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The efficiencies with which homologous and heterologous proteins are incorporated into the envelope of
Moloney murine leukemia virus (M-MuLV) have been analyzed by utilizing a heterologous, Semliki Forest
virus-driven M-MuLV assembly system and quantitative pulse-chase assays. Homologous M-MuLV spike
protein was found to be efficiently incorporated into extracellular virus particles when expressed at a relatively
low density at the plasma membrane. In contrast, efficient incorporation of heterologous proteins (the spike
complex of Semliki Forest virus and a cytoplasmically truncated mutant of the human transferrin receptor)
was observed only when these proteins were expressed at high densities at the cell surface. These results imply
that homologous and heterologous proteins are incorporated into the M-MuLV envelope via two distinct

pathways.

Retroviruses mature by budding at the plasma membrane.
Recent studies have indicated that the actual budding process
is driven by the viral core component, i.e., the Gag precursor,
since retroviral Gag precursors expressed in the absence of
other viral components were found to be capable of assembling
into noninfectious virion-like particles (12, 21, 22, 44, 47).
However, formation of infectious retroviral particles requires
that not only Gag precursors but also the viral genome,
Gag-Pol precursors, and viral spike proteins must all colocalize
to the budding site. A considerable amount of data suggests
that the viral genome and Gag-Pol precursors are included into
budding structures via specific interactions of these compo-
nents with Gag precursors (30, 38, 46, 49). In contrast, it is
unclear at present whether specific core-spike interactions
direct incorporation of viral spike proteins into virions. It has
been demonstrated that mutations in the matrix domain of the
HIV-1 or the Mason-Pfizer monkey virus Gag precursor can
impair inclusion of the respective viral spike proteins into
virions (14, 43, 60), thereby strongly suggesting that core-spike
interactions are needed for incorporation of spikes into virions.
However, there is evidence that heterologous proteins, which
are apparently unrelated to the homologous spike proteins,
can be incorporated into retroviral envelopes. For example,
coinfection of cells with a retrovirus and an unrelated envel-
oped virus results in production of phenotypically mixed
retroviral particles that carry spike proteins of both viruses
(reviewed in reference 61). In fact, it has been demonstrated
that a functional retroviral envelope can be entirely composed
of spike proteins of foreign origin, i.e., particles defined as
pseudotypes can be formed (6, 13, 15, 17, 32, 33, 53, 56).
Furthermore, there are reports describing that certain cellular
proteins can be assembled into the retroviral envelope (7, 29,
34), some even in high amounts (2, 59). This inclusion of
heterologous proteins into virions has challenged the concept
that core-spike interactions are necessary for incorporation of
spike proteins into retroviral envelopes.

As a first step towards elucidating the mechanism by which
retroviral spike proteins are included into virions, it is neces-
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sary to consider the relative incorporation efficiencies of
homologous spike proteins versus heterologous membrane
proteins. For example, in the majority of the reported cases of
phenotypic mixing it has been impossible to say how efficiently
the heterologous spike was incorporated, as its presence in the
viral envelope was only demonstrated functionally, e.g., by
expansion of the viral host range and/or by resistance of viral
progeny to neutralizing antibodies directed against homolo-
gous spikes. It is possible that only few foreign spike proteins
are sufficient to confer the above-mentioned properties in such
assays. However, there have been three reports that claim that
heterologous proteins can be incorporated into retroviral
envelopes with efficiencies essentially similar to those of the
respective homologous spike proteins when measured by bio-
chemical assays (2, 13, 32).

In this study, incorporation of homologous and heterologous
proteins into the envelope of Moloney murine leukemia virus
(M-MuLV) has been analyzed by utilizing a Semliki Forest
virus (SFV)-driven M-MuLV assembly system and quantitative
biochemical assays. Contrary to the above-mentioned three
reports (2, 13, 32), the results presented here clearly demon-
strate that the homologous M-MuLV spike protein is prefer-
entially incorporated into the M-MuLV envelope compared
with the heterologous proteins tested. Efficient incorporation
of heterologous proteins into the M-MuLV envelope was
observed only when these proteins were expressed at very high
densities at the plasma membrane.

MATERIALS AND METHODS

Plasmid constructs. (i) pSFV1-Pr65*“%. Plasmid pSFV1-
Pr65%%¢ contains a DNA copy of the M-MuLV Pr65% gene
under the SFV subgenomic promoter in pSFV1 (35). The
Pr65%“¢ gene from pNCA (9) was inserted into pSFV1 as a
1,770-bp PstI-Dralll fragment via subcloning steps in pGEM-1
and pGEM-7Zf(+) (Promega). As a result of the subcloning
steps the Pr657¢ gene was flanked by BamHI and Smal sites at
the 5’ and 3’ ends, respectively. Subsequently, the 5’ noncod-
ing M-MuLV sequences preceding the Pr655° initiator methi-
onine were deleted by replacing the 5’ 177-bp BamHI-Pstl
fragment of the Pr655“¢ gene with a synthetic 135-bp BamHI-
Pstl fragment, which was created from the following two
overlapping oligonucleotides: (i) 5° ATTCTGATTGGATC



4880 SUOMALAINEN AND GAROFF

CAGCACCATGGGCCAGACTGTTACCACTCCCTTAA
GTTTGACCTTAGGTCACTGGAAAGATGTCGAGCGG
ATCGCTCACAACCAG 3’ and (ii) 5’ GGTTGGCCATICT
GCAGAGCAGAAGGTAACCCAACGTCTCTTCTTGAC
ATCTACCGACTGGTTGTGAGCGATCCGCTCGACAT
CTTTCCAGTGACCTAA 3’ (19). pSFV1-Pr655°¢ serves as a
template for in vitro production of recombinant SFV-Pr655%¢
RNA.

(ii) pSFV-C/Pr65%°8. In pSFV-C/Pr655°¢ the coding sequence
of M-MuLV Pr658% is fused to the C gene of SFV. The fusion
of the C gene to the second codon of the Pr65*“¢ gene was
carried out by PCR (28, 58) with Ventg DNA polymerase
(New England Biolabs) as recommended by the manufacturer.
The terminal primers used for the amplification of the fused
DNA were 5' CAACGGAAAAACGCAGCAGC 3’ (the 5'-
end primer) and 5’ CAAGGCTTCCCAGGTCACG 3’ (the
3’-end primer). The fusion primers used were 5" GGGAGT
GGTAACAGTCTGGCCCCACTCTTCGGACCCCTCGGG
3’ (C gene fragment primer) and 5’ CCCGAGGGGTCCG
AAGAGTGGGGCCAGACTGTTACCACTCCC 3' (Pr655°
gene fragment primer). The pSFV-C/Pr655* was constructed
by ligating the 562-bp Csp451-PstI C-Pr65%°¢ fusion fragment to
the 10,679-bp Spel-Csp4S1 fragment of pSFV-C (52) and the
2,492-bp Pstl-Spel fragment of pSFV1-Pr65%¢. The 562-bp
Csp451-Pst] fragment of pSFV-C/Pr65%* originating from the
PCR was checked by sequencing. The RNA transcribed from
pSFV-C/Pr65%* was named SFV-C/Pr655,

(iii) pSFV1-Pr80°*. Plasmid pSFV1-Pr80°" contains a
DNA copy of the M-MuLV Pr80°"" gene under the SFV
subgenomic promoter in pSFV1 (35). The Pr80°" cDNA from
pNCA (9) was inserted into the Smal site of pSFV1 as a
2,080-bp Xbal-Nhel fragment via subcloning steps in pGEM-
7Zf(+) and M13mp18 (GIBCO-BRL). The internal Spel sites
in the Pr80°"" coding sequence had been removed by site-
directed mutagenesis, using 5’ GGCCATGCTGTCTCTCAC
GAGTCCTGTGTGGTCCGCATA 3’ as the mutating oligo-
nucleotide (50). The recombinant SFV genome transcribed
from pSFV1-Pr80°*” was named SFV-Pr80°"".

