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Summary

Budding of enveloped viruses from cellular mem-
branes is believed to depend on the presence of trans-
membrane spike proteins interacting with cytoplasmic
virus components. To address the mechanism of rhab-
dovirus budding, we generated rabies virus mutants
deficient for the glycoprotein G or the G cytoplasmic
tail. We found that spikeless rhabdovirus particles
were released from cells infected with the G-deficient
mutant, demonstrating that a viral surface protein is
not required to drive the budding process. However,
particle production is enhanced approximately 6-fold
and 30-fold in the presence of tailless G or G, respec-
tively. This reveals that G also possesses an intrinsic
and independent exocytosis activity. We propose a
model according to which efficient budding of rhab-
doviruses is achieved by a concerted action of both
core and spike proteins.

Introduction

Enveloped viruses are released from the infected cell
by a mechanism similar to exocytotic budding. During
this process, viral core complexes are enveloped by
host cell membranes that contain the viral spike proteins
almost exclusively. Direct interactions between the cy-
toplasmic regions of transmembrane spike glycopro-
teins and the viral cores have been seen as being re-
sponsible both for the exclusion of host cell proteins
and for the induction of the budding process itself (re-
viewed by Simons and Garoff, 1980). For hepadnavi-
ruses (Bruss and Ganem, 1991) and alphaviruses (Suo-
malainen et al., 1992), both core and spike were shown
to be absolutely required for budding. Moreover, a direct
interaction of a tyrosine-based motif in the cytoplasmic
tail of semliki forest virus (SFV) E2 spike protein with
the SFV core was shown to be essential for budding
(Zhao et al., 1994). In contrast, retroviruses seem to
employ a different mechanism, since part of the Gag
protein is sufficient for particle formation (Delchambre
etal., 1989; Gheysen et al., 1989; Rhee et al., 1990). The
situation remains unclear for all other viruses. Especially
for viruses possessing an internal membrane-associ-
ated matrix (M) protein (e.g., most negative-strand RNA

viruses), the forces driving the exocytosis process have
not yet been elucidated.

Evidence obtained from the rhabdovirus vesicular sto-
matitis virus (VSV) suggests that effective inclusion of
the spike protein G in the envelope of infectious virions
depends on interaction with the M protein, the ribo-
nucleoprotein (RNP) complex core, or both (Whitt et al.,
1989; Owens and Rose, 1993). However, it is not known
whether such aninteraction is necessary for the budding
process itself. The finding of VSV G protein fragments
consisting of the cytoplasmic and transmembrane do-
mains in spikeless VSV particles that are formed after
infection of cells with the temperature-sensitive VSV mu-
tant tsO45 (Metsikko and Simons, 1986) had suggested
that at least the cytoplasmic domain of the G protein is
required for budding. An intriguing observation empha-
sizing the role of G in particle formation was made re-
cently, after expression of the VSV G protein from an
SFV replicon RNA. Infectious vesicles containing naked
SFV RNA and VSV spikes were generated, which could
be propagated in cell culture (Rolls et al., 1994). This
indicates that the VSV G protein can initiate vesicle for-
mation autonomously, without the need to interact with
any internal protein and also suggests that rhabdovi-
ruses employ a mechanism of budding that is different
from those of either alphaviruses or retroviruses. On the
other hand, VSV M protein was reported to bind to the
plasma membrane (Chong and Rose, 1993, 1994) and
to induce exocytotic budding of vesicles (Li et al., 1993;
Justice etal., 1995) in the absence of other VSV proteins.

Experimental analysis of protein interactions and
mechanisms involved in virus assembly and release of
negative-strand RNA viruses has been limited by the
lack of systems that would allow direct genetic manipu-
lation of viruses using recombinant DNA technology.
We recently described a reverse genetics system that
enabled us to generate recombinant rabies virus (RV)
from cDNA (Schnell et al., 1994). The neurotropic RV is
the prototype of the lyssavirus genus within the rhab-
doviridae family. Its genome organization and virion
structure are highly similar to those of VSV. The nega-
tive-strand RNA together with the nucleocapsid- (N),
phospho- (P), and large (L) protein (polymerase) forms
a transcriptionally active RNP. In the virion, the helical
RNP is enwrapped by a lipid bilayer containing the single
transmembrane glycoprotein G and the matrix protein
M associated with the inner side of the membrane. By
simultaneous T7 RNA polymerase-driven expression of
the RNP proteins N, P, and L, cDNA-derived RV RNA
can be incorporated into biologically functional RNPs
that are able to initiate an infectious cycle. This ap-
proach, which recently has also proved successful in
the generation of recombinant VSV (Lawson et al., 1995;
Whelan et al., 1995), allowed us to generate helper virus—
free RV mutants designed to define the functions of the
rhabdovirus G in the course of the viral life cycle.

We describe here the rescue of recombinant RV mu-
tants lacking the genetic information for either the cyto-
plasmic domain of the G protein or the entire G protein,
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as well as the analysis of mutants with regard to forma-
tion of virions. The results demonstrate that an interac-
tion between the spike and internal virus proteins is
not required to drive the rhabdovirus budding process.
Moreover, after infection of cells with phenotypically
complemented G-deficient viruses, typical rhabdovirion
budding occurred in the absence of G protein. Since
the presence of G protein either in its complete or its
truncated form enhanced virion yield, we conclude that
both the M and the G protein possess an individual (and
independent) exocytosis activity. We propose a model
according to which optimal budding efficiency and virus
production is achieved by a concerted action of both
proteins. Accordingly, the role of the spike cytoplasmic
tail in budding is indirect, namely, to bring together the
separate exocytosis activities of each protein to in-
crease the density of exocytotically active proteins.

Results

Recovery of RV G Mutants from cDNA Clones

The mature RV transmembrane glycoprotein G consists
of an amino-terminal N-glycosylated ectodomain of 439
amino acids, a transmembrane anchor sequence of 22
amino acids, and a cytoplasmic domain of 44 amino
acids (Anilionis et al., 1981). To address the functions
of the cytoplasmic tail involved in the viral assembly
and budding process, we constructed a cDNA in which
the sequence encoding the entire cytoplasmic tail and
the two carboxy-terminal residues of the membrane an-
chor were deleted (Figure 1). As observed after transient
expression inthe vacciniavirus/T7 RNA polymerase sys-
tem, the encoded protein was transported to and an-
chored in the cell surface membrane (data not shown)
and thus fulfilled one of the prerequisites for playing a
role in the process of virion formation.

