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Enveloped virus particles carrying the human immunodeficiency virus (HIV) CD4 receptor may potentially
be employed in a targeted antiviral approach. The mechanisms for efficient insertion and the requirements for
the functionality of foreign glycoproteins within viral envelopes, however, have not been elucidated. Conditions
for efficient insertion of foreign glycoproteins into the vesicular stomatitis virus (VSV) envelope were first
established by inserting the wild-type envelope glycoprotein (G) of VSV expressed by a vaccinia virus
recombinant. To determine whether the transmembrane and cytoplasmic portions of the VSV G protein were
required for insertion of the HIV receptor, a chimeric CD4/G glycoprotein gene was constructed and a vaccinia
virus recombinant which expresses the fused CD4/G gene was isolated. The chimeric CD4/G protein was
functional as shown in a syncytium-forming assay in HeLa cells as demonstrated by coexpression with a
vaccinia virus recombinant expressing the HIV envelope protein. The CD4/G protein was efficiently inserted
into the envelope of VSV, and the virus particles retained their infectivity even after specific immunoprecip-
itation experiments with monoclonal anti-CD4 antibodies. Expression of the normal CD4 protein also led to
insertion of the receptor into the envelope of VSV particles. The efficiency of CD4 insertion was similar to that
of CD4/G, with approximately 60 molecules of CD4/G or CD4 per virus particle compared with 1,200 molecules
of VSV G protein. Considering that (i) the amount of VSV G protein in the cell extract was fivefold higher than
for either CD4 or CD4/G and (ii) VSV G protein is inserted as a trimer (CD4 is a monomer), the insertion of
VSV G protein was not significantly preferred over CD4 or CD4/G, if at all. We conclude that the efficiency of
CD4 or CD4/G insertion appears dependent on the concentration of the glycoprotein rather than on specific
selection of these glycoproteins during viral assembly.

The host range of viruses is initially determined by the
interaction of the virus with the plasma membrane of the
host cell (for a review, see reference 33). This interaction
first involves a specific binding of the virus particle to
cellular receptor molecules. The receptor can be a highly
specific protein molecule like CD4 (30, 50), or it can consist
of ubiquitous molecules like phosphatidyl serine or other
negatively charged lipids which are found on many cell types
(33), thereby contributing to the broad host range of the
virus. With respect to the study of viral receptors and viral
host range, enveloped viruses are particularly attractive
because envelope proteins can be exchanged between dif-
ferent enveloped viruses. Such an exchange or mixing of
envelope glycoproteins can take place, for instance, during a
coinfection of two distinctly different enveloped viruses (48,
56, 57). It can give rise to phenotypically mixed viruses with
a potentially altered and possibly broadened host range (26,
30, 34, 46, S8).

Phenotypic mixing of viral proteins is usually limited to
enveloped viruses; however, at least experimentally, capsid
proteins of nonenveloped viruses (12) have been genetically
altered to carry partial structures of surface proteins of
unrelated viruses. While the size of such additional struc-
tures is limited in this case, the insertion of cellular or
heterologous viral proteins into the viral envelope during the
budding process is less restricted. The efficiency of pheno-
typic mixing, or, in the extreme case, the generation of
pseudotype virus during a coinfection, varies greatly with a
particular combination of viruses (34, 48, 56, 57). In addi-
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tion, low amounts of cellular membrane proteins can also be
found in the envelope of virus particles (25, 57). Factors
influencing the efficiency of insertion may therefore simply
be the amount of the glycoprotein, its structural configura-
tion, its location within the various cellular membranes, or,
possibly, the specific interactions between its cytoplasmic
tail region and the viral core proteins.

The ability to control the host range of an enveloped virus
particle could potentially be exploited in the specific target-
ing of cells. Target cells could, for instance, be virally
infected cells which exhibit the viral glycoprotein on the cell
surface. For example, polarized Madin-Darby canine kidney
cells are resistant to vesicular stomatitis virus (VSV) infec-
tion when the virus is presented to the apical surface. Fuller
et al. (17) have shown that these cells become susceptible to
VSV after a preinfection with influenza virus. They demon-
strated that the influenza virus hemagglutinin protein itself
functions as a receptor for VSV and thereby allows coinfec-
tion. When receptor and viral glycoprotein interact as
strongly and specifically as the human CD4 and the human
immunodeficiency virus (HIV) envelope protein do (K,
approximately 10> M) (24), it represents an opportunity to
test whether a role reversal of cell and virus during an
infection could be facilitated. This may be achieved by
placing the HIV receptor itself into the envelope of the
targeting virus. Ultimately, such a pseudotype virus may
acquire a new tropism for HIV-infected cells and could
potentially be used in a targeted therapeutic approach.

With the study presented here, we asked what structural
features are required for the efficient insertion of a foreign
membrane protein into the envelope of a virus particle? We
focused on the envelope of VSV, an enveloped animal
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rhabdovirus, and on insertion of the human CD4 receptor
protein for HIV into the envelope of VSV.

The genetic manipulation of the RNA genome of a rhab-
dovirus on the DNA level and the generation of recombinant
virus particles have not been accomplished for any rhabdo-
virus. Therefore, insertion of a foreign glycoprotein into the
VSV envelope is dependent on the coexpression and subse-
quent phenotypic mixing of envelope proteins. VSV is a lytic
virus which shuts off the macromolecular synthesis of the
host cell (for a review, see reference 43). Cell lines which
constitutively express the foreign glycoprotein of interest
may therefore not be suitable. It has been reported earlier
that, at least for VSV, there is no interference during
coinfection of the two cytoplasmic viruses, vaccinia virus
and VSV (49). Vaccinia virus recombinants expressing a
great variety of foreign proteins and especially viral enve-
lope proteins have been described during the past years (36).
For these reasons it seemed attractive to coinfect VSV and
vaccinia virus recombinants expressing the HIV receptor.

Initially, we assumed that for efficient insertion of the HIV
receptor into the VSV envelope a chimeric receptor molec-
ular may be required, and we generated a receptor molecule,
consisting of the ectodomain region of the human CD4
molecule precisely fused to the transmembrane and cyto-
plasmic tail regions of the VSV glycoprotein G. This com-
munication describes the establishment of methods and a
quantitative comparison of the efficient insertion of a func-
tional chimeric receptor (CD4/G) and a normal HIV receptor
(CD4), respectively, into the envelope of VSV particles.

(Part of these data were presented at the VIIIth Interna-
tional Congress of Virology in Berlin, Germany, in 1990.)

MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney (BHK 21), HelLa,
and HuTk 143 cell lines were obtained from the American
Type Culture Collection and were grown in Eagle’s minimal
essential medium supplemented with 10% fetal bovine se-
rum, nonessential amino acids, glutamine, and penicillin and
streptomycin according to standard procedures. Propagation
and plaque-forming assays for VSV Indiana and New Jersey
serotypes as well as the temperature-sensitive glycoprotein
mutant tsO45 of VSV Indiana serotype (13, 14) have been
described earlier. Vaccinia virus WR strain, vaccinia virus
recombinant v37 (expressing VSV glycoprotein G) (29), and
vaccinia virus recombinants vPE16 (expressing complete
functional HIV envelope protein) (11) and vTF7-3 (express-
ing T7 RNA polymerase) (15, 16) as well as a mixture of
vaccinia virus recombinants vTF7-3 and vEB-8 (expressing
the human CD4 protein) (3) were all generously provided by
Patricia L. Earl, Edward A. Berger, and Bernard Moss
(National Institutes of Health, Bethesda, Md.). Vaccinia
viruses were propagated and purified as previously de-
scribed (27, 28).