(iv) pSFV1-Pr65%°+Pr80°"*. Plasmid pSFV1-Pr65*+
Pr80°"" contains two promoters for subgenomic RNA tran-
scription: a 3’ proximal promoter on the negative strand directs
the synthesis of the mRNA for M-MuLV Pr65%*, and the 3’
distal promoter directs the synthesis of the mRNA for M-
MuLV Pr80°". pSFV1-Pr65%“¢ + Pr80°"" was made by replacing
the 75-bp Xbal-Bgl/ll fragment of pSFV1-Pr80°"* with the
2,493-bp Xbal-Smal fragment from pSFV1-Pr65%%. The Bglll
site was filled in with Klenow fragment prior to ligation. The
RNA transcribed from pSFV1-Pr65%“¢+Pr80°"" was named
SFV-Pr655°€ +Pr80°".

(v) pSFV1-p62*El. pSFV1-p62*E1 contains a DNA copy of
the spike protein-encoding region of SFV 26S RNA under the
SFV subgenomic promoter. pSFV-p62*E1 is otherwise similar
to the previously described pSFV-spike (52), except that the
gene region defining the endoprotease cleavage site of p62 is
mutated on pSFV-p62*E1 (4). Construction of pSFV-p62*E1
is described elsewhere (3). The RNA transcribed from pSFV-
p62*E1 was named SFV-p62*El.

(vi) pSFV1-Pr65°*¢+p62*E1l. Plasmid pSFV1-Pr655%+
p62*El is otherwise similar to pSFV1-Pr655°¢+Pr80°"" with
the exception that the 3’ distal promoter on the negative strand
directs the synthesis of the mRNA for the SFV spike proteins.
pSFV-Pr65%%¢+p62*E1 was constructed by replacing the 75-bp
Xbal-Bglll fragment of pSFV1-p62*E1 with the 2,493-bp Xbal-
Smal fragment of pSFV1-Pr65%°. The BgIII site was filled in
with Klenow fragment prior to ligation. The RNA transcribed
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from pSFV1-Pr65%¢+p62*E1 was named SFV-Pr655“+p62*
El.

(vii) pSFV-(E2Y399K). pSFV-(E2Y399K) is a derivative of
pSP6-SFV4 (37) and contains a full-length cDNA clone of the
SFV genome, but the codon specifying the tyrosine 399 in the
cytoplasmic domain of E2 has been changed to a lysine codon.
This mutation inhibits the budding of SFV (63) [this paper also
contains a description of the construction of pSFV-
(E2Y399K)]. The RNA transcribed from pSFV-(E2Y399K) is
called SFV-(E2Y399K).

(viii) pSFV-C/TRA2. TRA?2 is a mutant form of the human
transferrin receptor, from which amino acids 6 to 53 in the
cytoplasmic tail have been deleted. In pSFV-C/TRA2 the
c¢DNA of the coding sequence of TRA2 is fused to the C gene
of SFV. The precise fusion of C and TRA2 genes was carried
out by PCR (28, 58). The terminal primers used for the
amplification of the fused DNA were 5' CAACGGAAAAA
CGCAGCAGC 3' (the 5'-end primer) and 5’ CTTTGCTG
AGTTTAAATTCACG 3’ (the 3'-end primer). The fusion
primers used were 5' CATTGGCTTGATCCATCATCCACT
CTTCGGACCCCTCGGG 3’ (C gene fragment primer) and
5’ CCCGAGGGGTCCGAAGAGTGGATGATGGATCAA
GCCAATGTC 3’ (TRA2 gene fragment primer). pSFV-C/
TRA2 was constructed by ligating the 756-bp Csp45I-Ndel
fusion fragment to the 10,679-bp Spel-Csp451 fragment of
pSFV-C (52) and the 2,744-bp Ndel-Spel fragment of
pSFV1-TR (35). The 756-bp Csp451-Ndel fragment of pSFV-
C/TRA2 originating from the PCR was checked by sequencing.
The RNA transcribed from pSFV-C/TRA2 was named SFV-
C/TRA2.

RNA transcription, electroporation, and metabolic labelling
of transfected cells. RNA transcripts were synthesized in vitro
by SP6 RNA polymerase, with Spel-digested plasmids as
templates. Reaction conditions for in vitro RNA transcription
have been described previously (37). In vitro-made RNA was
transfected into BHK-21 cells (obtained from the American
Type Culture Collection) by electroporation. Confluent cell
monolayers were trypsinized, washed once with complete BHK
medium (BHK-21 medium [GIBCO] supplemented with 5%
fetal calf serum, 20 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid [HEPES; pH 7.3]) and once with ice-cold
phosphate-buffered saline (PBS; without MgCl, and CaCl,),
and resuspended in 0.8 ml of PBS. The cell suspension was
mixed with in vitro-made RNA (20 pl of the reaction mixture)
and transferred to a 0.4-cm-diameter electroporation cuvette
(Bio-Rad). In cotransfection experiments, equal amounts of
both RNAs (20 pl) were used, except in the SFV-Pr655€+
p62*E1l and SFV-Pr65%“+Pr80°"" cotransfections, in which
twice as much SFV-Pr65%%¢+p62*E1 RNA (30 versus 15 ul)
was included into the transfection mixture in order to ensure a
higher expression level for SFV spike proteins. Electropora-
tion was carried out at room temperature by two consecutive
pulses at 0.85 kV and 25 pF, with a Bio-Rad Gene Pulser
apparatus (without the pulse controller unit). These conditions
yielded virtually 100% transfection efficiencies. Electroporated
cells were diluted into 18 ml of complete BHK medium,
transferred onto tissue culture plates, and incubated at 37°C.
At 8 h postelectroporation, culture media were replaced with
methionine-free minimum essential medium (GIBCO) supple-
mented with 10 mM HEPES. After 30 min at 37°C, media were
replaced with the same methionine-free medium containing
100 p.Ci of [**S]methionine per ml, and cells were incubated at
37°C for 30 min. After the 30-min pulse, cells were washed
once with BHK-21 medium containing 10 mM HEPES and a
10-fold excess of cold methionine and then incubated in the
same medium for 15 min to 4 h (chase). Alternatively, cells
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FIG. 1. Assembly of Pr65“ into extracellular virus-like particles.
SFV-Pr65%*-transfected cells were metabolically labelled with
[**S]methionine for 4 h, and the amount of Pr655¢ in equal volumes of
cell lysates (C; lane 1) and culture media (M; lanes 2 to 5) was
analyzed. ap30, immunoprecipitation with the anti-p30 antiserum; P,
particulate fractions of the culture media; NP40, solubilization of
culture media with NP-40 (0.5% in lane 3 and 1% in lane 5).

were continuously labelled for 4 h with [**S]methionine (100
rCi/ml). After the chase (or the 4-h pulse-labelling), culture
media were collected and clarified by centrifugation in an
Eppendorf centrifuge (5 min at 5,000 rpm at 4°C). Cell
monolayers were washed with PBS and solubilized with 1%
sodium dodecyl sulfate (SDS) or 1% Nonidet P-40 (NP-40)
lysis buffers containing 10 mM iodoacetamide (42, 51). Nuclei
were removed from cell lysates by centrifugation in an Eppen-
dorf centrifuge (5 min at 5,000 rpm at 4°C).