As detailed in Experimental Procedures, the G-encod-
ing sequence of a full-length RV cDNA possessing the
authentic sequence of the attenuated RV strain SAD
B19 strain (pSAD L16, Schnell et al., 1994; Conzelmann
et al., 1990) was replaced by the truncated cDNA. To
determine whether we could recover recombinant virus,
we used the resulting plasmid pSAD ACD for transfec-
tion of cells infected with vaccinia vTF7-3 providing T7
RNA polymerase (Fuerst et al., 1986). The RV rescue
system is based on the finding that, in cells expressing
RV N, P, and L proteins, T7 RNA polymerase transcripts
corresponding to RV antigenome RNA are assembled
into transcriptionally active RNPs that are able to initiate
a productive infection. Since correct encapsidation of
preformed RNA is a rare event, successful rescue of
standard virus is observed in only 1 in 10’ transfected
cells. With regard to the putative failure of the truncated
G protein of SAD ACD to support efficiently the initial
propagation of the rescued virus, we decided to comple-
ment the putative defects by additional expression of
wild-type G protein during the rescue and isolation ex-
periments. Thus, in addition to the plasmids encoding
RV N, P, and L proteins and pSAD ACD, cells were
transfected with pT7T-G encoding the SAD B19 G pro-
tein (Conzelmann and Schnell, 1994). Cells were lysed
in the culture medium 2 days after transfection, and

clarified extracts were used toinoculate cells expressing
G protein from transfected pT7T-G. After incubation for
2 days, the monolayers were analyzed for the presence
of infectious virus by direct immunofluorescence using
an anti-N conjugate. In 3 out of 20 experiments, fluores-
cent foci were identified. A parallel series of rescue ex-
periments in cells not expressing G protein did not result
in the isolation of the virus. Therefore, it appears that
expression of wild-type G protein is required to support
the initial propagation of newly generated viruses and
to ensure their recovery. Most interestingly, however,
passage of cell-free supernatants from the three cul-
tures to fresh cells reveals that the wild-type G protein
is notnecessary for further propagation of the recovered
recombinant viruses. The finding of autonomously repli-
cating virus from pSAD ACD already indicated that the
cytoplasmic domain of the RV G protein might be dis-
pensable for virus assembly and budding, as well as for
infectivity.

The option to complement a virus deletion mutant
successfully by providing the deficient protein in trans
encouraged us to determine whether an RV mutant lack-
ing the entire G gene could be recovered. A 2.1 kb
PfIMI-Nhel fragment starting within the 3’ nontranslated
sequence of the M gene and ending within the 3’ non-
translated sequence of the G gene (SAD B19 position
3177-5339) was deleted from the full-length cDNA clone
pSAD L16 (Figure 1A). Accordingly, the resulting pSAD
AG should encode a 9.8 kb virus genome possessing
only four cistrons. pSAD AG was used in a transfection
series of 20 experiments in the presence of wild-type
G protein. After the first passage to cells transiently
expressing G protein, fluorescing cells were detected
in two cultures. In contrast with SAD ACD, however,
additional expression of G protein was an absolute re-
quirement for successful further passage, demonstrat-
ing a G gene deficiency of the isolated viruses. The
identity of the recombinant SAD AG and SAD ACD vi-
ruses was further verified by reverse transcription-
polymerase chain reaction (RT-PCR) and by sequencing
of PCR products (data not shown). For both viruses,
the obtained sequences corresponded exactly to the
alterations introduced into the respective cDNA clones.
In addition, the PCR experiments also confirmed the
absence of standard “helper” RV.

Transcription and Protein Expression

of Mutant RVs

To confirm that the alterations introduced into the mu-
tant virus genomes resulted in transcription of the pre-
dicted RNA species, we analyzed, by Northern blot hy-
bridization, total RNA from cells infected with SAD ACD,
SAD AG, or SAD L16, respectively. The genome of SAD
AG was demonstrated by using an N-specific probe.
Consistent with the deletion of approximately 2.1 kb in
pPSAD AG, it exhibited a decreased size compared with
the standard SAD L16 RV genome (Figure 2A). In con-
trast, no hybridization of SAD AG RNAs was observed
with a probe spanning the entire coding region of the
RV G gene (Figure 2B). Hybridization with the G probe
also confirmed the presence of a truncated G mRNA in
cells infected with SAD ACD. According to the observed
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Figure 1. Construction of Recombinant RVs

(A) Organization of recombinant RV genomes. On top, the RV ge-
nome with its five open reading frames (boxes) is shown, and in the
blowup, the G cistron region is detailed. Closed bars and arrow-
heads represent transcriptional stop/polyadenylation signals and
transcriptional start signals, respectively. Compared with standard
RV SAD L16, the genome of SAD ACD possesses a deletion span-
ning the region coding for the cytoplasmic domain of the G protein
and part of the nontranslated region (SAD L16 nucleotides 4753—
4995). In SAD AG, an entire cistron was removed by a deletion
starting within the nontranslated region of the M gene and ending
close to the transcriptional stop/polyadenylation signal of the G
gene (SAD L16 nucleotides 3177-5339).

(B) Comparison of G proteins of SAD L16 and SAD ACD. Amino acid
residues at the junction of transmembrane (tm) and cytoplasmic
domain (cd) are indicated (ed, ectodomain; sp, signal peptide).
Branched figures represent potential N-glycosylation sites.

amounts of viral RNAs and mRNAs, neither transcription
nor replication of the mutant viruses were markedly af-
fected.

The glycoproteins expressed by SAD ACD and SAD
L16 were immunoprecipitated from extracts of infected
cells with an RV G protein-specific monoclonal antibody
(MAD) and analyzed by denaturing SDS—polyacrylamide
gel electrophoresis. The G protein encoded by SAD ACD
virus migrated markedly faster than the G protein of
SAD L16. Deglycosylation of precipitated proteins with
peptide N-glycosidase F revealed that the observed dif-
ference in mobility was due to the truncation of the
protein backbone rather than to an altered composition
of carbohydrates. Treatment of infected cells with tuni-
camycin prior to precipitation of proteins further con-
firmed these results, indicating that the increased elec-
trophoretic mobility of SAD ACD G protein reflected the
deletion of 46 residues from the carboxyl terminus of
RV G protein (Figure 3A).