Phenotypic mixing and analyses of the virus progeny. Coin-
fections with VSV and vaccinia virus recombinants were
carried out in either BHK 21 or HeLa cells. The timing for
the superinfections was originally determined as shown in
Fig. 1. In most subsequent coinfections, the multiplicity of
both infections was chosen to be at least 5. For the expres-
sion of CD4, cells were coinfected with both vIF7-3 and
vEB-8. Cells were always first infected with vaccinia virus
for at least 16 h followed by the VSV infection. Phenotypi-
cally mixed virus was harvested by a low-spin centrifugation
to remove cell debris. Virus titers were determined with
monolayers of BHK 21 cells and agarose overlay, followed
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FIG. 1. Generation of heat-resistant VSV particles from a ther-
molabile mutant virus. BHK 21 cells were infected with the vaccinia
virus recombinant which expresses a heat-resistant glycoprotein G
of VSV (29). At different times after the vaccinia virus infection, the
cells were superinfected at the permissive temperature (32°C) with
the glycoprotein mutant of VSV 5045 which encodes a thermolabile
glycoprotein (14). At 20 h after VSV infection, released VSV virus
titers were determined on BHK 21 cells in the presence of 1-B-b-
arabinofuranosylcytosine (ara C) to prevent the formation of vac-
cinia virus plaques. Released virus was plaqued directly (open
symbols) or after being heated for 30 min at 45°C (closed symbols).
To prevent vaccinia virus replication as well as expression of the
recombinant G protein during the initial coinfections, the experi-
ments were carried out in the presence (triangles) and absence
(circles) of ara C.

by staining with neutral red. The permissive temperature of
the rsO45 mutant is 32°C. Its glycoprotein could be inacti-
vated by being heated for 30 min at 45°C (13, 14). Virus was
neutralized by using high concentrations of serotype-specific
rabbit antiserum to VSV Indiana or VSV New Jersey
serotype, respectively (Microbiological Associates, Be-
thesda, Md.).

The method for the immunoprecipitation of VSV particles
containing the HIV receptor was similar to the method
described by Little et al. (25), with some modifications.
Equal volumes of virus supernatants and primary mouse
monoclonal antibodies, either OKT4 (Dakopatts A/S, Glos-
trup, Denmark) or Leu 3a-Leu 3b (Becton Dickinson, Moun-
tain View, Calif.) (45) at a concentration of 0.5 pg of protein
per ml, were mixed and incubated at 4°C for 1 h with
continuous shaking. After the incubation, 0.1 ml of rabbit
anti-mouse immunoglobulin G (IgG) (10 wg/ml) (Cappel,
Organon Teknika Co., Durham, N. Car.) was added and
incubated as above. The immunoprecipitates were then
treated with 50 wl of 10% washed Staphylococcus aureus
cells (GIBCO-BRL, Gaithersburg, Md.) for another hour at
4°C. The bacterial cells were pelleted, extensively washed,
and diluted. Adsorbed virus as well as the supernatant
fractions was titrated on BHK 21 cells.

DNA fusion methods and construction of the CD4/G inser-
tion vector. The precise DNA fusion of the CD4 and the VSV
G gene to form a chimeric CD4/G gene was carried out by
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methods which have independently been developed in our
laboratory and have in part been previously published by
others (19, 53). The DNA fusions require the two starting
DNAs, which contain the predetermined sites at which
fusion will be carried out. Depending on the method used,
three or four synthetic oligonucleotides are needed and all
the components of a standard polymerase chain reaction
(44), as well as a DNA thermal cycler (Perkin-Elmer-Cetus,
Norwalk, Conn.).

Each reaction mixture contained 1 pg of DNA template
(each), 1 pM terminal oligonucleotide primers, various
amounts (from 1 to 0.1 pM) of fusion primer(s), 200 pM
deoxynucleoside triphosphate (each), 10 mM Tris HCI (pH
8.4), 2.5 mM MgCl,, 50 mM KCl, 200 pg of gelatin per ml,
and 2 U of Taqg DNA polymerase (Perkin-Elmer-Cetus) in a
final volume of 100 pl. The reaction experiments were
carried out by using a Perkin-Elmer-Cetus DNA Thermal
Cycler set at 30 repeated cycles of 1 min at 95°C, followed by
2 min at 45°C, followed by 3 min at 70°C. After 30 cycles,
there was an extension for 7 min at 70°C. The fusion primers
were 40 nucleotides in length, and the terminal primers
contained unique restriction enzyme sites for convenient
cloning of the fused DNA (32).

For the fusion of the CD4/G gene the following DNAs and
primers were used: pT4B (31) for the human CD4 gene and
pSVGL (41, 42) for the glycoprotein gene of VSV. The
terminal oligonucleotides for the amplification of the fused
DNA were OMSI1 (5' end), ATCTCGAGATGAACCGGG
GAGTCCCTTTTAGGCACTTGCTT; OMS6 (3’ end), ACG
CGCGCGAGTTACTTTCCAAGTCGGTTCATCTCTAT
GTC; OMS?2 (fusion primer), TAAAGAAAAAAGAGGCA
ATAGAGCTCATTGGCTGCACCGGGGTGGACCAT; and
OMS4 (fusion primer complement), ATGGTCCACCCCG
GTGCAGCCAATGAGCTCTATTGCCTCTTTTTTCT
TTA. The oligonucleotides were synthesized with an auto-
mated Applied Biosystems (Foster City, Calif.) oligonucle-
otide synthesizer. OMSI1 contained a terminal unique Xhol
site and OMS6 contained a terminal unique BssH2 site for
the asymmetrical cloning of the fused CD4/G gene into the
Xhol and BssH2 sites of a modified ET3a vector under
control of the T7 RNA polymerase promoter. The CD4/G
insert of this plasmid pCD4/G was amplified by a standard
polymerase chain reaction by using the primers OMS1 and
OMS21 (TAGTCGACGCGCGCGAGTTACTTTCCAAGT
CGGTTCATCTCTA); the latter introduces a unique Sacl
restriction site at the 3’ end of the gene. After cleaving the
polymerase chain reaction product with Xhol and Sacl, the
chimeric gene was inserted into the Xhol cloning site of the
insertion vector pMM34 under control of the vaccinia virus
7.5-kDa protein promoter (29). The resulting plasmid
pvCD4/G was used for the isolation of the vaccinia virus
recombinant expressing the chimeric CD4/G protein.

Isolation of vaccinia virus recombinant expressing CD4/G
protein. The vaccinia virus recombinant vwvCD4/G was gen-
erated by homologous recombination of the genome of the
WR strain of vaccinia virus with the insertion vector DNA
which contained the chimeric CD4/G gene under control of
the vaccinia virus 7.5-kDa protein gene promoter flanked by
regions of the thymidine kinase gene for selection. Recom-
binant virus was selected in the presence of bromodeoxyu-
ridine in HuTk ~143 cells as previously described (27, 28).
The virus was plaque purified three times and was analyzed
by dot blot hybridizations, using >2P-RNA transcripts of the
CD#4 gene in pCD4/G. Viral stocks were generated in HeLa
cells and purified according to standard procedures, includ-
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ing sucrose gradient centrifugation. The virus was sonicated
prior to infection of cells.

Antibodies and immunoprecipitations. BHK 21 or HeLa
cells were infected with the vaccinia virus recombinant
vvCD4/G at a multiplicity of infection of 10. At 20 h after the
infection, the medium was replaced with methionine-free
minimal essential medium for 30 min, after which 150 wCi of
[>>SImethionine was added to label about 10° cells for 4 h.
The cells were scraped from the dish, washed with phos-
phate-buffered saline (PBS), and lysed in radioimmunopre-
cipitation assay buffer according to published procedures
(22). Cell debris was removed by centrifugation for 45 min at
30,000 rpm in an SW50.1 rotor (Beckman Instruments, Inc.,
Palo Alto, Calif.).

Labeled CD4/G protein was immunoprecipitated with a
mixture of monoclonal antibodies Leu 3a and Leu 3b (Bec-
ton Dickinson) or a rabbit antibody directed against the
carboxyl-terminal tail region amino acid (positions 501 to
511) of the VSV glycoprotein G (1). The latter antibody was
a generous gift of Heinz Arnheiter (National Institutes of
Health). The antibodies were added to the cell extracts at
4°C for 1 h, and then either affinity-purified anti-mouse or
anti-rabbit IgG antibody (Cappel, Organon Teknika) was
added for 30 min, followed by the addition of protein A
agarose (GIBCO-BRL) for 30 min. The immunoprecipitates
were washed three times, electrophoresis sample buffer was
added, and the proteins were separated after being boiled on
sodium dodecyl sulfate (SDS)-polyacrylamide gels according
to standard procedures (21).