Immunoprecipitation of proteins from cell lysates. M-MuLV
Pr65%% proteins were immunoprecipitated from SDS-solubi-
lized cell lysates with a polyclonal rabbit anti-p30 antiserum (a
generous gift from G. Schmidt, Institut fiir Molekulare Virolo-
gie, GSF, Munich, Germany) or with a polyclonal pig anti-
MuLV antiserum (HC 185; Quality Biotech Inc.). M-MuLV
Pr80°" and Pr1SE proteins were immunoprecipitated from
NP-40-solubilized cell lysates with the polyclonal anti-MuLV
antiserum. SFV nucleocapsid protein C and spike proteins
p62/E2 and E1 were immunoprecipitated from NP-40-solubi-
lized cell lysates with monoclonal anti-C (36-1-9 [24]) and
monoclonal anti-E1 (UM 8.139 [5]) antibodies, respectively.
The monoclonal anti-E1 antibody also coprecipitates the
p62/E2 subunit of the spike heterodimer. Human transferrin
receptor mutant TRA2 was immunoprecipitated from NP-40-
solubilized cell lysates with a monoclonal anti-TR antibody
(the kind gift of T. Ebel). Immunocomplexes were brought
down with protein A-Sepharose (Pharmacia; 1:1 [vol/vol]
slurry in 10 mM Tris-HCI [pH 7.5]), using rabbit anti-mouse
immunoglobulins (Dakopatts a/s, Glostrup, Denmark) as link-
ing antibodies when necessary. Immunoprecipitates were sol-
ubilized in SDS sample buffer (200 mM Tris-HCI [pH 8.8],
20% glycerol, 5 mM EDTA, 0.02% bromphenol blue, 4% SDS,
50 mM dithiothreitol) and analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) as previously described (51), except
that gels were processed for autoradiography without metha-
nol-acetic acid fixing. Radioactivity in protein bands was
quantitated as previously described (54).

Analysis of extracellular virus particles. M-MuLV Gag
particles were harvested from clarified culture media by pel-
leting them through a 20% sucrose cushion in a Beckman JA
18.1 rotor at 17,000 rpm for 2 h at 4°C. Pelleted particles were
taken up into SDS sample buffer and analyzed by SDS-PAGE.
The particulate structure of extracellular Gag particles was
analyzed by SDS-PAGE following detergent solubilization of
the culture media samples and subsequent pelletation of these
through 20% sucrose cushions. The particulate structure was
found to be resistant to 0.5% NP-40 (Fig. 1, lane 3) but was
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disrupted to a significant degree by treatment with 1% NP-40
(data not shown).

Isopycnic centrifugation. Transfected cells were metaboli-
cally labelled with [*>S]methionine (200 wCi/ml) for 5 to 6 h.
At the end of the pulse, culture media were collected and
clarified by centrifugation in an Eppendorf centrifuge (5 min at
5,000 rpm at 4°C). Clarified culture media (1 ml) were loaded
onto 20 to 50% (wt/wt) sucrose gradients in TNE buffer (50
mM Tris-HCI [pH 7.4}, 100 mM NaCl, 1 mM EDTA) and
subjected to centrifugation in a Beckman SW 28.1 rotor for 20
h at 25,000 rpm and at 4°C. Gradients were fractionated from
the bottom, and the radioactivity in each fraction was deter-
mined by liquid scintillation counting. Aliquots from peak
fractions were diluted 1:2 into TNE buffer and subjected to
centrifugation in a JA 18.1 rotor for 2 h at 17,000 rpm and at
4°C. The pellet fraction was solubilized in SDS sample buffer
and analyzed by SDS-PAGE.

Analysis of transport of membrane proteins to the cell
surface. (i) M-MulLV spike proteins. SFV-Pr80°*"-transfected
cells were pulse-labeled for 30 min and chased for various
times, up to 4 h. Duplicate plates for each time point were
used. M-MuLV envelope proteins were immunoprecipitated
from cell lysates with a polyclonal anti-MuLV antiserum, and
the transport of Pr80°"" to the cell surface was assayed by
monitoring the cleavage of Pr80°*" to Pr1SE by SDS-PAGE.

(ii) SFV spike proteins. Transport of SFV spike proteins to
the cell surface was assayed by monitoring the conversion of
El-associated oligosaccharides to an endo-B-N-acetylglu-
cosaminidase H (endo H)-resistant form. SFV-p62*El- or
SFV-(E2Y399K)-transfected cells were pulse-labeled for 30
min and chased for various times, up to 4 h. Duplicate plates
for each time point were used. Spike protein complexes were
immunoprecipitated from cell lysates with the monoclonal
anti-E1 antibody, and immunoprecipitates were solubilized in
endo H buffer (1% SDS, 50 mM sodium citrate [pH 6.0], with
or without 50 mM dithiothreitol), incubated at 72°C (unre-
duced samples) or at 95°C for 4 min, and divided into two
equal aliquots. One of the aliquots received 5 mU of endo H
(Boehringer Mannheim), whereas endo H was omitted from
the other. Samples were incubated at 37°C for 6 h, after which
an equal volume of 2X SDS sample buffer was added, and
samples were then analyzed by SDS-PAGE. Alternatively, the
transport was assayed by monitoring the cleavage of p62 to E2
by SDS-PAGE.

(iii) TRA2. Transport of TRA2 to the cell surface was
studied by a trypsin susceptibility assay. SFV-C/TRA2-trans-
fected cells were pulse-labeled for 30 min and chased for either
15 min or 4 h. Duplicate plates for each time point were used.
At the end of the chase, culture media were removed and cell
monolayers were placed on ice and washed twice with ice-cold
PBS+ (PBS with MgCl, and CaCl,), and 0.5 mg of trypsin per
ml in PBS+ (0.3 ml/3-cm-diameter plate) was added. Trypsin
cleaves plasma membrane-associated TRA2 into a defined
soluble fragment, which is released into the incubation me-
dium. After 1 h of incubation on ice in the cold room, trypsin
treatment was stopped by adding 60 pl of soybean trypsin
inhibitor (25 mg/ml in PBS+). Cells were removed from plates
by gentle pipetting, and the cell suspension was transferred to
an Eppendorf tube. Plates were rinsed once with 0.5 ml of
PBS+ to ensure quantitative recovery of cells, the wash was
pooled with the cell suspension, and the sample was subjected
to centrifugation in an Eppendorf centrifuge (1,500 rpm for 5
min at 4°C). The cell pellet fraction contained the intracellular
pool of TRA2, and the supernatant fraction contained plasma
membrane-associated TRA2. TRA2 from the solubilized eell
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pellets and supernatant fractions was immunoprecipitated with
monoclonal anti-TR antibodies and analyzed by SDS-PAGE.