Since the removal of the cytoplasmic domain of sev-
eral other viral glycoproteins has been shown to reduce
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Figure 2. Northern Blot Analysis of Transcripts from Recombinant
RVs

Total RNA from cells infected with SAD L16 (L16), SAD ACD (ACD),
and SAD AG (AG) at a moi of 1 was isolated 2 days postinfection
and hybridized with a probe specific for RV N sequences (A) or
spanning the entire coding region of the G gene (B). Owing to the
deletion of the G gene in the SAD AG genome, the viral RNA of SAD
AG is approximately 2 kb shorter than the standard virus genome
(v) and fails to hybridize with the G-specific probe. The decreased
size of the SAD ACD G mRNA (G) reflects the 0.25 kb deletion of
the sequence encoding the cytoplasmic tail of the G protein.

considerably the rate of intracellular transport and the
accumulation of proteins at the cell surface (Rose and
Bergmann, 1983; Whitt et al., 1989; Jin et al., 1994),
we monitored the acquisition of endoglycosidase
H-resistant oligosaccharides and cell surface expres-
sion. Consistent with previous results on RV G proteins
(Whittet al., 1991; Mebatsion et al., 1995), approximately
half of the SAD L16 G protein acquired endoglycosidase
H-resistant sugars within 50 min (Figure 3B). A half-time
of approximately 60 min was observed for the SAD ACD
protein lacking the cytoplasmic domain (Figure 3B). As
indicated by immunofluorescence microscopy, the
slightly reduced transport rate did not reduce accumula-
tion of the truncated protein at the cell surface. To allow
a quantitative comparison, we determined the amount
of labeled G protein present on the surface of infected
cells by immunoprecipitation (Figure 3C). Metabolically
labeled infected cells were either directly incubated with
the anti-G MADb and lysed after removal of excess anti-
body (surface) or lysed prior to incubation (total). The
specificity of the surface protein precipitation was veri-
fied by controls in which unlabeled infected cells were
incubated with the MAb and subsequently lysed in the
presence of extracts from infected labeled cells (con-
trol). According to the radioactivity present in the bands,
the amount of G protein present on the surface of cells
infected with SAD ACD was 86% that of cells infected
with SAD L16. In both cases, 18% of total G protein was
found at the cell surface.
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Figure 3. Analysis of G Proteins Encoded by Recombinant RVs
(A) Expression of truncated G protein by SAD ACD. [*S]methionine-
labeled G proteins from cells infected with SAD L16 (L16) or SAD
ACD (ACD) were precipitated with a MAb and incubated in the
presence (plus PF) or absence (minus) of peptide N-glycosidase F.
Plus TM, infected cells were labeled in the presence of tunicamycin;
M, protein size marker.

(B) Transport kinetics of SAD L16 (L16)- and SAD ACD (ACD)- en-
coded G proteins. Proteins pulse labeled for 10 min with [**S]methio-
nine were immunoprecipitated after the indicated chase periods and
incubated with (plus) or without (minus) endoglycosidase H for 16
hr. Approximately half of the standard G protein acquired complex
oligosaccharides within 50 min, whereas the half-time for the protein
lacking the cytoplasmic tail was approximately 60 min.

(C) Cell surface expression of G proteins. Live cells were incubated
either directly with anti-G MADb to bind the G protein present at the
cell surface (surface) or after lysis of cells (total). To determine the
specificity of the assay, we incubated nonlabeled infected cells with
the MAb and then lysed them in the presence of extracts from
labeled infected cells (control).

Propagation of SAD ACD in Cell Culture

The observed autonomous propagation of SAD ACD
possessing a G protein that lacked the entire cyto-
plasmic tail proved that this domain is not required for
the formation of an infectious agent. However, since the
cytoplasmic domain of rhabdovirus G proteins has been
shown to be involved in the specificity of incorporation
(Owens and Rose, 1993; Whitt et al., 1989), we presumed
that such a mutant is hardly viable and may exhibit
dramatically altered growth characteristics. Titration of
the supernatant obtained from the fourth passage fol-
lowing the rescue experiment revealed a titer of 10°
focus-forming units per milliliter, which was approxi-
mately 100-fold lower than the titer obtained with SAD
L16. This stock of SAD ACD was further used to analyze
virus propagation in more detail. First, cells were in-
fected at a multiplicity of infection (moi) of 0.01 with
SAD ACD or SAD L16, respectively, and examined by
immunofluorescence at 24, 36 and 48 hr postinfection
(hpi). In cultures inoculated with SAD L16, primary infec-
tion of single cells spread to neighboring cells within 24

24h

48h

Figure 4. Propagation of Standard SAD L16 RV and SAD ACD En-
coding a G Protein Lacking the Cytoplasmic Domain in Cell Culture

Following infection of cultures with a moi of 0.01, the spread of
infection was monitored at the indicated times by directimmunofluo-
rescence with a conjugate directed against RV N protein. Secondary
infection of cells, as indicated by the appearance of small fluoresc-
ing granules, is considerably delayed in SAD ACD.

hr, as indicated by the appearance of small fluorescent
granules (Figure 4). Large foci of 30-50 cells were ob-
served at 36 hpi, and the entire cell monolayer was
infected after 48 hr. Conversely, no infection of neigh-
boring cells was observed at 24 hpi in cultures inocu-
lated with SAD ACD. In contrast with the large foci ob-
served in SAD L16-infected cultures, only small patches
of 5-10 and 20-25 cells were observed at 36 and 48 hpi,
respectively (Figure 4). To achieve complete infection
of the cell monolayer with SAD ACD, an incubation of
72 hr was required (data not shown).

To analyze whether the observed lower titer of the
SAD ACD stock was due to the reduced ability to spread
in cell culture, we performed infections at a moi of 1
and 0.01, and supernatants were titrated at 24, 36, and
48 hpi (Table 1). Since differences between the titers of
mutant and wild-type virus were lower when cells were
infected at a moi of 1, it appears that the major cause
for the divergence is the slower spread of SAD ACD.
Nevertheless, the observed remaining titer deviation,
particularly at early times after infection, confirms the
suggestion that the presence of a G protein possessing
the cytoplasmic domain is an advantage for efficient
budding of virions.