Western immunoblot analyses of cell extracts and virus
pellets. Cell extracts of vaccinia virus (expressing CD4/G and
CD4 and T7 RNA polymerase) and VSV-infected cells were
prepared at the times when the pseudotype viruses were
harvested from the supernatants. Approximately 107 in-
fected cells were washed, pelleted, and disrupted with
radioimmunoprecipitation assay buffer according to stan-
dard procedures (22). After removal of the cell debris by
centrifugation, equivalent amounts of the cell extracts were
boiled in SDS, followed by polyacrylamide gel electropho-
resis (21).

The supernatants of the cells were centrifuged at low
speed to remove cell debris, and the virus was pelleted onto
a glycerol cushion at 38,000 rpm for 90 min in an SW41 rotor.
The small pellets were suspended in PBS, and equal portions
of parallel preparations were solubilized with Nonidet P-40
and denatured, followed by SDS-polyacrylamide gel electro-
phoresis.

For Western blot analyses, the separated proteins of cell
extracts and virus were blotted onto nylon membrane ac-
cording to standard procedures. Monoclonal anti-CD4 (a
mixture of Leu 3a and Leu 3b or OKT4) or a monospecific
antibody directed against the carboxyl-terminal tail region of
the VSV glycoprotein G was used for specific binding. The
protein bands were detected on parallel gel blots, using
either anti-mouse IgG (for CD4) or anti-rabbit IgG (for G tail)
antibodies labeled with 12°I, respectively. After autoradiog-
raphy, the respective protein bands as well as background
control lanes were excised from the membrane and quanti-
tated by liquid scintillation counting.

RESULTS

Vaccinia virus recombinants have earlier been employed
to insert the glycoprotein of VSV into the envelope of
temperature-sensitive glycoprotein-mutant viruses (51). De-
spite the important demonstration of genetic complementa-
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TABLE 1. Phenotypic mixing of VSV by coexpression of vaccinia virus recombinants expressing various glycoproteins®

Vaccinia Total

Virus titer (PFU/ml) after treatment

Pheno- ) !

typic  virus recom- virus titer 30 min at Anti-VSV Anti-VSV Anti-VSV

mix binant (PFU/ml) 45°C Ind NJ Ind + NJ
VSV i 108 10° 102 10° ND*
VSV £8 + Vacc ¢ 10’ 107 <10 ND ND
VSV 8 4 vacc HiY 107 <10° <10 ND ND
VSV ¥ 108 107 107 <10 ND
VSV Y6 + Vacc 16 107 107 10° 10* <10

a BHK 21 cells were infected with vaccinia virus (Vacc) recombinants expressing the wild-type G protein (wtG) of the Indiana (Ind) serotype of VSV (29) or
the HIV envelope (env) protein (11), respectively. At 20 h after vaccinia virus recombinant infection, the cells were superinfected with either a
temperature-sensitive glycoprotein mutant of VSV (£s045) (14) or with wild-type VSV of the New Jersey (NJ) serotype. The infections were carried out at 32°C,
and the titers of released virus were determined and tested for heat resistance and neutralization by anti-VSV Indiana and anti-VSV New Jersey sera, respectively.

5 ND, not determined.

tion, the yield of virus particles carrying the recombinant
wild-type glycoprotein was low, on the order of 10° PFU/ml.
Our first goal was, therefore, to increase the yield of pheno-
typically mixed virus particles during a vaccinia virus-VSV
coinfection. Conditions were established by using a vaccinia
virus recombinant expressing the VSV wild-type glycopro-
tein (29) together with the recipient temperature-sensitive
glycoprotein mutant of VSV (£5s045) which has a thermo-
labile glycoprotein G (13, 14). BHK 21 cells were infected
with the vaccinia virus recombinant at a minimum multiplic-
ity of infection of 5 PFU per cell. At different times after the
vaccinia virus infection, the cells were superinfected at the
permissive temperature (32°C) with the temperature-sensi-
tive G protein mutant of VSV at a multiplicity of at least 5
PFU/ml.

At 20 h after the VSV infection, supernatants were col-
lected and the titer of released VSV particles was deter-
mined. Figure 1 shows the amounts of VSV particles which
were released after preinfection of the cells for various times
with vaccinia virus. Only at late times after vaccinia virus
infection was some interference with the replication of VSV
detectable. To our surprise, at times when the cytopathic
effect caused by vaccinia virus was very severe (20 h) the
cells could still be infected with VSV and the yield of
released VSV particles was decreased by a factor of approx-
imately 10, still giving rise to 10’ PFU/ml. This finding is
consistent with the earlier observation that there is no or
only limited interference with VSV replication.

Insertion of the wild-type G protein into the envelope of
the temperature-sensitive mutant was measured by heat
inactivation of the released virus particles. Heating the
mutant virus, which has a heat-labile glycoprotein, for 30
min at 45°C generally decreased the infectious virus titer by
1,000- to 10,000-fold. As can be seen in Fig. 1, VSV
particles, which were released from vaccinia virus coinfec-
tions, became increasingly heat resistant, depending on the
time of superinfection with the mutant VSV. When the cells
were superinfected with VSV at 20 h after vaccinia virus
infection, virtually all released VSV particles, which were
harvested from the cell supernatant, were resistant to heat
inactivation. These data demonstrate that the recombinant
wild-type glycoprotein expressed by the vaccinia virus
recombinant was inserted into the envelope of virtually
every VSV particle.

Efficient insertion was dependent on the replication of
vaccinia virus. The addition of 1-B-D-arabinofuranosylcy-
tosine to the medium, which specifically inhibits vaccinia
virus but not VSV replication, abolished the accumulation of
heat-resistant VSV in the supernatant. Because the recom-

binant G protein is expressed under the early/late 7.5-kDa
promoter of vaccinia virus, its high level of expression is also
dependent on vaccinia virus replication. The VSV G gene
also contains early transcriptional termination signals (42,
55) which presumably do not allow expression without prior
genome replication. We conclude that the efficient insertion
of homologous G protein into the envelope of released VSV
particles required replication of vaccinia virus and accumu-
lation of the glycoprotein in the membrane before budding
from the cell occurred. In all subsequent vaccinia virus-VSV
coinfections we have used these conditions, which involve a
preinfection with vaccinia virus for about 20 h before VSV
superinfection and a harvest of the supernatant after an
additional 20 h.

Table 1 shows the results of phenotypic mixing, using two
different serotypes of VSV (Indiana and New Jersey sero-
types) and two different vaccinia virus recombinants, one
expressing the wild-type G protein of the Indiana serotype of
VSV (29) and one expressing the HIV envelope protein (11).
Phenotypically mixed viruses were analyzed for heat resis-
tance and for neutralization by using specific antibodies
directed against the two viral serotypes. To demonstrate that
vaccinia virus proteins did not confer heat resistance to the
heat-labile VSV mutant, cells were first infected with a
vaccinia virus recombinant expressing the HIV envelope
protein. Released virus showed the same heat sensitivity as
the mutant itself. In contrast, virtually all virus particles
released after coinfection with the vaccinia virus, which
expressed the wild-type G protein, were heat resistant.