RESULTS

Expression of M-MuLV Gag and Env precursors from
recombinant SFV genomes. To assay in a rapid and simple way
the incorporation of proteins into the M-MuLV envelope, we
set up a heterologous, SFV-driven M-MuLV assembly system.
The gene for the M-MuLV Gag precursor was engineered into
the pSFV1 vector under the SFV subgenomic promoter (35),
and the resulting plasmid was used as a template for in vitro
transcription of the corresponding recombinant SFV genome,
SFV-Pr65%%. Figure 1 shows an analysis of SFV-Pr657-
transfected BHK-21 cells. At 8 h posttransfection, cells were
metabolically labelled with [**S]methionine for 4 h, and the
amount of cell-associated and extracellular Pr65%“¢ was deter-
mined. The recombinant SFV genome directed the synthesis of
Pr65%% proteins which were recognized by a polyclonal anti-
p30 antiserum (Fig. 1, lane 1). The lower minor band in lane 1
is a degradation product of Pr655“€. Pr65%*¢ proteins were also
detected in clarified culture media (lanes 2 to 5). This extra-
cellular Pr65%“¢ was in a particulate form, since the proteins
were quantitatively pelleted through a 20% sucrose cushion
when subjected to centrifugation (lane 2). Prior detergent
solubilization of the culture medium with 0.5% NP-40 did not
alter this fractionation profile, suggesting that Pr65%* was
assembled into structures similar to those of the immature
retrovirus core (lane 3) (26). Extracellular Pr65%°¢ was recog-
nized by anti-p30 antiserum only after detergent solubilization
of the culture medium (lanes 4 and 5). This suggested that
Pr65%% resided in membrane-enclosed particles. To obtain
further evidence for this, the Pr65%%% content of culture media
was analyzed by isopycnic centrifugation on 20 to 50% sucrose
gradients. Pr655*¢ was found in particles that had a buoyant
density of 1.14 to 1.16 g/ml (data not shown), a value similar to
that reported for the wild-type M-MuLV particles (27). Taken
together, these results indicated that Pr655“¢ expressed from
the recombinant SFV genome was efficiently assembled into
extracellular virus-like particles.

M-MuLV spike proteins are synthesized as a 80-kDa pre-
cursor form, which upon transport to the cell surface is cleaved
into a surface part gp70 and a transmembrane part Pr15E by a
cellular protease (41, 57). Since this cleavage event occurs late
during transport, i.e., most probably in the trans Golgi com-
partment or later (25), quantity of Pr80°"" precursors which
have been cleaved can be taken as a measure of the amount of
this protein transported to the cell surface. Phenotypic analysis
of M-MuLYV spike proteins expressed from SFV-Pr80°** RNA
is shown in Fig. 2. At 8 h posttransfection cells were pulse-
labelled for 30 min, and cell lysates were prepared after various
chase periods (15 min to 4 h). As shown in Fig. 2, lane 1, the
SFV-Pr80°"* RNA directed the synthesis of Pr80°*” which was
recognized by a polyclonal anti-MuLV antiserum and which
comigrated on SDS-PAGE with Pr80°* synthesized in wild-
type M-MuLV-infected cells (data not shown). With an in-
creasing chase time, the Pr80°"" precursor underwent process-
ing to a faster-migrating form (Fig. 2, lanes 2 to 4). This
represents the transmembrane part of the processed M-MuLV
spike, Pr15E. The surface part of the processed spike, gp70,
was not detected in appreciable amounts in either cell lysates
or culture media, thus suggesting that the majority of gp70 was
shed from Pr15E and degraded. Maximum level of Pr15SE was
reached after a 2-h chase, and there was no significant decrease
in the amount of cell-associated Pr15E between the 2- and 4-h
chase time points. Quantitation of two separate experiments
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FIG. 2. Transport of M-MuLV spike proteins to the cell surface.
SFV-Pr80°*-transfected cells were pulse-labelled for 30 min and
chased for the indicated times. M-MuLV spike proteins were immu-
noprecipitated from cell lysates with the polyclonal anti-MuLV anti-
serum, and processing of Pr80°* to Pr15E was used as an indicator for
transport of the spike proteins to the cell surface.

indicated that about 33% of synthesized Pr80°** was converted
to Pr15E during the 4-h chase. Pr80°"" that was not transported
out of the endoplasmic reticulum was rapidly degraded.

To express the M-MuLV spike proteins together with
Pr6588, a recombinant SFV-Pr655%+Pr80°" genome contain-
ing two promoters for subgenomic RNA transcription was
constructed, and the genes for Pr65%“¢ and Pr80°"" were placed
separately under the control of these two promoters. Relative
expression levels of Pr65¥% and Pr80°" in SFV-Pr65%+
Pr80°""-transfected cells were analyzed from cell lysates that
had been prepared after a 30-min pulse and a 15-min chase
(see Fig. 5a, lane 1). After taking the relative numbers of
methionine into consideration (three in Pr65%“¢ and eight in
Pr80°"), quantitation of Pr65%“¢ and Pr80°"" bands indicated
that these proteins were expressed at similar levels. In order to
assay incorporation of M-MuLV spike proteins into extracel-
lular particles, SFV-Pr65%*+Pr80°" -transfected cells were
pulse-labelled for 4 h, and cell lysates and media samples were
analyzed. Pr65%°%, Pr80"", and Pr15E proteins were immuno-
precipitated from cell lysates by the polyclonal anti-MuLV
antiserum, and are shown in Fig. 3a, lane 1 (the heavy Pr80*"”
band partially hides the underlying Pr65%* band). Particles
that had been released into the culture media during the 4-h
pulse were purified by pelletation through a sucrose cushion,
and the protein composition of these particles is shown in Fig.
3a, lane 2. In addition to Pr655“%, these particles also contained
high amounts of Pr15E. The minor band above the Pr65%%
band in lane 2 is a form of Pr65%“ which is synthesized as a
result of the suppression of the Pr65%°¢ stop codon (18) and
represents an artefact of the construct. Extracellular Pr1SE
was most likely assembled into the envelope of the Gag
particles, since no Pr1SE was detected in culture media of
control cells that were expressing only M-MuLV spike proteins
(data not shown). To verify the physical association of Pr655%
and Pr15E, material in the culture media of SFV-Pr65%%+
Pr80°"*-transfected cells was analyzed by equilibrium density
sedimentation. Pr15E was found to cofractionate with Pr655%,
and the majority of both proteins were in particles that banded
at a density of 1.14 to 1.16 g/ml (Fig. 3b). The radioactivity in
Pr65%*¢ and Pr15E bands was quantitated, and after taking the
relative numbers of methionine into consideration (three in
Pr65%* and five in Pr1SE), the average ratio of Pr65%° to
Pr15E was estimated to be 5:1. This ratio is similar to the ratio
of p30 to spike proteins in functional M-MuLV particles (32).
Taken together, these results indicated that homologous M-
MuLV spike proteins were efficiently assembled into extracel-
lular Gag particles.



