicity of recombinant viruses in mice. Groups of six 1- to 2-day-old or
1-week-old suckling BALB/c mice were inoculated by the intramuscular (i.m.)
route in the hind thigh region or by the intracranial (i.c.) route with a volume of
0.03 ml of virus suspensions at various concentrations. Mice were observed for
rabies symptoms for 21 days. A 20% brain suspension was prepared from dead
mice, and the presence of RV in the brain was confirmed by virus isolation in cell
culture. At the end of the 21-day observation period, brain samples from sur-
viving mice were also processed for virus isolation. The lethal dose that kills 50%
of the animals (LD50) was calculated using the method of Reed and Muench
(26).

RESULTS

Generation of mutant RVs from cDNA. The finding of an
interaction between the P protein of RV and the LC8 dynein
light chain led to the suggestion that the retrograde transport
of RV from the portal of entry might be mediated by LC8. RV
P residues 138 to 172 have been mapped as domains respon-
sible for binding to the LC8 dynein light chain (25). Moreover,
comparison of P protein sequences of various RV strains re-
veals the presence of a conserved KSTQT sequence (residues
144 to 148), which is identical to the consensus LC8 binding
motif (K/RXTQT) of various LC8 binding proteins (18).

To obtain insight into the functional significance of the
LC8-P interaction, RV mutants possessing 7 or 11 amino acid
deletions in the binding site encompassing residues 143 to 149
(�7 mutants) or residues 139 to 149 (�11 mutants) were con-
structed (Fig. 1). The deletions were first introduced into the
backbone of recombinant RV SAD-L16, which possesses the
authentic sequence of the attenuated RV strain SAD-B19 (6,
27).

For the purpose of developing genetically stable attenuated
live oral rabies vaccine candidates and RV-based vaccine vec-
tors, RV mutants possessing replacements of R333 were gen-
erated and characterized (not shown). Among the various
R333 mutants, a mutant (SAD-D29) possessing an aspartic
acid (D333) instead of R333 was chosen for further modifica-
tion. The 7 or 11 amino acid deletions in the LC8 binding
domain were then introduced into the backbone of SAD-D29
(Fig. 1). Full-length cDNA clones representing all the mutants
were transfected as described in Materials and Methods. For

all the mutants, the presence of infectious virus was detected
after one passage of the transfection supernatants into fresh
BSR-T7/5 cells. Stock viruses for further analysis were pre-
pared after two to three passages in BSR-T7/5 cells. The iden-
tity of the recombinant viruses SAD-D29, D-�P7, D-�P11,
L-�P7, and L-�P11 (Fig. 1) was verified by RT-PCR and by
sequencing of PCR products. For all mutants, the sequences
obtained corresponded exactly to the alterations introduced
into the cDNA clones.

Propagation of recombinant viruses in cell culture. First, the
titers of the stock viruses were determined by endpoint dilu-
tions. To examine the efficiency of virus propagation at differ-
ent time points, a multicycle growth curve analysis was per-
formed by infecting BSR-T7/5 cells at an MOI of 0.01. In the
titers determined during the first 18 h, SAD-L16 gave slightly
higher titers than the rest of the recombinants, but this pattern
disappeared at 24 h postinfection. At 48 h of infection, the
titers of all the recombinants were very similar (Fig. 2A). To
allow synchronous infection of all cells, BSR-T7/5 cells were
also infected at an MOI of 10 and aliquots of cell culture
supernatants were collected for titer determination at the in-
dicated time points (Fig. 2B). At 18 h postinfection, the virus
with the highest titer was the mutant L-�P11, and at 24 h
postinfection all viruses yielded very similar titers. No specific
pattern of growth impairment was seen for any of the mutants,
indicating that as many as 11 amino acids at the LC8 binding
site in the P protein are dispensable for RV replication in cell
culture.

Protein composition of mutants. To determine the expres-
sion level of mutant P proteins and to elucidate whether LC8
was incorporated into virions, proteins from purified viruses
were analyzed by Western immunoblotting. The blots were
incubated with an anti-RV RNP rabbit serum (S50) or an
anti-LC8 polyclonal antibody (R4058). The amounts of P pro-
tein and the ratios between P and N proteins of the mutant
viruses were indistinguishable from those of the parent viruses,
indicating that the deletion of 7 or 11 amino acids from the
LC8 binding site had no influence on expression of mutated P
proteins. In contrast to the parent viruses, no protein corre-
sponding to LC8 could be detected in mutant viruses with a
deletion at the LC8 binding site (Fig. 3). This result demon-
strates that the introduced deletions were sufficient to entirely
block the incorporation of LC8 into virions.