The Cytoplasmic Domain of RV G Protein

Ensures Efficient Incorporation of the G

Protein into the Envelope of Virions

To address further the reasons for the observed alter-
ations in growth characteristics, we analyzed SAD ACD
virions for their physical compaosition, particularly with
respect to G content. Supernatants from cells infected
at a moi of 1 were collected 2 days postinfection, and
virions were purified by velocity centrifugation in 10%-—
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Table 1. Titers of Recombinant Rabies Viruses

Hours postinfection Multiplicity of infection

Focus-forming units?®

SAD ACD

SAD L16 SAD ACD (Percent)®
24 hr 0.01 2 X 10° 3 X 10° 1.5
1 4 x 10° 3.8 X 10° 9.5
36 hr 0.01 1x 107 1.1 X 10° 1.1
1 3 x 107 2.1 X 10° 7.0
48 hr 0.01 2 X 108 4 x 10° 0.2
1 8 x 107 6.5 X 10° 8.1

2 Titer of infectious particles (focus-forming units/ml) as determined by endpoint dilution in cell culture.

b Ratio of infectious SAD ACD virions to SAD L16 virions.

50% sucrose gradients. Viral proteins present in 12
equal fractions from the gradient were analyzed by SDS-
polyacrylamide gel electrophoresis and Western blot-
ting. For both SAD ACD and SAD L16, the peak of infecti-
vity and the majority of proteins were located infractions
6 and 7 (Figure 5). However, differences were observed
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Figure 5. Protein Composition of SAD L16 and SAD ACD Virions

Virions from the supernatant of 10° infected cells were purified by
velocity centrifugation in 10%-50% sucrose gradients. Gradient
fractions (1 to 12) were analyzed by Western blotting for the pres-
ence of viral proteins. For both preparations, the peak of infectivity
was present in fractions 6 and 7. A reduced amount of spike protein
(G) relative to the viral N, P, and M proteins is observed in SAD ACD
virions.

in protein compositions. Whereas the ratios of N, P, and
M proteins were similar, SAD ACD virions contained a
significantly lower amount of G protein relative to the
other viral proteins (Figure 5). This indicates that the
cytoplasmic domain of the RV G protein is involved in
directing the protein into the virion membrane, although
considerable amounts of infectious virions are gener-
ated in the absence of this function. To facilitate quanti-
tative comparison, we used diluted supernatants from
SAD L16-infected cells for gradient centrifugation. As
estimated from these experiments (data not shown), the
number of virions present in the supernatant of SAD
ACD-infected cells was 5-fold lower than that found in
the supernatant of SAD L16-infected cells.

To analyze further the abundance of G protein on the
surface of SAD L16 and SAD ACD viruses, we examined
budding virions by immunoelectron microscopy. In-
fected cells were fixed with 1% glutaraldehyde at 24 hpi
(moi=1), incubated with a MAb directed against RV G
protein, and stained with a secondary antibody coupled
to colloidal gold. Budding of typical bullet-shaped rhab-
dovirions was found in cells infected with SAD L16 and
SAD ACD. More than 90% of budding SAD L16 virions
were labeled consistently with several gold particles
(Figures 6A and 6B). In contrast, a considerable portion
of unlabeled particles was detected in SAD ACD-
infected cells (Figure 6C). In addition, most labeled SAD
ACD virions possessed only one or few gold particles,
indicating aloweramount of G proteinat the viral surface
(Figure 6D). Although labeling was not expected to occur
at 100% efficiency, the high number of unlabeled SAD
ACD virions led us to suspect that RV might mature into
RV-like particles lacking spike proteins.

Taken together, these findings clearly demonstrate
that the cytoplasmic tail of the G protein, and thus,
an interaction of the spike protein with internal virus
proteins, is not a prerequisite to drive the RV budding
process. On the other hand, the presence of the cyto-
plasmic domain obviously augments the incorporation
of spikes into the viral envelope. This results in an ap-
proximately 5-fold increase in virion yield, indicating that
the G protein contributes to the efficiency of virus
budding.

Budding of Noninfectious RV in the

Absence of G Protein

As described above, a phenotypically complemented
stock of SAD AG was grown by five successive pas-
sages in cells transiently expressing wild-type G protein
from transfected plasmids by the vaccinia virus/T7 RNA-
polymerase system. Vaccinia virus was then removed
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from the resulting supernatant by filtration. To investi-
gate the growth characteristics of SAD AG virus in the
absence of exogenous RV G protein expression, we
infected cells with high dilutions of the virus stock and
examined them by immunofluorescence at various times
after infection. N protein-specific fluorescence was de-
tected exclusively in single cells of the confluent mono-
layers (data not shown). Neither an increase in the num-
ber of infected cells nor formation of fluorescent cell foci
by cell-to-cell spread was observed during incubation
periods of up to 4 days. Thus, infection was absolutely
restricted to the primary cells infected by viruses pheno-
typically complemented with G protein. Assuming one
fluorescing cell to result from infection with one infec-
tious unit, the titer of complemented SAD AG was 10%/ml.

Subsequent passaging experiments further verified
the absolute requirement of G protein for the infectivity
of RV. Cell cultures were inoculated with phenotypically
complemented SAD AG at a moi of 1, incubated for 1
hr, and washed thoroughly. To neutralize residual input

Figure 6. Budding of Recombinant Viruses
from the Cell Surface Analyzed by Electron
Microscopy

Infected BSR cells were immunostained with
a MADb specific for the RV G protein and a
gold-conjugated secondary antibody. Label-
ing with several gold particles was observed
for more than 90% of SAD L16 virions (A and
B). Both labeled and unlabeled particles bud-
ded from cells infected with SAD ACD (C and
D). (Eand F) Budding of noninfectious G-defi-
cient SAD AG virions. The bar represents 200
nm.

virus, we incubated cells for 30 min with a rabbit serum
raised against purified RV G protein. After washing and
subsequentincubation for 2 days, supernatants and cell
lysates were passaged separately to fresh BSR cell cul-
tures. No fluorescent cells could be detected in these
cultures.