VoL. 68, 1994

a C M padniy ¥ 3 o2 o @ o 9
aMuLV + - gembey T 5 F B = = E
P +
Prgoeny g Pr65929. 3 B
Pre59ag™>
o
Pr1SE>» D W
ratio — = — -
Prise> P = & B & «
pr65%9.pr15E -
1 2

FIG. 3. Assembly of the homologous M-MuLYV spike proteins into
extracellular particles. (a) SFV-Pr655° +Pr80°"-transfected cells were
pulse-labelled for 4 h, and M-MuLV proteins in cell lysates (C; lane 1)
and clarified culture media (M; lane 2) were analyzed. aMuLV,
immunoprecipitation with the anti-MuLV antiserum; P, particulate
fraction of the culture media. (b) Particles released from the SFV-
Pr655°¢ +Pr80°™-transfected cells were analyzed by isopycnic centrifu-
gation on a 20 to 50% sucrose gradient. The gradient was fractionated
from the bottom, and radioactivity in the fractions was measured by
liquid scintillation counting. Aliquots of peak fractions were diluted
with TNE buffer, and M-MuLV particles in these fractions were
isolated by pelletation. The pellet fraction was solubilized directly into
SDS sample buffer and analyzed by SDS-PAGE.

Homologous spike proteins are more efficiently incorpo-
rated into extracellular M-MuLV particles than the heterolo-
gous SFV spike proteins. The spike protein complex of SFV
was chosen as a probe to test the incorporation of a heterol-
ogous spike protein into extracellular Gag particles. The SFV
spike complex is composed of two integral membrane proteins,
p62 and E1, which form a heterodimeric complex in the
endoplasmic reticulum (36, 54, 64). The p62 subunit is cleaved
by a host protease in its external domain late during transport
of the spike heterodimer to the cell surface (11). This cleavage
event generates the E2 form found in mature virions. However,
in the experiments described below a mutant form of p62 (the
p62*) that does not undergo this processing event because of a
mutation at the cleavage site was used (4). This mutant form
was chosen instead of the wild-type protein, because control
experiments have established that this unprocessed p62*-E1
spike complex is more stably expressed at the cell surface than
the mature E2-E1 complex (3).

In order to reliably evaluate the efficiency of incorporation
of the SFV spike relative to that of the M-MuLV spike, it was
first important to assess expression of SFV spike proteins at
the cell surface and compare this to that of the M-MuLV spike
proteins studied above. SFV spike proteins were expressed
from SFV-p62*E1 RNA, and at 8 h posttransfection, cells were
pulse-labelled for 30 min and chased for various times, up to 4
h. SFV spike proteins were immunoprecipitated from cell
lysates by a monoclonal E1 antibody, and transport of the spike
complex to the cell surface was monitored by following the
conversion of El-associated carbohydrate chains to an endo
H-resistant form. As shown in Fig. 4, some E1 proteins had
acquired endo H-resistant sugars after 15 min of chase, and the
amount of endo H-resistant E1 increased up to the 4-h chase
point. Quantitation of two separate experiments indicated that
about 29% of synthesized E1 was converted to the endo
H-resistant form during the 4-h chase. Although endo H-
resistance only indicates transport to the medial Golgi (16),
separate control experiments have established that the
p62*-E1 complex is transported all the way to the plasma
membrane because it is efficiently rescued into virus particles

INCORPORATION OF PROTEINS INTO THE M-MuLV ENVELOPE 4883

chase/min 15 60 120 240
endoH -+ -+ -+ -+
El >» —

- e S i

V=3 4 S-6 7 8

FIG. 4. Transport of the SFV p62*-E1 complex to the cell surface.
SFV-p62*El-transfected cells were pulse-labelled for 30 min and
chased for the times indicated. Conversion of El-associated oligosac-
charides to the endo H-resistant form was monitored and used as an
indicator for transport of the spike complex to the cell surface.

when coexpressed with SFV nucleocapsids (3). Therefore,
within the limitations of the methods used to estimate trans-
port, it was concluded that the p62*-E1 complex was trans-
ported to the cell surface as efficiently as the M-MuLV spike
proteins analyzed above (33% of synthesized M-MuLV spike
proteins had reached the cell surface after a 4-h chase).

For coexpression of Pr65“¢ and SFV spike proteins, we
constructed a recombinant SFV-Pr655*¢+p62*E1 genome, in
which the Pr65%°¢ and the SFV spike protein genes were placed
under separate subgenomic promoters. Since our control ex-
periments had indicated that the expression level of Pr655%¢
relative to that of the membrane protein can greatly influence
the apparent incorporation efficiency of the membrane pro-
tein, inclusion of M-MuLV and SFV spike proteins into
extracellular particles was compared by cotransfecting SFV-
Pr65%°¢+Pr80°"" and SFV-Pr65°+p62*E1 RNAs into BHK-
21 cells. Twice as much SFV-Pr655*+p62*E1 RNA as SFV-
Pr65%%¢+Pr80°"" RNA was included into the transfection mix-
ture to ensure a higher expression level of the SFV spike
proteins. Relative expression levels of Pr80°"” and p62*-El
were examined from cell lysates that had been prepared after
a 30-min pulse and a 15-min chase. M-MuLV proteins were
immunoprecipitated from cell lysates by the polyclonal anti-
MuLV antiserum, and SFV spike proteins by the monoclonal
anti-E1 antibodies; the latter antibodies also coprecipitate the
p62 subunit of the spike heterodimer. As shown in Fig. Sa,
lanes 2 (anti-MuLV immunoprecipitation) and 3 (anti-E1l
immunoprecipitation), SFV spike proteins were expressed at a
higher level than M-MuLV spikes: quantitation of Pr80°"* and
E1 bands indicated that E1 was synthesized at about a four-
fold-higher level than Pr80°"*. The protein comigrating with
Pr65%° in lane 3 is p62*, and the apparently smaller amount of
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FIG. 5. Comparison of protein expression in transfected cells. Cells
were pulse-labelled for 30 min, chased for 15 min, and solubilized.
Equal volumes of cell lysates were subjected to immunoprecipitation
by anti-MuLV antiserum, anti-E1 antibodies, or anti-TR antibodies.
(a) Lane 1, protein expression in SFV-Pr655°¢+Pr80°"-transfected
cells; lane 2 (anti-MuLV immunoprecipitation) and lane 3 (anti-E1
immunoprecipitation), protein expression in SFV-Pr65°+Pr80°""-
and SFV-Pr65%%+p62*El-cotransfected cells. (b) Lanes 1 and 2,
expression levels of Pr65¥* and SFV spike proteins respectively, in
SFV-C/Pr6%¥%- and SFV-(E2Y399K)-cotransfected cells; lane 3,
TRA2 that was immunoprecipitated from SFV-C/Pr655°- and SFV-C/
TRA2-cotransfected cell lysates. The lanes originate from different
gels, but the exposure times on film were similar.
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FIG. 6. Comparison of incorporation of M-MuLV and SFV spike
proteins into extracellular particles. SFV-Pr65%+Pr80“- and SFV-
Pr65%°¢+p62*El-cotransfected cells were pulse-labelled for 4 h, and
cell-associated proteins (C; lanes 1 and 2) and extracellular particles
were analyzed. aMuLV, immunoprecipitation by the anti-MuLV an-
tiserum; aE1, immunoprecipitation by the monoclonal anti-SFV E1
antibodies; P, particulate fraction of the culture media (M). Note that
the film is overexposed to bring out the faint E1 band in the medium.
The bands between Pr65% and Prl1SE in lane 1 are degradation
products of Pr655“ and Pr80°".