To directly determine the effects of the introduced deletions
on the P-LC8 interaction, lysates of infected cells were also
analyzed in a pulldown experiment. Proteins immunoprecipi-
tated with an anti-RV RNP serum were analyzed in Western
blots by incubating blots with the anti-LC8 antibody. Similar to
the results obtained for purified virions, LC8 was not detected
in any of the lysates from cells infected with the deletion
mutants (not shown). This finding shows that the deletions
abrogated the interaction between LC8 and P protein. More-
over, the results indicate that the incorporation of LC8 into
virions membranes is driven by a specific interaction between P
and LC8 and not by a nonspecific trapping process.

Pathogenicity of recombinant viruses in mice. The parent
SAD-L16 virus causes 100% mortality after i.c. inoculation
into adult mice with a dose as low as 30 focus-forming units
(FFU)/mouse. In contrast, SAD-D29 was completely non-
pathogenic for adult mice even at a dose higher than 106
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FFU/mouse. However, it retained full pathogenicity for 1- to
2-day-old suckling mice. Due to the suggestion that LC8 might
be involved in the axonal transport of RV, it was logical to first
use a peripheral route of inoculation to compare LC8 binding
site mutants with their parents. In the first experiment, 1-week-
old suckling mice were inoculated by i.m. injection at doses of
102 or 105 FFU/mouse. Unexpectedly, SAD-L16, L-�P7, and
L-�P11 were equally pathogenic for 1-week-old suckling mice,
indicating that LC8 is not required for the spread of SAD-L16
from a peripheral site of inoculation in this model (Fig. 4). In
contrast, SAD-D29, D-�P7, and D-�P11 were all nonpatho-
genic at the doses administered (Fig. 4).

A pathogenicity experiment was then carried out in the
more sensitive 1- to 2-day-old suckling mice by i.m. injection

at doses of 102 or 105 FFU/mouse. As shown in Fig. 5, all
mice inoculated with SAD-L16, L-�P7, and L-�P11 died of
rabies within 10 days of inoculation. This again demon-
strated that deletion of 7 or 11 residues from the LC8
binding site of the P protein does not affect the peripheral
spread of SAD-L16 in suckling mice. However, when the
LC8 binding site deletion mutations are combined with the
R333 substitution mutation, a substantial degree of attenu-
ation of SAD-D29 was achieved. Within 10 days postinocu-
lation, all mice inoculated with both doses of the parent

FIG. 2. (A) Multicycle replication of recombinant RVs. BSR-T7/5
cells were infected with the recombinant RVs SAD-L16 (L16), L-�P7
(L7), L-�P11 (L11), SAD-D29 (D29), D-�P7 (D7), and D-�P11 (D11)
at an MOI of 0.01. (B) One-step growth curves of the same recombi-
nant RVs after infection of BSR-T7/5 cells at an MOI of 10. Aliquots
of cell culture supernatants were collected at the indicated time points,
and virus titers were determined in duplicate by serial dilutions.

FIG. 3. Protein composition of recombinant RVs. Approximately
107 BSR-T7/5 cells were infected with the recombinant RVs SAD-L16
(L16), L-�P7 (L�7), L-�P11 (L�11), SAD-D29 (D29), D-�P7 (D�7),
and D-�P11 (D�11) at an MOI of 0.02. Two days after infection,
virions from supernatants were purified over a 20% sucrose cushion,
and virus pellets were analyzed by Western blotting. Using a protein
marker as an indicator, the same blot was cut into two parts at ap-
proximately the 20-kDa position. The upper part of the blot was incu-
bated with anti-RV RNP serum (A), and the lower part of the blot was
incubated with a rabbit polyclonal LC8 antibody (B). Incorporation of
LC8 could be detected only in the parent viruses SAD-L16 and SAD-
D29, but not in the recombinant viruses possessing deletions at the
LC8 binding site.