Wild-type G protein from the Indiana serotype of VSV
was also inserted into the envelope of the VSV New Jersey
serotype (42). Its presence was readily detected by using
high concentrations of serotype-specific, neutralizing anti-
bodies. Antibodies directed against the VSV New Jersey
serotype completely neutralized the VSV New Jersey strain
(Table 1). In contrast, when VSV New Jersey was coin-
fected with vaccinia virus expressing the G protein of the
Indiana serotype, 10* PFU/ml resisted neutralization by the
anti-VSV New Jersey antibody. This resistant fraction,
however, could be completely neutralized by using antibod-
ies directed against the VSV Indiana serotype. These data
demonstrate insertion of the Indiana G protein into the
envelope of the New Jersey wild-type VSV particle. In fact,
this resistant fraction represents a pure pseudotype popula-
tion which has Indiana serotype properties with respect to its
surface antigen and neutralization but has a New Jersey
serotype genome. The frequency of such pure pseudotypes,
however, was low, approximately 1073

We have also tried to generate and to identify VSV
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FIG. 2. Fusion of CD4 and VSV G genes. The chimeric CD4/G
gene was constructed by gene fusion as described in Materials and
Methods. The fused gene contains the entire ectodomain of the
human CD4 gene, including the signal peptide precisely fused in
frame with the transmembrane and cytoplasmic tail region of the
VSV glycoprotein. This gene, which encodes a 446-amino-acid-long
CD4/G protein, was cloned behind a T7 RNA polymerase promoter
(pvCD4/G). It was also cloned behind the vaccinia virus 7.5-kDa
protein gene promoter flanked by the thymidine kinase (Tk) gene
fragments (pvCD4/G) to allow insertion of the gene into the vaccinia
virus genome.

pseudotypes which had the HIV envelope protein inserted
into the VSV envelope. These particles may have properties
of HIV with respect to binding and entry into host cells. In
fact, pseudotype viruses of the VSV(HIV) have been de-
scribed and used by others previously (30, 34). The effi-
ciency of their generation, however, had always been very
low, using a coinfection with HIV and VSV, and was in the
order of 10™* to 10~° particles. In collaboration with Patricia
L. Earl and Bernard Moss (National Institutes of Health,
Bethesda, Md.), we have also employed the conditions
described above for insertion of the HIV envelope protein
(Table 1). After neutralization using anti-VSV antibodies or
after heat inactivation, the virus was screened for its tropism
toward CD4-positive cell lines such as MT4, CEM, and
HeLa T4 cells. We have not been able to detect any VSV
pseudotypes which entered the cells via direct membrane
fusion caused by the HIV envelope protein (data not shown).
Our level of detectability with this functional assay was
approximately 1075 particles. The reason for the absence of
recombinant VSV(HIV) pseudotypes using the vaccinia vi-
rus expression system is unclear. The relative instability of
the HIV envelope protein during 20 h of preinfection with
vaccinia virus may have been a significant contributing
factor.

Another possibility may be that during the viral budding
process a sorting of membrane proteins occurs which may
exclude or include certain glycoproteins for envelope inser-
tion. Since our goal was to insert foreign glycoproteins into
the VSV envelope, we hoped that our chances might be
increased by inserting a chimeric glycoprotein. Such a
chimeric protein may consist of the ectodomain of a foreign
glycoprotein precisely fused to the transmembrane and
cytoplasmic domains of the VSV glycoprotein. The latter
domains may possibly promote the sorting and insertion of
the glycoprotein into the VSV envelope (7, 9, 10, 35). It has
earlier been shown that the binding domain for HIV can be
mapped within the ectodomain and that the protein exists as
a monomer in the cell membrane (2, 23). This is in contrast
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FIG. 3. Expression of the chimeric CD4/G protein. The CD4/G
protein was expressed in BHK 21 and in HeLa cells after isolation
of a vaccinia virus recombinant. The protein was isotopically
labeled with [3**S]methionine, and the protein was immunoprecipi-
tated by using a mixture of Leu 3a and Leu 3b antibodies (lanes Leu
3ab) as well as a specific antibody directed against the carboxyl
terminus of the VSV glycoprotein G (lanes VSV Gc) (1). The
proteins were separated on an SDS-polyacrylamide gel next to
molecular weight standards.

to findings with the VSV glycoprotein, which is inserted as a
trimer (9, 20).

Figure 2 shows maps of the two genes which were used for
the fusion into a chimeric CD4/G protein gene. The precise
boundaries of the two protein portions are indicated. The
chimeric gene was fused by using the rapid and precise gene
fusion method described in Materials and Methods. The
fused gene was initially .cloned into a plasmid under the
control of the T7 RNA polymerase promoter (pCD4/G)
followed by cloning into a vaccinia virus insertion vector
under control of the vaccinia virus 7.5-kDa protein promoter
(pvCD4/G). The gene was sequenced from close to the
carboxyl end of the CD4 ectodomain to the last nucleotide of
the cytoplasmic carboxyl-terminal tail region derived from
the VSV G protein, and it was found without changes from
the published sequences (31, 42) (data not shown).

The insertion vector plasmid was used to generate vac-
cinia virus recombinants by homologous recombination and
bromodeoxyuridine selection as previously described. A
vaccinia virus recombinant was isolated and plaque purified.
To demonstrate expression of the chimeric CD4/G glycopro-
tein, BHK 21 and HeLa cells were infected with the recom-
binant vaccinia virus for approximately 20 h followed by
isotopic labeling of the proteins for 4 h. Cell extracts were
prepared, and the chimeric receptor protein was precipitated
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FIG. 4. Syncytium formation by coexpression of the chimeric
CD4/G and HIV envelope proteins in HeLa cells. HeLa cells were
infected with a mixture of two vaccinia virus recombinants, one

J. VIROL.

by using monoclonal antibodies directed against either the
ectodomain of the CD4 molecule (Leu 3a-Leu 3b) or the
cytoplasmic tail region of the VSV G protein (VSV Gc) 1),
respectively. As shown in Fig. 3, both monoclonal antibod-
ies immunoprecipitated the same-sized protein whether it
was synthesized in BHK 21 cells or in HeLa cells, demon-
strating precise fusion of the chimeric gene also on the
protein level. The size of the fusion protein was approxi-
mately 55 kDa, as expected from the predicted amino acid
sequence. The protein migrated slightly faster when ex-
pressed in HeLa cells than in BHK 21 cells, suggesting a
potential difference in the posttranslational modification in
the two different cell types, possibly due to a different
glycosylation pattern.

For the functional analysis of the chimeric receptor mol-
ecule, we have coinfected HeLa cells with vaccinia virus
recombinants expressing the CD4/G protein and the HIV
envelope protein (11), respectively. When CD4-positive cells
are infected with HIV, one can often detect a fusion of the
infected cell with neighboring cells, resulting in the typical
formation of giant multinucleated cells. This cell fusion in
tissue culture is similar to the membrane fusion which occurs
when the envelope of a single HIV particle fuses with the
cellular membrane during viral entry (3, 6, 34). Figure 4
shows the dramatic result of such a coexpression of HIV
envelope protein together with the chimeric receptor mole-
cule CD4/G. Overnight we detected massive cell fusion
affecting virtually every cell on the dish. This result clearly
demonstrates that the chimeric HIV receptor protein was
properly inserted into the cell membrane and that it was
recognized by the HIV envelope protein as a functional
receptor.

To see whether the chimeric receptor protein can be
inserted efficiently into the envelope of VSV particles, the
CD4/G protein was expressed in either BHK 21 or HeLa
cells, using the timing of superinfection determined in Fig. 1.
Cells infected with recombinant vaccinia virus for 20 h were
infected with the temperature-sensitive mutant of VSV
(ts045) at the permissive temperature. At 24 h later, super-
natants were tested for the presence of VSV particles
carrying the chimeric CD4/G molecule in their envelope.
VSV particles were immunoprecipitated in separate reac-
tions, using two different antibodies directed against the
ectodomain of the CD4 molecule. After binding to secondary
antibody as well as to S. aureus cells, the virus was pelleted
by low-speed centrifugation. The pellet was washed exten-
sively with buffer, diluted, and directly plaqued onto BHK
21 cells (25). Virus which did not pellet during the immuno-
precipitation, as well as the initial virus supernatant, was
titrated. The results are shown in Table 2.