the latter protein in comparison to E1 is due to inefficient
coprecipitation of p62* by the monoclonal anti-E1 antibody.
Since M-MuLV and SFV spike proteins were transported to
the cell surface with similar efficiencies (see above), the higher
synthesis level of SFV spike proteins should ensure a higher
expression of SFV spikes at the cell surface. To examine
incorporation of Pr15E and p62*-E1 proteins into extracellular
particles under these conditions, SFV-Pr65%*+Pr80°""- and
SFV-Pr655°¢+p62*E1-cotransfected cells were pulse-labelled
for 4 h, and cell lysates and culture media were analyzed.
Cell-associated Pr80°"*, Pr65%%, and Pr15E are shown in Fig. 6,
lane 1, and intracellular p62* and E1 are shown in lane 2.
Extracellular particles were isolated by pelletation through a
sucrose cushion, and the protein composition of these particles
is shown in lane 3. Pr1SE was readily detectable in these
particles, but in contrast, only trace amounts of E1 could be
detected (the p62* band was not visible, because it was hidden
by the Pr65° band). Similar results were obtained if the
wild-type SFV E2-El-spike complex was used instead of the
cleavage-deficient p62*-E1 complex (data not shown). There-
fore, it can be concluded that the homologous M-MuLV spike
is preferentially incorporated into the M-MuLV envelope in
comparison to the heterologous SFV spike complex. Note, that
the relative ratio of Pr65%* to Prl15E in particles produced
from these cells was different from that in particles released
from cells that had been transfected only with the SFV-
Pr655°¢+Pr80°" RNA (compare Fig. 6, lane 3, and Fig. 3a,
lane 2). This variation is explained by different relative expres-
sion levels of Pr65%* and Pr80°"" in the two transfections
(compare lanes 1 and 2 in Fig. 5a) and demonstrates the
influence that the expression level of the core protein relative
to that of the membrane protein has on the apparent incorpo-
ration efficiency of the membrane protein.

We also analyzed the incorporation of a mutant form of the
human transferrin receptor, TRA2. The TRA2 mutant is a
homodimeric plasma membrane protein, but it differs from its
wild-type counterpart by having an extensive deletion at the
cytoplasmic domain. This deletion has removed the internal-
ization signal of the transferrin receptor and has thus rendered
the TRA2 mutant defective in endocytosis (10, 31). When
TRA?2 was coexpressed with Pr655“¢, no TRA2 was detected in
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FIG. 7. Transport of SFV spike proteins to the cell surface when
these proteins were expressed at a higher level. SFV-(E2Y399K)-
transfected cells were pulse-labelled for 30 min and chased for either
15 min or 4 h. Aliquots of samples at each time point were analyzed by
endo H digestion. The conversion of El-associated oligosaccharides to
the endo H-resistant form and the processing of p62 to E2 indicate
transport of the spike complex to the cell surface. Lane S, analysis of
the solubilized 4-h chase medium by immunoprecipitation with anti-E1
antibodies.

extracellular particles, although control experiments indicated
that TRA2 was expressed at a level at the plasma membrane
similar to those of the M-MuLV spike proteins (data not
shown).

Increased expression of SFV spike proteins at the cell
surface results in efficient incorporation of these proteins into
extracellular particles. In the experiments described above,
M-MuLV and SFV spike proteins were expressed at relatively
low densities at the plasma membrane, i.e., each was at a
density comparable to that of M-MuLV spike proteins in
wild-type M-MuLV infection. It was of interest to see whether
the SFV spike complex would be more efficiently incorporated
into extracellular particles when the spike was present at a
higher density at the plasma membrane. Analysis of the
protein expression in cells transfected with different SFV
expression vectors have established that the SFV-driven ex-
pression system yields a considerably higher level of expression
for a given protein if the coding unit of the protein is fused to
the C gene of SFV (48). In order to achieve a high expression
of SFV spike proteins, SFV-(E2Y399K) RNA, which contains
the complete structural coding region of SFV (C-p62-E1), was
used in the experiments described below. SFV-(E2Y399K) is
otherwise similar to the wild-type genome of SFV, except that
SFV-(E2Y399K) contains a point mutation which results in a
tyrosine to lysine substitution at position 8 in the cytoplasmic
tail of p62/E2. This mutation does not affect the transport of
spike heterodimers to the cell surface, but it abolishes the
interactions of spike proteins with the viral nucleocapsid and
thus inhibits the budding of SFV (63) (Fig. 7, lane S5).
Therefore, cells infected with this mutant RNA synthesize high
amounts of viral nucleocapsids and spike proteins, which
accumulate in cytoplasm and plasma membrane, respectively.
Comparison of spike protein expression levels in either SFV-
(E2Y399K)-transfected cells or SFV-Pr655%+p62*E1-trans-
fected cells indicated that SFV-(E2Y399K) RNA yielded
greater than a 10-fold-higher expression (compare Fig. 5a, lane
3, and Fig. 5b, lane 2). The control experiment shown in Fig. 7
demonstrated that most of the newly synthesized spike het-
erodimers in SFV-(E2Y399K)-transfected cells were indeed
efficiently transported to the cell surface. Transfected cells
were pulse-labelled for 30 min and chased for either 15 min or
4 h. Transport of spike heterodimers to the cell surface was
followed by monitoring the conversion of El-associated oligo-
saccharides to the endo H-resistant form, as well as by assaying
the cleavage of p62 to E2 (11). A substantial fraction of El
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proteins had acquired endo H-resistant sugars after the 15-min
chase, and after 4 h the majority of the cell-associated E1 was
of the endo H-resistant form. Quantitation of three separate
experiments indicated that the endo H-resistant E1 at the 4-h
chase point comprised about 51% of total E1 synthesized
during the 30-min pulse. The cleavage of p62 to E2 followed a
similar kinetics: E2 present at the 4-h chase point was found to
constitute about 48% of the total p62 synthesized (p62 + E2 at
the 15-min chase point). Therefore, it can be concluded that
the higher synthesis level of SFV spike proteins in SFV-
(E2Y399K)-transfected cells resulted in a comparable increase
in the expression of these proteins at the cell surface. Solubi-
lized culture media from the 4-h chase point were also
analyzed for the presence of spike proteins by immunoprecipi-
tation with anti-E1. As shown in Fig. 7, lane 5, only a small
amount of a protein fragment migrating slightly faster than
intracellular E1 was detected in these culture media. This
corresponds to a soluble form of E1, which is released into
culture medium probably as a result of a host-mediated
cleavage of some proportion of cell-surface spike complexes
(62).

In order to increase the overall production of extracellular
Gag particles, the expression level of Pr655% was elevated by
fusing the coding sequence of Pr65° to the C gene of SFV.
This created the recombinant SFV genome SFV-C/Pr655%,
which expresses Pr655°¢ as a C-Pr65**® fusion protein. The
fusion protein is cotranslationally processed into C and Pr655%
proteins by the autoproteolytic activity of the C protein (Fig.
8a) (1, 8, 20, 39). Comparison of Pr655° expression levels in
Fig. 5a, lane 1 (SFV-Pr65%*+Pr80°**-transfected cells) and
Fig. 5b, lane 1 (SFV-C/Pr65%°¢- and SFV-(E2Y399K)-cotrans-
fected cells) indicated that the use of the SFV-C/Pr655% RNA
increased the Pr655°¢ expression by about 10-fold. Analyses of
Pr65%¢ proteins expressed from the SFV-C/Pr65%°¢ RNA have
shown that the proteins are correctly modified by myristylation
at their amino termini, and the proteins become efficiently
assembled into extracellular virus-like particles (data not
shown).