To determine whether virions lacking G protein can
assemble and bud into the cell culture supernatant, we
metabolically labeled infected cultures with [**S]methio-
nine at 16 hpi and chased them for various periods. Cell
extracts and pellets from clarified supernatants were
analyzed by immunoprecipitation. Most interestingly, vi-
ral N, P, and M proteins were detected in the superna-
tants. Since their ratio was similar to that found for stan-
dard virus, the presence of spikeless virions was
suggested (Figure 7A). Compared with standard virus
infection, however, the amount of released protein was
reduced by a factor of 14, 10, and 9 after 3, 6, and 18
hr of chase, respectively, indicating a low budding rate.
At corresponding times, release of SAD ACD particles
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Figure 7. Formation of Spikeless Rhabdovirus Particles

(A) Cells infected at a moi of 1 with SAD L16 or with phenotypically
complemented SAD AG were incubated for 16 hr and pulse labeled
with 100 p.Ci of [®*S]methionine for 3 hr. After the indicated chase
periods, virions were pelleted from the supernatant through a 20%
sucrose cushion. Viral proteins from resuspended pellets and cell
extracts were precipitated with an anti-RV rabbit serum (S71). Lanes
1, SAD L16; lanes 2, SAD AG. Labeled bands corresponding to N,
P, and M proteins were excised from the dried gel, and radioactivity
was determined by scintillation counting.

(B) Purification of spikeless SAD AG virus particles by velocity cen-
trifugation in sucrose gradients. Supernatant from 6 X 10°cells (i.e.,
the 6-fold amount of material used for the experiments shown in
Figure 5), infected with phenotypically complemented SAD AG, was
processed as described for Figure 5.

had been found to be reduced by a factor of 5, 2.5, and
2, respectively (data not shown).

To characterize the structure of the material released
from SAD AG-infected cells, we analyzed the superna-
tants by sucrose gradient centrifugation. After infection
of cells, inactivation of input virus by anti-RV serum, and
subsequent incubation for 2 days, supernatants were
fractionated by velocity centrifugation and analyzed by
Western blotting. As previously observed for SAD L16
and SAD ACD (Figure 5), the N, P, and M proteins were
present in fractions 5, 6, and 7 (Figure 7B) and showed
the same ratios as in standard virions, indicating that the
material is released exclusively in the form of spikeless
rhabdovirus-sized particles. However, to obtain a signal
comparable to that observed with SAD ACD (see Figure
5), the 6-fold amount of supernatant had to be applied
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Figure 8. Determination of the Density of Spikeless RV Particles

SAD L16 or SAD AG virions were first purified by pelleting on a
60% sucrose cushion and sedimented to equilibrium in continuous
10%-70% sucrose gradients. Gradient fractions were analyzed by
immunoblotting. The sucrose density was determined from the re-
fractive index of each fraction (lane 6, 1.14 g/cm?; lane 7, 1.16 g/cm?).

on the gradient. Compared with standard virus, this sug-
gests that an approximately 30-fold lower number of
particles were produced in the absence of the spike
glycoprotein. As verified by isopycnic centrifugation in
continuous 10%-70% sucrose gradients, SAD AG parti-
cles were of uniform density and contained alipid bilayer
envelope. Interestingly, compared with standard SAD
L16 virus, a slightly lower density was observed for the
spikeless particles. Whereas the majority of SAD L16
virus was found in the fraction with a density of 1.16
g/cmé (Figure 8, fraction 7; Sokol et al., 1968), the major-
ity of SAD AG particles sedimented to a density of 1.14
g/cm? (Figure 8, fraction 6). After treatment with 0.05%
Triton, RNP complexes of both SAD L16 and SAD AG
sedimented to a sucrose density of 1.21 g/cm?® (data not
shown), demonstrating that the mutant virus differs from
wild type only in its membrane protein composition.
Direct evidence for the assembly and budding of typical
rhabdovirions was further obtained by electron micros-
copy. Virions budding from the cell surface membrane
possessed typical rhabdovirus shape but failed to be
labeled by immunogold (Figures 6E and 6F).

Discussion

Rhabdoviruses have been widely used as model viruses
to study individual functions of membrane proteins.
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However, it has not been possible to determine whether
a functional link exists between sorting and incorpora-
tion of spike glycoproteins on the one hand and the
budding process on the other. This was due to the fact
that their genomes have not been amenable to specific
alteration. We have now succeeded in generating de-
fined recombinant virus mutants that allowed dissection
of the roles of RV G protein in the viral assembly process.
In particular, this reverse genetics approach profited
from the absolute absence of helper virus as well as
the possibility to trans-complement a mutant lacking
essential functions.

To determine whether an interaction of the RV spike
protein with the internal M protein or the RNP is crucial
for initiation of the budding process and generation of
virions, we constructed the mutant virus genome of SAD
ACD to encode a carboxy-terminally truncated spike
protein. According to the proposed structure of the RV
G protein (Anilionis et al., 1981), the mutant protein lacks
not only the entire cytoplasmic tail of the protein but
also two cysteine residues that are assigned to the trans-
membrane domain and that in some RV strains may
function as palmitoylation acceptors (Gaudin et al.,
1991). Thus, none of the ACD amino acids should pass
the lipid bilayer and be exposed at the cytoplasmic face
of the membrane. The finding of autonomously propa-
gating infectious agents demonstrated not only that the
tailless G protein was present in the envelope of virions
but also that it retained the ability to mediate an infec-
tion. Furthermore, electron-microscopic examination
and gradient centrifugation revealed that particles bud-
ding from the surface membrane of cells infected with
SAD ACD were of typical rhabdovirus shape. These re-
sults demonstrate that the cytoplasmic portion of the
single RV spike protein and its presumed interaction
with internal virus proteins is required neither for the
initiation of budding nor for the release of mature virions.

Although the lack of the cytoplasmic tail does not
abrogate the formation of rhabdovirus particles, the re-
combinant SAD ACD exhibited obvious phenotypic dif-
ferences from wild-type virus possessing a complete G
protein. Since replication and gene expression of the
mutant virus was not affected by the deletion of the
carboxy-terminal part of the G gene and since similar cell
surface expression was observed for both the truncated
and the standard G protein, the reduced rate of spread
and the lower final titers of SAD ACD have to be assigned
to inherent functions of the truncated G protein. In other
studies, it has been clearly demonstrated that the cyto-
plasmic domain of the VSV G protein contributes to the
specificity of incorporation into the viral envelope (Whitt
et al., 1989). Moreover, it possesses an independent
signal capable of directing a foreign protein into VSV
particles. A chimeric spike protein, in which the HIV-1
gp160 ectodomain and transmembrane anchor domain
was fused to the cytoplasmic tail of VSV G protein,
rescued the infectivity of the temperature-sensitive VSV
mutant tsO45 at nonpermissive temperature (Owens and
Rose, 1993). Since the envelope of tsO45 virions gener-
ated at nonpermissive temperature contains a full com-
plement of truncated VSV G protein fragments encom-
passing the cytoplasmic and transmembrane domains
(Metsikkod and Simons, 1986), this approach could not

reveal whether the cytoplasmic tail of the chimeric pro-
tein contributed to the budding process.