Two virus supernatants from two different vaccinia virus-

expressing the chimeric CD4/G protein (vwvCD4/G) and the other
expressing the HIV envelope protein (VPE16) (11), respectively.
After 20 h of infection, a very dramatic fusion of the cells was
visible, resulting in the formation of large numbers of multinucleated
cells, often with every cell on the plate affected (panel A). Fusion
was dependent on the presence of both the chimeric protein and the
HIV envelope protein. Infecting the cells with only one of the
vaccinia virus recombinants did not result in fusion (panel B,
infection with vvTF7-3 is shown). For optimal cell fusion, the ratio
of both vaccinia viruses needed adjustment. HeLa cells were the
most efficient in syncytium formation. Overexpression of CD4/G
significantly delayed syncytium formation by 1 or 2 days (data not
shown). No fusion was observed with BHK 21 cells.
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TABLE 2. Immunoprecipitations of VSV particles containing the
chimeric CD4/G protein in their envelopes®

INSERTION OF HIV RECEPTOR INTO VSV ENVELOPE 1585

TABLE 3. Immunoprecipitations of VSV particles containing
the normal CD4 protein®

Total titer i iter (PF Total titer i i
(PFU/ml) of Primary Virus titer (PFU/ml) 3] ::(l,let;p?i (PFU/ml) of Primary Virus titer (PFU/ml) Zz;l ::(l)l:;p?i
h . . ) . . )
P enmoi;yp ¢ antibody Supernatant  Pellet mix phenmoi;yp ¢ antibody Supernatant Pellet mix
VSV(CD4/G) Leu 3a-Leu 3b 7%x10° 5 x10° 42 VSV(CD4/G) OKT4 2 x 10° 5% 10° 20
(6 x 10%) OKT4 7 x 102 Sx lgz 42 (8 x 10%) None 9 x 10° 4 x 10° <0.1
None 3 x 10 Sx1 0.2
VSV(CD4) OKT4 3x10° 8 x 10* 21
VSV(-) Leu 3a-Leu 3b 3x10° 4x10° 0.1 (4 x 10° None 5 x 10° 1x10° <0.1
(5 x 105 OKT4 3x10° 4x10° 0.1
None 4x10° 4x10° 0.1 VSV(-) OKT4 1 x 107 5 x 10° <0.1
(6 x 100 None 7 x 10° 2 x 10° <0.1

@ Vaccinia virus and VSV coinfections were carried out in BHK 21 cells
under the conditions established in Fig. 1 and as summarized in the Material
and Methods section. Vaccinia virus recombinants expressing either the
chimeric CD4/G protein VSV(CD4/G) or an unrelated cytoplasmic protein,
VSV(-), were used. In both coinfections, titers of VSV found in the medium
were determined on BHK 21 cells. The virus was immunoprecipitated with or
without neutralization in the presence of the primary antibody directed against
the ectodomain region of the HIV receptor (Leu 3a-Leu 3b or OKT4) as
described in the Materials and Methods section. The VSV titers of the
supernatant and pellet fractions are indicated, and the pellet fraction is also
expressed as the percentage of both pellet and supernatant fractions. Note
that omitting the primary anti-CD4 antibody from the reactions or the absence
of CD4/G expression did not drastically reduce the virus titer of the initial
medium. Similar results were obtained by using HeLa cells as the host, except
that the virus yield was 10- to 100-fold lower than with BHK 21 cells.

VSV coinfections were generated for analysis. One coinfec-
tion involved a vaccinia virus recombinant expressing the
chimeric CD4/G protein, the other coinfection was carried
out with a vaccinia virus recombinant expressing an unre-
lated cytoplasmic protein. The initial VSV titers of both
coinfections were basically the same (5.5 x 10° to 6 x 10°
PFU/ml). Differences in virus titers were clearly observed
after immunoprecipitations. As can be seen, both CD4-
specific antibodies immunoprecipitated VSV when it was
derived from a coinfection with the vaccinia virus recombi-
nant expressing the chimeric receptor CD4/G. Only back-
ground levels of virus were detected in the pellet when the
virus was harvested from a coinfection with a vaccinia virus
recombinant expressing an unrelated protein. Of the total
virus which was recovered after specific inmunoprecipita-
tion with anti-CD4 antibody, about 42% was found in the
pellet fraction. When anti-CD4 antibody was omitted, gen-
erally less than 1% was found in the pellet fraction, demon-
strating specific precipitation with both antibodies. Precipi-
tation was, therefore, dependent on the presence of the
chimeric receptor in the particle. Usually only about 0.1% of
the virus was precipitated when the virus was grown in the
absence of CD4/G expression. As an additional control for
the envelope insertion of CD4/G protein and to rule out
nonspecific coprecipitation, we have mixed the heat-labile
tsO45 particles, which carry the CD4/G protein, with the
heat-resistant wild-type virus of the Indiana and New Jersey
serotypes, respectively. Immunoprecipitation procedures
were carried out using OKT4 antibody. As expected, al-
though both viruses were found in the supernatants, only the
heat-labile 25045 which carried the HIV receptor was
present in the pellet fraction (data not shown).

Next, we wanted to determine whether the VSV-derived
transmembrane and cytoplasmic portions of the chimeric
CD4/G protein actually helped to increase the efficiency of
insertion into the VSV envelope. Therefore, we have used a
mixture of two recombinant vaccinia viruses, one expressing
the T7 RNA polymerase and the other expressing the normal

2 Coinfections were carried out as described in the Materials and Methods
section, using BHK 21 cells. Vaccinia virus recombinants expressing the
chimeric CD4/G protein under the 7.5-kDa protein promoter were used during
the coinfections. Alternatively, the normal CD4 protein was expressed using
a combination of vaccinia virus recombinants expressing the T7 RNA
polymerase and the CD4 gene under control of the T7 promoter (3). In both
cases, immunoprecipitations of the VSV particles were carried out in the
presence or absence of the primary anti-CD4 antibody as described in
footnote a of Table 2.

# Control.

human CD4 protein under control of a T7 promoter (3). This
virus mixture was generously provided by Edward Berger
(National Institutes of Health, Bethesda, Md.). We coin-
fected cells with this mixture of vaccinia viruses, followed 20
h later by VSV infection as described above. Again, the
virus was immunoprecipitated from the cell supernatant by
using anti-CD4 antibodies. Table 3 shows a comparison of
the virus titers after immunoprecipitations when VSV was
propagated in the presence of CD4/G and of CD4 expression
or when an unrelated cytoplasmic protein was expressed. As
can be seen, except for the control, approximately the same
fraction of the virus could be precipitated, suggesting that
there is no obvious preference for the insertion of either the
CD4 or CD4/G molecules. Both proteins were inserted into
roughly the same number of VSV particles.

These data indicate that the transmembrane and cytoplas-
mic tail regions of the VSV glycoprotein are not required for
insertion of the HIV receptor into the VSV envelope, which
demonstrates that the corresponding regions of the normal
CD4 molecule can substitute for these regions under the
conditions of viral assembly described here. These condi-
tions, of course, also include coexpression of the VSV G
protein.

For an evaluation of the efficiency of CD4 and CD4/G
protein insertion, the pools of G, CD4, and CD4/G in the cell
extracts at the time of viral assembly have to be taken into
account; these are then compared with the amounts of these
proteins inserted into released virus particles. The precise
comparison of the amounts of CD4, CD4/G, and G cannot
rely on isotopic labeling because of the difference in the
timing of expression through the double infection. A com-
parison has to rely on a Western blot analysis. Antibodies,
however, have different affinities, and simple staining for
CD4 and G would not reveal the precise relative concentra-
tions. Fortunately, we were able to use an antibody which
overcomes this problem. The epitope for this monospecific
antibody is directed against the carboxyl-terminal domain of
the VSV G protein which is present in both the chimeric
CD4/G protein as well as G. This allows a direct comparison
of the relative amounts of G and CD4/G, whereas the
antibody directed against CD4 allows a quantitation of CD4
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FIG. 5. Quantitation of CD4, CD4/G, and G protein in cell extracts and virus. BHK cells were infected with vaccinia virus(es) to express
CD4 or CD4/G proteins. The cells were superinfected 20 h later with VSV for 16 h. Released virus particles were purified from the cell
supernatants, and the cells were harvested and cell extracts were prepared. Equal amounts of cell extracts and virus pellets from both parallel
preparations were denatured, and the proteins were separated by SDS-polyacrylamide gel electrophoresis. The proteins were blotted onto
nylon membranes and visualized by using a specific antibody directed against the carboxyl terminus of the VSV G protein (anti-G COOH),
which also binds to the chimeric CD4/G protein, or the CD4-specific antibody (anti-CD4), which binds to CD4 and to CD4/G. The proteins
were subsequently identified with a 1?°I-labeled secondary antibody. The protein bands identified with anti-G COOH antibody were excised

and quantitated as listed in Table 4.

and CD4/G. Western blot analyses of the cell extracts and
virus pellets using these antibodies are shown in Fig. S.