FIG. 4. Pathogenicity of recombinant RVs. One-week-old suckling
mice were inoculated with recombinant RVs SAD-L16 (L16), L-�P7
(L7), L-�P11 (L11), SAD-D29 (D29), D-�P7 (D7), and D-�P11 (D11)
at a dose of 100 or 100,000 FFU/mouse i.m. Mice were observed daily
for 21 days, and results recorded at the end of the experiment are
presented. No rabies symptoms were observed in any group of mice
inoculated with recombinant RVs possessing an aspartic acid at posi-
tion 333 of the G protein.
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SAD-D29 had died of rabies. In contrast, lower mortality
rates of 83 and 50% occurred in the groups of mice that
received 105 FFU/mouse of D-�P7 or D-�P11, respectively
(Fig. 5). Fifteen days after infection, the mortality reached
100 and 83% (five of six), respectively, and remained the
same until the end of the 21-day observation period (Fig. 5).

Surprisingly, there were no deaths in the groups of mice
inoculated with D-�P7 or D-�P11 at a dose of 102 FFU/mouse
until 11 days postchallenge. Total mortality during the 21-day
observation period was less than 17% (one of six) for the
D-�P7-inoculated group, whereas no mice died in the D-�P11-
inoculated group. These results demonstrate that the combi-
nation of LC8 binding site mutation and the amino acid change
at R333 of the G protein considerably attenuate RV virulence
for 1- to 2-day-old suckling mice.

Next, the degree of attenuation of the recombinant
D-�P11 was analyzed by administering graded doses into 1-
to 2-day-old suckling mice by the i.m. or i.c. route. In an
earlier experiment, one of six mice survived after infection
with D-�P11 at a dose of 105 FFU/mouse (83% mortality,
Fig. 5). In this independent experiment, doses of 105 (not
shown) and 104 FFU/mouse killed all inoculated animals
(Fig. 6). However, as in the previous experiment, D-�P11
administered at a dose of 102 FFU/mouse by i.m. injection
was completely nonpathogenic for 1- to 2-day-old suckling
mice. As shown in Fig. 6, the dose of D-�P11 that was
required to kill 50% (LD50 per 30 �l) of the i.m.-inoculated
2-day-old suckling mice was 556 FFU, whereas the LD50 of
the parent SAD-D29 virus was only 18 FFU. This demon-
strates that D-�P11 is attenuated by as much as 30-fold
when administered by the i.m. route. Interestingly, very sim-
ilar LD50s of 10 and 14 FFU were obtained for SAD-D29
and D-�P11, respectively, when the strains were adminis-
tered i.c. (Fig. 6). This remarkable attenuation after i.m. but
not after i.c. administration shows that D-�P11 spreads in-

efficiently from a peripheral site of infection to the CNS
compared to the parent virus.

DISCUSSION

Neurotropism is one of the most striking biological charac-
teristics of RV infection. RV enters the body in the bite or
when virus-laden saliva from a rabid animal enters an open
wound. After viral replication at the portal of entry, RV is
believed to enter nerve endings and spread centripetally along
peripheral nerves and eventually gain access to the CNS. How-
ever, the events of RV dissemination from the portal of entry
to the CNS are among the most obscure events of the infection.
The strict neurotropic characteristics of RV suggest the in-
volvement of neuronal receptors for entry of the virus into
nerves (32, 34). Nevertheless, the recent description of an
interaction between LC8 and RV P is relevant to speculation
about the involvement of cellular factors besides neuronal re-
ceptors (13, 25). To determine the functional significance of
the LC8-P interaction in RV dissemination and pathogenesis,
RV P protein mutants possessing deletions in the LC8 binding
site were generated and characterized. A substantial degree of
attenuation of RV for 1- to 2-day-old suckling mice was
achieved by combining the LC8 binding site mutation with that
of R333 substitution.

LC8 has been implicated in a wide variety of cellular func-
tions, ranging from intracellular organelle transport to regula-
tion of cellular functions. The finding that LC8 interacts with
the P protein of RV led to suggestions that LC8 may be
involved in the axonal transport and pathogenesis of RV (13,
25). In order to define the role of this interaction in RV
neurotropism, it was necessary to construct mutants in which
the LC8 binding domain was modified by deletion or mutagen-
esis. The LC8 binding domain was mapped to the central part

FIG. 5. Pathogenicity of recombinant RVs. Two-days-old suckling
mice were inoculated with recombinant RVs at a dose of 100 or
100,000 FFU/mouse i.m. Results recorded at the end of the observa-
tion period of 10 or 21 days are presented. All animals inoculated with
SAD-L16 (L16), L-�P7 (L7), L-�P11 (L11), and SAD-D29 (D29) died
of rabies within 10 days after inoculation. At the end of 21 days of
observation, the number of mice that died of rabies in the groups
inoculated with 100 FFU/mouse of D-�P7 (D7) or D-�P11 (D11) was
one and zero, respectively.