The absence of any cytoplasmic domain sequences
in SAD ACD was therefore predicted to affect at least
the incorporation of spikes into the viral membrane. This
was supported by the finding of a markedly lower overall
content of G protein in gradient-purified SAD ACD viri-
ons. Furthermore, immunogold labeling experiments re-
vealed that the budding particles individually differed in
their G content, confirming that in the absence of the
cytoplasmic tail the specificity of incorporation and the
resulting host cell exclusion is considerably hampered.
However, budding of virion particles into supernatants
was only reduced by a factor of approximately 5, as
estimated from the gradient experiments (Figure 5). With
regard to the assumed random incorporation of tailless
spike proteins, as well as the variable G content of viri-
ons, the 10-fold reduction of infectious titers of SAD
ACD observed after infection of cells at a moi of 1 also
appeared moderate.

The finding that an interaction of the G protein with
an internal component of the virus does not represent
a prerequisite for initiation of budding prompted us to
investigate whether the spike protein is at all necessary
for virion formation. Therefore, a virus mutant lacking
the entire G gene was generated. As presumed, after
cells had been infected by phenotypically comple-
mented SAD AG, the infection was not able to spread
to surrounding cells and could not be passaged to other
cell cultures. However, enveloped particles of defined
density, and with sedimentation properties as well as
protein ratios identical to those of rhabdovirions, were
present in the cell culture supernatants. As confirmed
by electron microscopy, these particles resulted from
typical budding from the cell surface membrane. Thus,
viral RNPs that are surrounded by M protein are able to
drive the budding process in the absence of G protein.
Obviously, the envelope of the generated particles
should be distinguished from that of wild-type virions
by the absence of the tight surface structure made up
by the viral glycoprotein. Since it is likely that host cell
protein exclusion during the viral assembly process is
at least incomplete in the absence of the spike protein,
we assume that the spikeless envelope contains diverse
cell surface proteins. This difference might explain, at
least in part, the slightly lower density of SAD AG parti-
cles as compared with wild-type virions (Figure 8).

The finding that viral “cores,” i.e., RNPs surrounded
by M protein, possess an autonomous exocytotic capa-
bility suggests on first sight that rhabdoviruses use an
exocytosis mechanism that is different from that of
alphaviruses and rather similar to that of retroviruses.
In alphaviruses, budding of cores depends absolutely
on the presence of the transmembrane spike glycopro-
tein E2 (Suomalainen et al., 1992) and most certainly on
a direct interaction of the core and the E2 cytoplasmic
domain (Zhaoetal., 1994). In contrast, part of the internal
retrovirus Gag protein is sufficient to induce efficient
formation of particles (Delchambre et al., 1989; Gheysen
et al, 1989; Rhee et al., 1990). Both the AD2 region
of Gag and the rhabdovirus M protein are membrane-
associated proteins possessing hydrophilic stretches
and, in form of oligomeric assemblies, might cause
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evagination of membranes either by executing an active
“push” force or by displacing resident membrane pro-
teins that prevent spontaneous exocytosis (Hunter,
1994). More direct evidence that the M protein is in-
volved in rhabdovirus budding has been obtained for
VSV. After expression of VSV M protein in the absence
of other viral proteins, it was exported from both insect
and mammalian cells within liposomes (Li et al., 1993;
Justice et al., 1995).

Interestingly, however, the presence of RV G protein
on the cell surface, even in the form of a truncated
protein lacking the cytoplasmic tail and not able to inter-
act directly with other viral proteins, was found to facili-
tate virus budding. While for wild-type or SAD ACD virus
gradients the supernatant of one cell culture dish was
sufficient to demonstrate virus particles (Figure 5), the
6-fold amount was necessary to obtain a comparable
picture for the spikeless particles (Figure 7B). Accord-
ingly, the presence of the spike glycoprotein increases
budding efficiency approximately 30-fold. This indicates
that, in addition to M, the RV G protein possesses an
autonomous exocytosis activity. This conclusion is
strongly supported by a recent report in which it was
shown that VSV G expressed from a SFV replicon RNA
is able to mobilize the vector RNA (Rolls et al., 1994).
Infectious structures containing VSV G protein and ran-
domly incorporated SFV replicons were apparently gen-
erated by budding from the cell membrane. In the same
system, infectious vesicles containing RV G protein were
also found in the supernatants, but the titers of 10%/ml
were at least 100-fold below those obtained with the
VSV G protein (Rolls et al., 1994). This difference was
attributed to the slower transport of the RV G protein
to the cell surface. However, our own experiments (un-
published data) indicate that the intrinsic force of the
RV and VSV G proteins to induce exocytotic budding
are different. The present study demonstrates that this
activity resides in the external part of the proteins.

Accordingly, we favor a model in which the highly
efficient budding of rhabdovirus particles is ensured by
aconcerted action of two proteins possessing individual
and independent exocytotic activities, namely, the
“push” (bending of the membrane from the inside) and
“pull” (bending of the membrane from the outside) activ-
ity of the rhabdovirus M and G proteins, respectively.
Under optimal conditions, as in the case of standard
virus budding, both exocytosis activities are brought
together as close as possible by means of specific pro-
tein sorting. Obviously, the cytoplasmic tail of the spike
protein contributes considerably to sorting, presumably
by direct interaction with internal virus proteins. By this
direct sorting, virions are generated that possess the
highest density of exocytotically active proteins,
namely, RNPs tightly enclosed in M protein and en-
wrapped by a membrane with the maximium amount
of G protein. Such viruses are predicted to bud more
efficiently than particles with a lower content of spikes
or no spikes at all. However, as indicated by the effective
production of infectious SAD ACD virions, a second,
indirect means of sorting may exist. Accordingly, also
in the absence of the cytoplasmic domain, the pull activ-
ity of the truncated G protein may add to the push activ-
ity of M-coated RNPs and facilitate budding of viral

particles from membrane areas containing tailless spike
protein assemblies. Indirect sorting by push and pull
activities of proteins provides an attractive explanation
for the paradox of phenotypic mixing between unrelated
viruses (reviewed by Zavada, 1982) and the possibility
of generating certain virus pseudotypes. Significantly,
retrovirus (rhabdovirus) pseudotypes are observed fre-
quently (e.g., Moloney retrovirus pseudotypes con-
taining the VSV G protein can be obtained at high titers)
(Burns et al., 1993). Since it is unlikely that the VSV
spikes may interact with retroviral capsid proteins (Rose
and Gallione, 1981), an explanation for how they are
recruited into the retroviral virions is lacking (Dong et
al., 1992). According to the conclusions drawn from this
study, the strong pull activity of VSV G may add to the
proven push activity of the retrovirus matrix protein and,
thus, budding of viral particles from membrane areas
containing many VSV spikes is considerably favored.