The use of this combination of antibodies allows a close
approximation of the ratios of CD4, CD4/G, and G in both
cell extracts and virus particles. Since the average number of
G proteins per virus particle is about 1,200 molecules (47),
we can calculate the average number of receptor molecules
per virus particle. The protein bands marked G and CD4/G in
the detection using anti-G COOH were excised, and the
radioactivity was determined for each. Table 4 shows that
the total amount of CD4/G in the cell extract was about
one-fifth of the total amount of G protein during the time of
viral budding. The amount of G protein in the cells which
express the CD4 protein was roughly the same. In contrast,
the total amount of CD4/G relative to G protein in the virus
pellet was approximately 20-fold less, whereas slightly more
G protein was found in the supernatant from CD4-expressing
cells.

TABLE 4. Quantitation of G and CD4/G in infected cell extracts
and released virus®

Radioactivity (cpm) in protein bands from Fig. 5¢

Protein Cell extract Virus pellet

No. 1 No. 2 No. 1 No. 2
G 161,322 (5.3) 151,592 (5.0) 79,089 (19.6) 137,338 (34.0)
CD4/G 30,277 (1.0) 0 4,034 (1.0) 0

¢ The protein bands marked G and CD4/G as shown in Fig. 5 were labeled
by using antibody directed against the carboxyl-terminal region of G together
with a secondary !*I-labeled anti-rabbit IgG antibody. The bands were
excised from the membrane, and the radioactivity was determined by liquid
scintillation counting. Background radioactivity bound to the membrane was
subtracted from each sample.

® The relative amounts of CD4/G and G are calculated respectively for cell
extract and for virus pellet and are listed in parentheses.

Anti-CD4 can be used to quantitate both CD4 and CD4/G
in the same preparations of both cell extracts and virus
pellets. Figure S shows that the amounts of CD4/G and CD4
were the same in both virus particle preparations, whereas
there was only about twofold more CD4 than CD4/G in the
cell extracts. CD4/G appears to migrate slightly ahead of
CD4. From this we can conclude that CD4 and CD4/G are
expressed to about the same extent and they are inserted
into the viral membrane at about the same frequency. The
exchange of the transmembrane and cytoplasmic domain of
CD4 with the respective domains of G did not significantly
affect the efficiency of integration into the VSV membrane.

From the quantitation of the amounts of G and CD4/G and
since CD4/G and CD4 are present to the same amounts, we
can calculate that each VSV particle has about 60 molecules
of CD4/G (or CD4 within a factor of two to three) compared
with 1,200 molecules of G protein (or 400 G protein trimers).
Considering that the CD4/G and CD4 concentrations in the
cell extracts were fivefold less than the concentration of G
protein, the chance for the monomeric CD4/G protein to be
inserted was also about fivefold less on a random basis. VSV
G protein, however, is inserted as a trimer. Taking these two
points into account, we conclude that the functional G
protein trimer surprisingly does not have an advantage
during viral assembly.

DISCUSSION

The mechanism for the efficient insertion of foreign glyco-
proteins into the envelope of viruses is not completely
understood. It is not clear which portions of these complex
membrane-spanning proteins are responsible for efficient
transport and for the sorting of the glycoprotein during
assembly of virus particles at the site of budding (9, 40).
Interaction of the cytoplasmic portions of the proteins with
the viral matrix protein and/or the viral nucleocapsid is
suspected to be involved in assembly of the VSV particle (4,
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10, 37-40, 51). Deletions of the cytoplasmic tail regions
abolish VSV particle formation, whereas the ectodomain of
the viral glycoprotein can be spared, at least, during late
stages of the viral assembly process of VSV, resulting in the
generation of spikeless, noninfectious particles (7, 35).
These particles, however, have still retained the transmem-
brane and cytoplasmic portions of the protein. In the mature
virion, the VSV glycoprotein exists as a trimer which was
assembled while still associated with cytoplasmic mem-
branes (9, 20). Similar to the HIV envelope protein, the
ectodomain of the VSV G protein may in part determine
oligomerization and transport (9). It is unclear whether
trimerization of G is required for efficient assembly into virus
particles. But it is conceivable that trimerization may affect
presentation of the cytoplasmic portion of the protein and
consequently the efficiency of its postulated interaction with
the viral nucleocapsid and/or matrix protein.

In contrast to VSV, it has been shown for many retrovi-
ruses that only expression of the viral Gag proteins is
required for the formation and release of empty virus parti-
cles (8, 18, 52) which lack both a genomic RNA as well as the
envelope glycoprotein. We anticipated that the requirements
for the bullet-shaped rhabdovirus VSV would be more
stringent with respect to protein insertion during particle
formation. Although not detected with VSV (38), there
appears to be a specific accumulation of matrix protein by
the related pleomorphic paramyxoviruses at the inner sur-
face of the plasma membrane near the site of budding (5).
This accumulation is correlated with a clustering of the viral
glycoproteins at the external site, suggesting a specific
interaction of both proteins, which may favor efficient inser-
tion of the glycoprotein specifically into the envelope of the
budding virus.

The study described here focuses on insertion of a foreign
glycoprotein into the envelope of a VSV particle. For the
reasons outlined above, we anticipated that a specific inter-
action of the cytoplasmic tail region of the chimeric CD4/G
molecule with the nucleocapsid may enhance the insertion of
the protein into the virus particle. Our data show, however,
that the cytoplasmic tail region and the transmembrane region
of the VSV G protein were not required. Both domains could
be replaced by the corresponding portions of the CD4 mole-
cule. Therefore, we can conclude that, at least when the
normal G protein is coexpressed, there is no substantial
discrimination in the insertion of either CD4 or CD4/G mole-
cules. In fact, our quantitation of CD4, CD4/G, and G protein
insertion into VSV particles revealed that the VSV G protein
is surprisingly not favored during viral assembly (Fig. 5 and
Table 4). This also explains the large fraction of VSV particles
which could be immunoprecipitated with anti-CD4 antibodies
(Tables 2 and 3). We do not know whether VSV particles can
assemble in the absence of G protein expression. It is possible
that the trimerization of G protein is essential to present the
cytoplasmic tail in a correct configuration for assembly. The
signal for trimerization, however, may in part be located in
the ectodomain region of G.

Efficient insertion of the CD4 molecule or a chimeric
CD4/Env protein into the envelope of avian leukosis virus
was reported by Young et al. (54) shortly before this report
was submitted. Interestingly, Young et al. find that the ratio
of CD4 per Env protein was approximately 1/18. This is also
what we have determined for VSV particles (1/20). These
authors also conclude that the receptor is inserted very
efficiently but that the chimeric receptor CD4/Env is inserted
less well, possibly because it may, unlike CD4, compete with
the avian leukosis virus Env protein. Our data does not
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provide any evidence for a competition with G or a prefer-
ence or a disadvantage for the insertion of either protein.

It is interesting to note that the expression of wild-type G
protein in our system did not lead to a genetic complemen-
tation of the G protein mutant tsO45 at the nonpermissive
temperature (data not shown). We did not observe an
increase in the amount of mutant virus which was released at
the nonpermissive temperature, however, as was the situa-
tion at the permissive temperature, virtually all released
particles were resistant to heating for 30 min at 45°C. This
demonstrated again that the recombinant wild-type glyco-
protein was inserted into the envelope of a vast majority of
released virus particles, if not in all. We suspect that the
recombinant wild-type G protein may have formed hetero-
trimers with the mutant G protein in each case. The number
of wild-type homotrimers may be too low to allow for genetic
complementation at the nonpermissive temperature, as
would be obvious from an increase in the number of released
infectious particles. While in the form of a heterotrimer,
however, the wild-type G protein may stabilize the mutant G
protein in the released particles and give them the typical
heat resistance which we have observed.