Incorporation of SFV spike proteins into extracellular par-
ticles under high expression of these proteins at the cell surface
was assayed following cotransfection of BHK-21 cells with
SFV-C/Pr65° and SFV-(E2Y399K) RNAs. At 8 h after
transfection, cells were pulse-labelled for 30 min and chased
for 4 h, and cell-associated and extracellular proteins were
analyzed. SFV nucleocapsid protein C and SFV spike proteins
were immunoprecipitated from cell lysates by monoclonal
anti-C and monoclonal anti-E1 antibodies, respectively, and
are shown in Fig. 8a, lanes 1 (C) and 3 (spike proteins).
Because of the long chase time (4 h), the majority of the
intracellular spike complexes were in the mature E2-E1 form.
Cell-associated Pr65%“ proteins, immunoprecipitated by the
polyclonal anti-MuLV antiserum, are shown in lane 2. Particles
which had been released into the culture media during the 4-h
chase were purified by pelletation through a sucrose cushion,
and the protein composition of these particles is shown in lane
4. By comparing the ratio of Pr65“ to E2 and El, it is evident
that the particulate fraction now contained high amounts of
the SFV spike proteins. To verify that these proteins were
incorporated into the envelope of Gag particles, the material in
culture media was subjected to equilibrium density sedimen-
tation. Analyses of gradient fractions demonstrated that E2
and E1 cofractionated with Pr65%?, and the majority of the
proteins were found in particles that banded at a density of
1.14 to 1.18 g/ml (Fig. 8b; E2 and E1 proteins comigrated as
electrophoresis was under reducing conditions). After taking
the relative numbers of methionine into consideration (3 in
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FIG. 8. Incorporation of SFV spike proteins into extracellular
particles in SFV-C/Pr65%*%- and SFV-(E2Y399K)-cotransfected cells.
(a) Transfected cells were pulse-labelled for 30 min and chased for 4
h. Lanes 1 to 3, analyses of cell lysates (C); lane 4, analysis of the
corresponding culture medium (M). aMuLV, aC, and «E1, immuno-
precipitation by anti-MuLV antiserum, by anti-SFV C antibodies, and
by anti-SFV E1 antibodies, respectively. P, particulate fraction of the
culture medium. (b) Analysis of extracellular particles by isopycnic
centrifugation on a 20 to 50% sucrose gradient. This experiment was
done as described in the legend to Fig. 3b, and peak fractions of the
gradient are shown. Note that E2 and E1 comigrated as the electro-
phoresis was under reducing conditions.

Pr65%* and 17 in E2-El), quantitations indicated that the
average relative ratio of Pr658% to E2-E1 was 26:1. However,
the particles clearly differed in their spike contents: the heavier
particles contained high amounts of E2-E1, whereas the spike
density was significantly lower in the lighter particles. Taken
together, the results described in this section demonstrate that
the SFV spike complex is efficiently assembled into extracel-
lular particles, providing that the spike is expressed at a high
density at the plasma membrane. This high level of incorpo-
ration was independent of the overall budding efficiency, since
similar results were obtained if SFV-Pr65°¢ RNA (i.e., that
with the low level of expression) was used for the expression of
Pr65%% instead of the SFV-C/Pr65*“¢ RNA described here
(data not shown).

Unfortunately, it was not possible to directly compare
incorporation of SFV spike proteins with that of M-MuLV
spikes under high expression of these proteins at the cell
surface, since when Pr80°"" was expressed at a high level (i.e.,
as a C fusion protein), the bulk of spike proteins was not
transported out of the endoplasmic reticulum (data not
shown). However, particles produced from cells cotransfected
with SFV-Pr655%+Pr80°"" RNA, which expressed at the low
level, and SFV-(E2Y399K) RNA, which expressed at the high
level, contained roughly equal amounts of Pr1SE and SFV
spikes. This was despite the fact that SFV spike proteins were
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FIG. 9. Transport of TRA2 to the cell surface when expressed at a
higher level. SFV-C/TRA2-transfected cells were pulse-labelled for 30
min and chased for either 15 min or 4 h. At the end of the chase,
culture media were removed and cell monolayers were treated with
trypsin for 1 h at 4°C. After trypsin treatment, cells were resuspended
in the incubation media, and cell suspensions were separated by
centrifugation into a pellet (intact cells) and a supernatant fraction.
Trypsin cleaves cell surface-associated TRA2 into a smaller soluble
fragment [TRA2(tryp)], which can be recovered from the supernatant
fraction. Intracellular TRAZ2 is protected from trypsin cleavage and can
be recovered from the pellet. T, immunoprecipitation of TRA2 from
untreated samples; I, immunoprecipitation of TRA2 from the pellet
fraction (intracellular pool); S, immunoprecipitation of TRA2 from the
supernatant (cell surface) fraction. Lane 7, analysis of the 4-h chase
medium by immunoprecipitation with anti-TR antibodies. TRA2',
soluble TRA2 form recovered from the culture medium.

estimated to be expressed at a greater than 10-fold-higher
density at the plasma membrane than M-MuLV spike proteins
(data not shown).

A cellular plasma membrane protein is also incorporated
into M-MuLV particles when the protein is expressed at a high
level at the cell surface. Whether or not the cellular TRA2
protein would be incorporated into extracellular particles when
both Pr65%“¢ and TRA?2 were expressed at a high level was next
examined. To achieve a high expression level of TRA2, recom-
binant SFV genome SFV-C/TRA2 in which the coding se-
quence of the TRA2 protein was fused to the C gene of SFV
was constructed. The C-TRA2 fusion protein encoded by this
RNA was correctly processed to C and TRA?2 by the autopro-
teolytic activity of the C protein (see, e.g., Fig. 10a). Compar-
ison of protein expression from SFV-C/TRA2 and SFV-
(E2Y399K) RNAs indicated that TRA2 was synthesized at a
two- to threefold-lower level than SFV spike proteins (Fig. 5b,
lanes 2 and 3). In order to determine the proportion of TRA2
that was transported to the cell surface, SFV-C/TRA2-trans-
fected cells were pulse-labelled for 30 min and chased for
either 15 min or 4 h, and at the end of the chase cell
monolayers were treated with trypsin at 4°C for 1 h. After
trypsin treatment, cells were resuspended in the incubation
medium, and the cell suspension was separated by centrifuga-
tion into a pellet (intact cells) and a supernatant fraction.
Trypsin cleaves cell surface-associated TRA2 into a smaller
soluble fragment, which can be recovered from the superna-
tant fraction. In contrast, intracellular TRA2 is protected from
trypsin cleavage and remains cell associated. TRA2 from pellet
and supernatant fractions was immunoprecipitated by a mono-
clonal anti-human transferrin receptor antibody (anti-TR). As
shown in Fig. 9, all TRA2 was intracellular after a 15-min
chase, whereas the majority of cell-associated TRA2 had
reached the cell surface after 4 h. As described before (40), the
TRA2 that had been transported to the cell surface was
converted to a more slowly migrating form. Quantitations
indicated that plasma membrane-associated TRA2 at the 4-h
chase point comprised about 29% of total TRA2 synthesized
during the 30-min pulse. Intracellular TRA2 at the 4-h chase
point was resolved into two closely migrating bands, and the
faster-migrating form of these (TRA2') could also be detected
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FIG. 10. Incorporation of TRA2 into extracellular particles in
SFV-C/Pr65*- and SFV-C/TRA2-cotransfected cells. (a) Transfected
cells were pulse-labelled for 30 min and chased for 4 h. Lanes 1 to 3,
analyses of cell lysates (C); lanes 4 to 6, analyses of the corresponding
culture media (M). aMuLV, aC, and o TR, immunoprecipitation with
anti-MuLV antiserum, with anti-SFV C antibodies, and with anti-TR
antibodies, respectively; P, particulate fraction of the culture media;
NP40, solubilization with 1% NP-40. TRA2' indicates the soluble form
of TRA2 released into the culture medium. (b) Analysis of extracellu-
lar particles by isopycnic centrifugation on a 20 to 50% sucrose
gradient. The experiment was done as described in the legend to Fig.
3b, and peak fractions of the gradient are shown. The leftmost first
lane (aTR) shows marker TRA2 proteins immunoprecipitated from
SFV-C/TRA2-transfected cell lysates.