The opportunity to generate recombinant virion parti-
cles that are completely devoid of their own envelope
proteins holds great promise with regard to several bio-
medical applications of rhabdovirus vectors. The gener-
ation of genetically engineered viruses or pseudotype
viruses carrying foreign envelope proteins and pos-
sessing a tropism directed by the foreign envelope pro-
tein may prove to be simpler than expected. While ap-
proaches in retrovirus systems are now mostly aimed
at extending the restricted host range of the viruses in
order to develop vectors for gene therapy, the broad
host ranges of rhabdoviruses and other negative-strand
RNA viruses might be restricted in the future by the
incorporation of defined surface glycoproteins. Ap-
proaches using such RNA viruses for specific cell tar-
geting and transient gene therapy may have advantages
over those involving viruses with a DNA phase.

Experimental Procedures

Construction of cDNA Clones

The full-length cDNA clone pSAD L16 (Schnell et al., 1994) that
possesses the authentic sequence of the RV strain SAD B19 (Conzel-
mann et al., 1990) served as a basis for the assembly of pSAD ACD.
Deletion of the sequence encoding the cytoplasmic domain of RV
G protein and simultaneous introduction of a transcriptional stop
codon was achieved through digestion of pT7T-G (Conzelmann and
Schnell, 1994) with Afllll (position 4752 of the SAD B19 sequence),
fill-in with Klenow enzyme, and religation to the EcoRV-cut multiple
cloning site (Figure 1). A 0.3 kb PpuMI-Smal fragment (SAD B19
position 4469 multiple cloning site) from the resulting plasmid con-
taining the newly generated translation stop codon (underlined) that
is composed of 2 RV and 1 vector-derived nucleotide (italics) and
17 additional nucleotides of the multiple cloning site (TGA TCGAATT
CCTGCAGCCC) was introduced into pPsiX8 (Schnell et al., 1994)
containing part of the SAD B19 sequence (3823-6668) that had been
digested with BstXl (SAD B19 position 4995), filled in with Klenow,
and then digested with PpuMI (pPsiX8ACD). The final pSAD ACD
was obtained by replacement of the Stul fragment of pSAD L16 (SAD
B19 position 4014-6364) with that of pPsiX8ACD. The manipulation
resulted in a genome sequence in which the parental SAD B19
nucleotides 4753-4995 were replaced by 18 vector-derived se-
quences. To delete the entire G protein coding region from the RV
genome, we used the full-length clone pSAD U2 (Schnell et al.,
1994). This clone differs from pSAD L16 by the presence of a unique
Nhel site within the nontranslated 3’ region of the G gene (SAD B19
position 5339). By partial digestion of pSAD U2 with PfIMI (SAD
position 3176) and complete digestion with Nhel, subsequent fill-in



Cell
950

by Klenow enzyme, and religation, a cDNA fragment comprising
SAD B19 nucleotides 3177-5339 was removed (Figure 1A).

Rescue of Recombinant Viruses

Transfection experiments were carried out as described previously
(Conzelmann and Schnell, 1994). Approximately 10° BSR cells were
grown in 3.2 cm diameter culture dishes and infected with the re-
combinant vaccinia virus vTF7-3 expressing T7 RNA polymerase
(provided by T. Fuerst and B. Moss; Fuerst et al., 1986). After 1 hr
of adsorption, cells were transfected with a plasmid mixture con-
taining 5 ng of pT7T-N, 2.5 pg of pT7T-P, 2.5 ug of pT7T-L, and 2
wg of pT7T-G and with 4 g of pSAD ACD or pSAD AG, by using the
Stratagene mammalian transfection kit (CaPO, protocol). Isolation of
transfectant viruses and removal of vaccinia virus was carried out
as described previously (Schnell et al., 1994). Cells were suspended
in the culture supernatant 2 days after transfection and subjected
to 3 cycles of freezing and thawing. Samples were clarified by cen-
trifugation (10,000 X g in a microfuge) and used to inoculate fresh
monolayers. For passage of SAD AG that required complementation
with G protein, cells were incubated with the clarified inoculum for
2 hr, infected with vTF7-3, and transfected with 2 ug of pT7T-G as
described above. Vaccinia virus—free RV stocks were prepared after
four to five serial passages by filtration of supernatants through a
0.1-pm filter (Millipore Products).

Immunofluorescence Microscopy

For the detection of replicating RV, infected cells were fixed with
80% acetone and stained with a conjugate containing a mixture of
MADbs directed to RV N protein (Centocor). Cell surface expression
was monitored by incubating infected live cells with a 1:100 dilution
of anti-RV G protein MAb E543 (Schneider and Meyer, 1981) and
staining with a fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse I1gG antibody (Sigma; 1:200). Cells were fixed in 4%
paraformaldehyde for 5 min and examined by fluorescence mi-
croscopy.

Analysis of RNA and RT-PCR

Total RNA isolated from infected cells was electrophoresed on a
denaturing gel and analyzed by Northern blot hybridizations, as
described previously (Conzelmann et al., 1991). RV N or G gene
DNA fragments were labeled with *2P by nick translation (nick trans-
lation kit, Amersham). RT-PCR was performed on 1 g of total RNA
from infected cells. Reverse transcription by AMV reverse tran-
scriptase was primed by an RV G gene-specific oligonucleotide,
G6P (5'-GACTTGGGTCTCCCGAACTGGGG-3’, SAD B19 nucleo-
tides 4664-4686) or an M-gene specific primer, M3P (5'-AAGTGTGT
AGCCCGAATG-3',SAD B19 nucleotides 2674-2691). DNA amplifica-
tion was doneusing one of the above primers and an L gene-specific
primer, L4M (5'-CAAAGGAGAGTTGAGATTGTAGTC-3', SAD B19
nucleotides 5516-5539), as described previously (Schnell et al.,
1994). The PCR products resulting from 30 cycles (denaturation for
30 s at 94°C; annealing for 60 s at 45°C; elongation for 120 s at 72°C)
were analyzed on 1% agarose gels and used directly for sequencing.