We have demonstrated by specific immunoprecipitations
that the CD4 as well as the chimeric CD4/G molecule could
be inserted into up to 42% of the envelopes of VSV particles
that we could detect by plaque formation. This number is
most likely an underestimation and could be substantially
higher. The bivalence of the antibody and the multivalence
of the S. aureus cells together could trap multiple PFU onto
the same bacterial cell, and they would consequently be
scored as a single plaque. This is supported by our frequent
observation that the number of infectious units in the pellet
and supernatant fractions did not equal the total number of
infectious units in the initial virus suspension. Most impor-
tantly, a substantial decrease in the total virus titer was only
detected when anti-CD4 antibody was used.

The relatively high number of receptor-carrying VSV
particles was very promising and suggested that these vi-
ruses may be able to specifically infect HIV envelope
protein-expressing cells. Numerous attempts to demonstrate
a specific tropism for HIV envelope-expressing cells were
not successful so far. We have clearly shown that our
chimeric CD4/G protein (Fig. 4) and the CD4 protein (data
not shown) are both functional when expressed on the
surface of a cell. In the environment of a viral membrane,
however, the receptor may possibly not be functional. It has
earlier been shown, for example, that the simple presence of
a CD4 receptor in the plasma membrane of a mouse cell does
not render this cell susceptible to HIV infection (3, 30). This
strongly suggests that either a specific presentation of the
receptor may be necessary for infectivity or that additional
membrane-associated factors may positively or negatively
affect infectivity. For this purpose we have generated the
pseudotypes also in HeLa cells, which can be infected by
HIV when the receptor is presented on the surface; but
again, we have not been able to infect HIV envelope
protein-expressing HeLa cells. We have also tried to gener-
ate VSV (CD4/G) virus particles by using tsO45 at the
nonpermissive temperature, with the same result.

A convincing demonstration of a functional HIV receptor
in the envelope of VSV particles would clearly be a produc-
tive VSV infection through a specific, possibly pH-indepen-
dent fusion of viral and cellular membranes in some sort of
an exchange in the positions of both the CD4 and HIV
envelope glycoproteins. This may require either a break-
through in the generation of recombinant VSV particles or,
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alternatively, a highly efficient and sc.ective inactivation of
the glycoprotein of VSV. Studies on the multiple interac-
tions of viral glycoproteins as well as on the cellular receptor
proteins will surely help our understanding of the mecha-
nisms of viral assembly and viral entry. This fundamental
knowledge may eventually be exploited for the specific
targeting of cells and the delivery of genes or gene products.

ACKNOWLEDGMENTS

We thank Patricia L. Earl, Edward A. Berger, and Bernard Moss
(National Institutes of Health, Bethesda, Md.) for generously pro-
viding vaccinia virus recombinants expressing the VSV G, CD4, T7
RNA polymerase, and HIV envelope proteins; Heinz Arnheiter in
our laboratory for providing the monoclonal antibody directed
against the carboxyl terminus of the VSV glycoprotein; and Pete
Kelly and Blanche Lewis for technical assistance. The DNA plas-
mid pT4B was contributed by Richard Axel and was obtained
through the AIDS Research and Reference Program, Division of
AIDS, NIAID.

REFERENCES

1. Arnheiter, H., M. Dubois-Dalcq, and R. A. Lazzarini. 1984.
Direct visualization of protein transport and processing in the
living cell by microinjection of specific antibodies. Cell 39:99-
109.

2. Arthos, J., K. C. Deen, M. A. Chaikin, J. A. Fornwald, G. Sathe,
Q. J. Sattentau, P. R. Clapham, R. A. Weiss, J. S. McDougal, C.
Pietropaolo, R. Axel, A. Truneh, P. J. Maddon, and R. W. Sweet.
1989. Identification of the residues in human CD4 critical for the
binding of HIV. Cell 57:469-481.

3. Ashorn, P. A., E. A. Berger, and B. Mess. 1990. Human
immunodeficiency virus envelope glycoprotein/CD4-mediated
fusion of nonprimate cells with human cells. J. Virol. 64:2149-
2156.

4. Bergmann, J. E., and P. J. Fusco. 1988. The M protein of
vesicular stomatitis virus associates specifically with the baso-
lateral membranes of polarized epithelial cells independently of
the G protein. J. Cell. Biol. 107:1707-1715.

S. Bueechi, M., and T. Baechi. 1982. Microscopy of internal
structures of Sendai virus associated with the cytoplasmic
surface of host membranes. Virology 120:349-359.

6. Camerini, D., and B. Seed. 1990. A CD4 domain important for
HIV mediated syncytium formation lies outside the virus bind-
ing site. Cell 60:747-754.

7. Chen, S. S.-L., N. Ariel, and A. S. Huang. 1988. Membrane
anchors of vesicular stomatitis virus: characterization and in-
corporation into virions. J. Virol. 62:2552-2556.

8. Delchambre, M., D. Gheysen, D. Thines, C. Thiriart, E. Jacobs,
E. Verdin, M. Horth, A. Burny, and F. Bex. 1989. The GAG
precursor of simian immunodeficiency virus assembles into
virus-like particles. EMBO J. 8:2653-2660.

9. Doms, R. W., A. Ruusala, C. Machamer, J. Helenius, A.
Helenius, and J. K. Rose. 1988. Differential effects of mutations
in three domains on folding, quaternary structure, and intracel-
lular transport of vesicular stomatitis virus G protein. J. Cell
Biol. 107:89-99.

10. Dubois-Dalq, M., K. Holmes, and B. Rentier. 1984. Assembly of
enveloped animal viruses. Springer-Verlag KG, Vienna.

11. Earl, P. L., A. Huegin, and B. Moss. 1990. Removal of cryptic
poxvirus transcription termination signals from the human im-
munodeficiency virus type 1 envelope gene enhances expression
and immunogenicity of a recombinant vaccinia virus. J. Virol.
64:2448-2451.

12. Evans, D. J., J. McKeating, J. M. Meredith, K. L. Burke, K.
Katrak, A. John, M. Ferguson, P. D. Minor, R. A. Weiss, and
J. W. Almond. 1989. An engineered poliovirus chimaera elicits
broadly reactive HIV-1 neutralizing antibodies. Nature (Lon-
don) 339:385-388.

13. Flamand, A. 1970. Etude des genetiques du virus de la stomatite
vesiculaire: classement de mutants thermosensibles spontanes
en groupes de complementation. J. Gen. Virol. 8:187-195.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

J. VIROL.

Flamand, A. 1980. Rhabdovirus genetics, p. 116-139. In
D. H. L. Bishop (ed.), Rhabdoviruses, vol. 2. CRC Press, Boca
Raton, Fla.

Fuerst, T. R., P. L. Earl, and B. Moss. 1987. Use of hybrid
vaccinia virus-T7 RNA polymerase system for expression of
target genes. Mol. Cell. Biol. 7:2538-2544.

Fuerst, T. R., E. G. Niles, F. W. Studier, and B. Moss. 1986.
Eukaryotic transient-expression system based on recombinant
vaccinia virus that synthesizes bacteriophage T7 RNA polymer-
ase. Proc. Natl. Acad. Sci. USA 83:8122-8126.

Fuller, S. D., C.-H. Von Bonsdorff, and K. Simons. 1985. Cell
surface influenza haemagglutinin can mediate infection by other
animal viruses. EMBO J. 4:2475-2485.

Gheysen, D., E. Jacobs, F. de Foresta, C. Thiriart, M. Francotte,
D. Thines, and M. DeWilde. 1989. Assembly and release of
HIV-1 precursor PrS5 gag virus-like particles from recombinant
baculovirus-infected insect cells. Cell §9:103-112.

Horton, R. M., H. D. Hunt, S. N. Ho, J. K. Pullen, and L. R.
Pease. 1989. Engineering hybrid genes without the use of
restriction enzymes: gene splicing by overlap extension. Gene
77:61-68.

Kreis, T. E., and H. F. Lodish. 1986. Oligomerization is essential
for transport of vesicular stomatitis viral glycoprotein to the cell
surface. Cell 46:929-937.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-68S.