FIG. 6. Comparison of pathogenicity of recombinant RVs after i.c.
or i.m. inoculation. Two-day-old suckling mice were inoculated with
SAD-D29 (D29) or D-�P11 (D11) by the i.c. or i.m. route at the
indicated doses. After i.c. inoculation, the LD50s of SAD-D29 and
D-�P11 were 10 and 14 FFU/30 �l, respectively, whereas after i.m.
inoculation, the LD50 of D-�P11 was 556 FFU, compared to only 18
FFU for SAD-D29, indicating that D-�P11 is attenuated by as much as
30-fold.

11500 MEBATSION J. VIROL.



of P, encompassing residues 138 to 172 (25). Based on bio-
chemical and mutational analysis of selected LC8 binding pro-
teins, Lo et al. (18) recently showed that LC8 binds to its
targets via a conserved K/RXTQT motif. In addition, sequence
alignment analysis of P proteins from various RV strains dem-
onstrated the existence of a conserved KSTQT sequence (res-
idues 144 to 148), suggesting that LC8 binds to P protein via
this motif.

RV mutants possessing 7 or 11 amino acid deletions in the
binding site propagated in cell culture with comparable effi-
ciency and to similar titers as the parent viruses, demonstrating
that the introduced deletions have no influence on the effi-
ciency of virus replication in cell culture (Fig. 2). As demon-
strated by immunoblotting analyses of purified virions, the
amount of P protein and the P-to-N ratio in the mutants were
indistinguishable from those of the parent viruses. Moreover,
incubation of blots with LC8 antibody clearly demonstrated the
absence of LC8 in purified virions as well as in cell lysates
subjected to coimmunoprecipitation experiments. Titration of
aliquots of supernatants subjected to immunoblotting revealed
comparable titers, ranging from 8.0 log10 FFU/ml for SAD-L16
to 8.15 log10 FFU/ml for SAD-D29. Although the levels of the
more abundant P and N proteins were indistinguishable, this
slight titer difference might have contributed to the different
amounts of the less-abundant LC8 observed in SAD-L16 and
SAD-D29 viruses (Fig. 3). Taken together, these results dem-
onstrate that LC8 incorporation into RV virions is mediated by
a specific interaction with P protein rather than a passive en-
trapment into the virion envelope. Moreover, deletion of res-
idues 143 to 149 from the LC8 binding site was sufficient to
completely abolish the P-LC8 interaction and to block incor-
poration of LC8 into mature virions. In agreement with this
finding, Lo et al. (18) demonstrated that a single change in one
of the four consensus amino acid residues in the K/RXTQT
motif can weaken or entirely abolish the binding of a peptide
to LC8. The mutational analysis also suggested that the TQT
tripeptide plays a more dominant role in the interaction be-
tween LC8 and its target proteins.

Pathogenicity of RV is usually measured by inoculating mice
via different routes. The virus strain, the route of inoculation,
and the age of the mice are important factors in determining
RV virulence. In order to determine whether the mutations
introduced into the LC8 binding site block the spread of the
virus from peripheral sites to the CNS, 1-week-old suckling
mice were inoculated by i.m. administration. As shown in Fig.
4, SAD-L16 and mutant derivatives were equally pathogenic,
whereas SAD-D29 and its derivatives were all nonpathogenic.
This result raises obvious questions as to why the L16-derived
mutants are as pathogenic as their parent virus in spite of the
absence of the P-LC8 interaction. In experiments carried out in
1- to 2-day-old mice, the pathogenicity of SAD-L16 and its
derivatives was again indistinguishable. In both models, the
P-LC8 interaction seems to be not at all necessary for spread of
the less attenuated SAD-L16 from a peripheral site of inocu-
lation.

In an attempt to see differences between the attenuated
SAD-D29 and its derivatives, similar experiments were carried
out in more sensitive 1- to 2-day-old mice. Surprisingly, the
elimination of the LC8 ligand through deletion of critical res-
idues from the binding site and the simultaneous R333 substi-

tution considerably reduced the pathogenicity of RV strains
D-�P7 and D-�P11 after peripheral inoculation (Fig. 5). Very
marginal differences between the mortality levels of D-�P7
and D-�P11 were observed (one more mouse died in the group
of mice inoculated with D-�P7 than in the group inoculated
with D-�P11; see Results section). However, due to deletion of
four more amino acids in the P protein in D-�P11 than in
D-�P7, minor impairment of D-�P11 in in vivo replication
cannot be excluded.