Metabolic Labeling, Immunoprecipitation,

and Enzymatic Modification of Proteins

Approximately 10° BSR cells were infected with recombinant RVs
at a moi of 1. After 16 hr of infection, cells were labeled with 50 w.Ci
of [*S]methionine (>1,000 Ci/mmol; Amersham) for 3 hr. Labeled
antigen was extracted as described previously (Mebatsion et al.,
1995), incubated with specific antisera, and precipitates were
formed with cross-linked Staphylococcus aureus (Kessler, 1981).
For pulse-chase experiments, infected cells were labeled for 10 min
as above and incubated with chase medium for increasing times.
In deglycosylation experiments, immunoprecipitated proteins were
split into two equal aliquots and incubated in the absence or pres-
ence of Endoglycosidase H (New England Biolabs, Incorporated)
or peptide N-glycosidase F (New England Biolabs, Incorporated),
respectively, for 16 hr according to the instructions of the manufac-
turer. Tunicamycin treatment was done by adding 2 pg/ml of tuni-
camycin to the infected cells starting at 90 min prior to labeling. For
surface immunoprecipitation, cells were infected at a moi of 1 and
labeled with 100 pCi of [*S]methionine (>1000 Ci/mmol) for 3 hrs

at 16 hpi. Live cells were directly incubated with a 1:20 dilution of
anti-G MAb 120-6 (Wunner et al., 1985) for 45 min at 4°C and lysed
after removal of excess antibody. In control experiments, unlabeled
infected cells were incubated with the anti-G MAb and subsequently
lysed in the presence of extracts from infected labeled cells. Antigen
extraction and immunoprecipitation were performed as described
above. Immunoprecipitated proteins were analyzed by SDS-
polyacrylamide gel electrophoresis and processed by fluorography
with En*Hance (New England Nuclear). To determine the amount of
radioactivity in viral proteins from cells or virions, we excised labeled
bands from the gels, digested them with Solvable (Packard), and
mixed them with 2 ml of Ready Protein+ liquid scintillation fluid
(Beckman Instruments, Incorporated). Radioactivity was measured
on a Betaszint BF 8000 liquid scintillation counter.

Sucrose Gradient Centrifugation

Approximately 10° cells were infected with SAD L16 or SAD ACD
and 6 X 10° cells with SAD AG at a moi of 1. For velocity centrifuga-
tion, the culture supernatants were collected 2 days postinfection
and layered on 10%-50% sucrose gradients prepared in TEN buffer
(10 mM Tris [pH 7.4], 50 mM NaCl, 1 mM EDTA). The gradients were
centrifuged at 27,000 rpm in an SW41 rotor for 1 hr. Prior to isopycnic
centrifugation particles from the supernatants of 2 X 10°(SAD L16),
1 X 10° (SAD ACD), and 6 X 10° cells (SAD AG) were purified by
pelleting onto a 60% sucrose cushion and layered on 10%-70%
continuous sucrose gradients directly or after treatment with 0.05%
Triton X-100 for 20 min at room temperature. Samples were centri-
fuged in an SW41 rotor at 35,000 rpm (210,000 X g) for 18 hr. Equal
amounts of 12 fractions were collected, and aliquots were used to
determine the refractive index and the titer of infectious SAD L16
and SAD ACD particles. Particles were pelleted by centrifugation at
45,000 rpm ina TLA 45 rotor for 1 hr and resuspended in lysis buffer
(2% SDS, 62.5 mM Tris, 10% glycerol, 6 M urea, 0.01% bromphenol
red, 0.01% phenol red, and 5% mercaptoethanol).

Immunoblotting

Virus proteins from gradient fractions were resolved by SDS-
polyacrylamide gel electrophoresis and transferred to nitrocellulose
membrane (Schleicher and Schuell) in a semidry transfer apparatus
(Hoefer Scientific Instruments). After incubation with blocking solu-
tion (2.5% dry milk, 0.05% Tween 20 in PBS) at room temperature
for 1 hr, membranes were incubated overnight with a mixture of
rabbit sera raised against purified RV G protein (S72; 1:20,000),
purified RV ribonucleoprotein (S50; 1:20,000) and an anti-peptide
serum specific for RV M protein (M1-B4; 1:10,000) in PBST (0.05%
Tween 20 in PBS). The blot was then incubated for 2 hr with peroxi-
dase-conjugated goat anti-rabbit IgG (Dianova) diluted 1:10,000 in
PBST, and proteins were visualized by using the ECL Western blot
detection kit (Amersham; 1 min incubation) and exposition to X-ray
films (Biomax MR, Kodak).

Immunoelectron Microscopy

About 10° BSR cells were infected with recombinant viruses at a
moi of 1. At 24 hpi, cells were fixed with 1% glutaraldehyde, and
nonspecific binding sites were saturated with 1% bovine albumin.
Cells were incubated overnight with a MAb (E543, Schneider and
Meyer, 1981) directed against RV G protein at 4°C, and immunostain-
ing was performed by incubating the samples with goat anti-mouse
1gG antibody (Biocell, Cardiff) coupled to 10 nm gold particles. Cells
were then treated with 2.5% glutaraldehyde and subsequently post-
fixed in 1% osmium tetraoxide and stained with 1% uranyl acetate
(pH 4.3). Preparations were dehydrated in graded ethanols and em-
bedded in Epon 812 (Serva). Following heat polymerization, the
resin-embedded cell layers were mechanically removed from the
culture dishes. Ultrathin sections were transferred to formvar- and
carbon-coated glow-discharged copper-rhodium grids and stained
with lead citrate and uranyl acetate. Noninfected BSR cells or in-
fected cells incubated only with the secondary antibody were
treated similarly to serve as controls. Specimens were examined in
a ZEISS EM902 electron microscope. Micrographs were taken at
an instrumental magnification of 30,000 on Kodak SO-163 film.
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