Lamb, R. A., D. R. Etkind, and P. W. Choppin. 1978. Evidence
for a ninth influenza virus polypeptide. Virology 91:60-78.
Landau, N. R., M. Warton, and D. R. Littman. 1988. The
envelope glycoprotein of the human immunodeficiency virus
binds to the immunoglobin-like domain of CD4. Nature (Lon-
don) 334:159-162.

Lasky, L. A., G. Nakamura, D. H. Smith, C. Fennie, C.
Shimasaki, E. Patzer, P. Berman, T. Gregory, and D. J. Capon.
1987. Delineation of a region of the human immunodeficiency
virus type 1 gp120 glycoprotein critical for interaction with the
CD4 receptor. Cell 50:975-98S.

Little, L. M., G. Lanman, and A. S. Huang. 1983. Immunopre-
cipitating human antigens associated with vesicular stomatitis
virus grown in HeLa cells. Virology 129:127-136.

Lusso, P., F. Veronese, B. Ensoli, G. Franchini, C. Jemma, S.
DeRocco, V. S. Kalyanaraman, and R. C. Galle. 1990. Expanded
HIV-1 cellular tropism by phenotypic mixing with murine
endogeneous retroviruses. Science 247:848-852.

Mackett, M., G. L. Smith, and B. Mess. 1982. Vaccinia virus: a
selectable eukaryotic cloning and expression vector. Proc. Natl.
Acad. Sci. USA 79:7415-7419.

Mackett, M., G. L. Smith, and B. Moss. 1984. General method
for production and selection of infectious vaccinia virus recom-
binants expressing foreign genes. J. Virol. 49:857-864.
Mackett, M., T. Yilma, J. K. Rose, and B. Moss. 1985. Vaccinia
virus recombinants: expression of VSV genes and protective
immunization of mice and cattle. Science 227:433-435.
Maddeon, P. J., A. G. Dalgleish, J. S. McDougal, P. R. Clapham,
R. A. Weiss, and R. Axel. 1986. The T4 gene encodes the AIDS
virus receptor and is expressed in the immune system and the
brain. Cell 47:333-348.

Maddon, P. J., D. R. Littman, M. Godfrey, D. E. Maddon, L.
Chess, and R. Axel. 1985. The isolation and nucleotide sequence
of a cDNA encoding the T cell surface protein T4: a new
member of the immunoglobulin gene family. Cell 42:93-104.
Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Marsh, M., and A. Helenius. 1989. Virus entry into animal cells.
Adv. Virus Res. 36:107-151.

McClure, M. O., M. Marsh, and R. A. Weiss. 1988. Human
immunodeficiency virus infection of CD4-bearing cells occurs
by a pH-independent mechanism. EMBO J. 7:513-518.
Metsikko, K., and K. Simons. 1986. The budding mechanism of
spikeless vesicular stomatitis virus particles. EMBO J. 5:1913-
1920.



VoL. 66, 1992

36.
37.

38.

39.

41.

42.

43.

45.

46.

Moss, B., and C. Flexner. 1987. Vaccinia virus expression
vectors. Annu. Rev. Immunol. 5:305-324.

Newcomb, W. W., and J. C. Brown. 1981. Role of the vesicular
stomatitis virus matrix protein in maintaining the viral nucleo-
capsid in the condensed form found in native virions. J. Virol.
39:295-299.

Odenwald, W. F., H. Arnheiter, M. Dubois-Dalcq, and R. A.
Lazzarini. 1986. Stereo images of vesicular stomatitis virus
assembly. J. Virol. 5§7:922-932.

Ono, K., M. E. Dubois-Dalcq, M. Schubert, and R. A. Lazzarini.
1987. A mutated membrane protein of vesicular stomatitis virus
has an abnormal distribution within the infected cell and causes
defective budding. J. Virol. 61:1332-1341.

. Puddington, L., C. Woodgett, and J. K. Rose. 1987. Replace-

ment of the cytoplasmic domain alters sorting of a viral glyco-
protein in polarized cells. Proc. Natl. Acad. Sci. USA 84:2756-
2760.

Rose, J. K., and J. E. Bergmann. 1982. Expression from cloned
cDNA of cell surface and secreted forms of the glycoprotein of
vesicular stomatitis virus in eucaryotic cells. Cell 30:753-762.
Rose, J. K., and C. Gallione. 1981. Nucleotide sequences of the
mRNAs encoding the VSV G and M proteins as determined
from cDNA clones containing the complete coding regions. J.
Virol. 39:519-528.

Rose, J. K., and M. Schubert. 1987. Rhabdovirus genomes and
their products, p. 129-166. In R. R. Wagner (ed.), The Rhabdo-
viruses Plenum Publishing Co., New York, N.Y.

. Saike, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi,

G. T. Horn, K. B. Mullis, and H. A. Erlich. 1988. Primer-
directed enzymatic amplification of DNA with a thermolable
DNA polymerase. Science 239:487—491.

Sattentau, Q. J., A. G. Dalgleish, R. A. Weiss, and P. C. L.
Beverley. 1986. Epitopes of the CD4 antigen and HIV infection.
Science 234:1120-1123.

Spector, D. H., E. Wade, D. A. Wright, V. Koval, C. Clark, D.
Jaquish, and S. A. Spector. 1990. Human immunodeficiency
virus pseudotypes with expanded cellular and species tropism.
J. Virol. 64:2298-2308.

INSERTION OF HIV RECEPTOR INTO VSV ENVELOPE

47.

49.

50.
51.

52.

53.
54,

55.

56.

57.
58.

1589

Thomas, D., W. W. Newcomb, J. C. Brown, J. S. Wall, J. F.
Hainfield, B. L. Trus, and A. C. Steven. 1985. Mass and
molecular composition of vesicular stomatitis virus: a scanning
transmission electron microscopy analysis. J. Virol. 54:598-607.

. Weiss, R. A. 1980. Rhabdovirus pseudotypes, p. 51-65. In

D. H. L. Bishop (ed.), Rhabdoviruses, vol. 3. CRC Press, Boca
Raton, Fla.

Whitaker-Dowling, P., R. Jagus, and J. S. Youngner. 1987.
Effect of vaccinia on protein synthesis in mouse L cells infected
with vesicular stomatitis virus, p. 122-128. In B. W. J. Mahy
and D. Kolakofsky (ed.), The biology of negative strand viruses.
Elsevier Science Publishers B. V., Amsterdam.

White, J. M., and D. R. Littman. 1989. Viral receptors of the
immunoglobin superfamily. Cell 56:725-728.

Whitt, M. A., L. Chong, and J. K. Rose. 1989. Glycoprotein
cytoplasmic domain sequences required for rescue of a vesicu-
lar stomatitis glycoprotein mutant. J. Virol. 63:3569-3578.
Wills, J. W., R. C. Craven, and J. A. Achacoso. 1989. Creation
and expression of myristolated forms of Rous sarcoma virus
Gag proteins in mammalian cells. J. Virol. 63:4331-4343.

Yon, J., and M. Fried. 1989. Precise gene fusion by PCR.
Nucleic Acids Res. 17:4895.

Young, J. A. T., P. Bates, K. Willert, and H. E. Varmus. 1990.
Efficient incorporation of human CD4 protein into avian leuko-
sis virus particles. Science 250:1421-1423.

Yuen, L., and B. Moss. 1987. Oligonucleotide sequence signal-
ing transcriptional termination of vaccinia virus early genes.
Proc. Natl. Acad. Sci. USA 84:6417-6421.

Zavada, J. 1972. Pseudotypes of vesicular stomatitis virus with
the coat of murine leukaemia and of avian myeloblastosis
viruses. J. Gen. Virol. 15:183.

Zavada, J. 1982. The pseudotypic paradox. J. Gen. Virol.
63:15-24.

Zhu, Z., S. Chen, and A. S. Huang. 1989. Pseudotypes of human
immunodeficiency virus (HIV) with the envelope antigens of
vesicular stomatitis virus (VSV) or herpes simplex virus (HSV),
p. 623. Abstr. Vth International Conference on AIDS, Mon-
treal, Canada.