Antigenic site III of RV G protein, particularly R333, has
been implicated as playing an important role in RV neuroin-
vasive processes (11, 23, 29). Although R333 mutants were
able to penetrate neuron cells as efficiently as the wild-type
parent strains, their propagation was restricted after the sec-
ond and third cycles, demonstrating a defect in trans-neuronal
transfer (9). Moreover, the presence of R333 and a lysine at
position 330 of the G protein has been shown to be important
for RV to be able to bind to neuronal receptors and propagate
in motoneurons (10, 34). It appears that R333 plays a domi-
nant role in RV neuroinvasion, and the role of LC8 comes to
light when the function of R333 is hampered.

To determine the degree of attenuation of the deletion mu-
tants, graded doses of D-�P11 and SAD-D29 were adminis-
tered to 1-to 2-day-old suckling mice i.m. or i.c. Compared to
the parent virus, D-�P11 was attenuated by as much as 30-fold
when administered by the i.m. route. Interestingly, the LD50 of
both viruses was nearly identical by the i.c. route, indicating
that D-�P11 spreads inefficiently from a peripheral site of
inoculation to the CNS. The involvement of cytoplasmic dy-
nein and the microtubular network in the retrograde transport
of some viruses, including herpes simplex virus type 1, adeno-
virus, and pseudorabies virus, has been described in the past
(14, 30, 31, 36). Furthermore, LC8 was shown to be essential
for retrograde intraflagellar transport in Chlamydomonas (16,
24). These findings indicate that various organisms may utilize
cytoplasmic dynein as a motor in reaching their preferred site.
In the case of RV, however, abolishing the P-LC8 interaction
affected only the efficiency of peripheral spread of the more
attenuated strain lacking R333, but even for this recombinant
(D-�P11), LC8 was dispensable at higher dose levels (Fig. 6).
Although a substantial degree of attenuation was achieved by
combining the R333 and LC8 binding site mutations, the con-
tribution of LC8 to the peripheral spread of a fully virulent RV
appears to be limited. Therefore, cellular factors other than
LC8 or an entirely different mechanism should be involved in
the retrograde axonal transport of RV. Future work should
provide direct evidences for the contribution of LC8 to RV
axonal transport and elucidate the neoroinvasive processes
during RV infection.

The findings that RV infection in mice could take place in
the oral mucosa (8) and that foxes could be immunized by oral
administration of live attenuated RV (1, 2) led to the present-
day wildlife rabies control programs of oral vaccinations (re-
viewed in reference 35). Two of the serious problems pre-
sented by the oral vaccine viruses were residual pathogenicity
for target and nontarget species as well as the possibility of
reversion to virulence. Significant advances in increasing the
safety of oral rabies vaccine strains was made by selecting
monoclonal antibody-resistant mutants with mutations at R333
(11, 29). Derivatives of SAD virus possessing amino acids dif-
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fering from R333 have been developed for oral immunization
of foxes and other animals (19).

Unlike other attenuated mutants such as SAD-Bern and
SAD-B19 (35), R333 mutants are nonpathogenic for adult
mice after i.c. inoculation. However, these strains remained
pathogenic for baby mice, suggesting the potential danger of
such live vaccines for immunocompromised humans who may
come in contact with the virus. In this work, by applying the
reverse genetics technology, an extensive attenuation of R333
mutants was achieved by deleting critical residues from the
LC8 binding site in the P protein. The introduction of the com-
bined mutations into the P and G proteins did not affect in vitro
replication. This makes recombinant RV mutants D-�P7 and
D-�P11 potential candidates for oral immunization of animals.

Highly safe live rabies vaccine viruses can not only be used
to immunize against rabies, but potentially can also serve as
vaccine vectors to protect humans and animals from other
infectious agents. In addition to the five viral proteins, RV has
been shown to express foreign genes in a stable manner for
more than 25 serial passages (21). The potential of RV-based
vectors as vaccines against other viral diseases such as AIDS
was also demonstrated recently (28). The introduction of the
described combined G and P protein mutations into RV vec-
tors will undoubtedly diminish the risk associated with residual
pathogenicity of RV and facilitate the design of safe RV-based
vectors. The substantially attenuated D-�P7 and D-�P11 viruses
are not only attractive candidates for live RV based vaccines but
also provide some insight into the ill-defined events of RV dis-
semination through peripheral nerves to the CNS.
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