in the culture media of the 4-h chase point (Fig. 9, lane 7). This
suggested that the faster-migrating variant was a soluble
derivative of TRA2, but the precise origin of this fragment was
not further investigated.

To test whether TRA2 could be incorporated into extracel-
lular M-MuLV particles, SFV-C/Pr65%* and SFV-C/TRA2
RNAs were cotransfected into BHK-21 cells and analyzed as
described for the SFV-C/Pr65%°¢ and SFV-(E2Y399K) cotrans-
fections. Cell-associated SFV C, M-MuLV Pr65%%, and TRA2
are shown in Fig. 10a, lanes 1, 2, and 3, respectively. Lane 4
shows the protein composition of particles that had been
released into culture media during the 4-h chase period. A
protein of size similar to that of intracellular TRA2 was
detected in this particulate fraction. The efficient immunopre-
cipitation of this protein from the solubilized particulate
fraction by anti-TR indicated that this protein indeed was
TRA?2 (Fig. 10a, lane 5). Some Pr65% was also precipitated,
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but this most likely represented nonspecific reactivity of the
antibody with some Pr65%°¢ residing on intact core structures.
TRA2 in the particulate fraction was not of the soluble TRA2'
form: by comparing lanes 5 and 6 in Fig. 10a, it is evident that
TRAZ2 in the particulate fraction migrated more slowly than the
soluble TRA2' fragment immunoprecipitated from solubilized,
unfractionated culture media. This strongly suggested that
TRAZ2 was incorporated into the envelope of Gag particles. To
gain further evidence for this, material in the culture media
was subjected to isopycnic centrifugation. As shown in Fig. 10b,
TRA2 could be detected in fractions which contained envel-
oped Gag particles. After taking the relative numbers of
methionine into consideration (3 in Pr65%* and 12 in TRA2),
quantitations indicated that the average relative ratio of
Pr65%%¢ to TRA2 was 125:1. Thus, it can be concluded that a
cellular protein is also incorporated into the M-MuLV enve-
lope in biochemically detectable amounts, if the protein is
expressed at a high level at the plasma membrane. The relative
ratio of Pr655* to TRA2 in the particles would suggest that
TRA2 was less efficiently incorporated than SFV spike proteins
analyzed in the previous section (the average relative ratio of
Pr65%°¢ to E2-E1 was 26:1). However, TRA2 was expressed at
a two- to threefold-lower level in the experiments than SFV
spike proteins, and TRA2 was also less efficiently transported
to the cell surface. Therefore, the differences in the two ratios
can be at least partly explained by a lower density of TRA2 at
the cell surface.

DISCUSSION

In this study we have determined the efficiencies with which
homologous and heterologous membrane proteins are incor-
porated into M-MuLV particles by utilizing a SFV-driven
M-MuLV assembly system and quantitative biochemical as-
says. The spike complex of the unrelated virus SFV and the
cytoplasmically truncated TRA2 mutant of the human trans-
ferrin receptor were used as representatives of heterologous
proteins. During the course of this study it became evident that
two factors in the experimental conditions can greatly influ-
ence the apparent incorporation efficiency of a protein. These
factors are (i) the expression level of the core protein relative
to that of the membrane protein tested and (ii) the density of
the membrane protein at the cell surface. The importance of
the former factor is evidenced by the different amounts of
Pr15E in particles produced from SFV-Pr65%¢+Pr80°**-trans-
fected cells and in particles produced from SFV-Pr655%+
Pr80°*”- and SFV-Pr655°¢+p62*El-cotransfected cells. The
differential incorporation of SFV spike proteins under low and
high expression at the cell surface demonstrates the impor-
tance of the latter factor. When experimental conditions were
standardized with respect to these two factors, the results
obtained clearly demonstrate that the efficiencies of incorpo-
ration of homologous and heterologous proteins differed
markedly. When Pr65%% was expressed together with M-
MuLV spike proteins at a low expression level, the homolo-
gous spikes were efficiently assembled into extracellular parti-
cles: the average relative ratio of Pr65“¢ to Pr15E in purified
particles was 5:1. In contrast, when the SFV spike complex or
TRA?2 was coexpressed with Pr655°¢ at similar levels, only trace
amounts of SFV spike proteins and no TRA2 were detected in
extracellular particles. The density of SFV spike proteins and
TRA?2 at the cell surface had to be increased by about 10-fold
before these heterologous proteins became relatively efficiently
incorporated into extracellular particles. Therefore, our major
conclusion is that the homologous spike protein was preferen-
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tially incorporated into M-MuLV particles in comparison to
the heterologous proteins tested.

The generality of this conclusion is at present unclear. As
mentioned in the introduction, there are three reports in the
literature which would indicate that heterologous proteins can
be as efficiently incorporated into retroviral envelopes as the
respective homologous spike proteins. Landau and Littman
(32) reported that the spike protein of Rous sarcoma virus
(RSV) was incorporated with an essentially similar efficiency
into M-MuLV particles as the homologous M-MuLV spike:
extracellular particles contained only twice as much M-MuLV
spike proteins as RSV spikes. However, it is unclear whether
experimental conditions had been standardized with respect to
the densities of the two spike proteins at the cell surface or
whether the expression levels of the membrane proteins rela-
tive to that of the core protein were similar. According to the
report by Dong et al. (13), the HA protein of influenza virus
was assembled as efficiently into the envelope of RSV as the
homologous RSV spike. However, also in this case it is unclear
whether the densities of these proteins at the cell surface were
similar. Furthermore, the incorporation was assayed in a
vaccinia virus T7-driven RSV assembly system, which appar-
ently yielded a high expression level for these proteins. The
obtained differences in the relative efficiencies of incorporation
of SFV spikes and TRA2 under the low and high synthesis
levels reported here raise a note of caution concerning the
interpretation of results obtained under high expression levels.
Interestingly however, the cellular proteins B,-microglobulin
and human lymphocyte antigen (HLA) DR were found to
outnumber gp120 in purified human immunodeficiency virus
types 1 and 2 and simian immunodeficiency virus particles
produced from wild type-infected cells (2). Clearly, it would be
interesting to test how efficiently HLA-DR or the influenza
virus and RSV spike proteins are incorporated into extracel-
lular particles in our M-MuLV assembly system.

The basis for the differential incorporation of M-MuLV and
SFV spike proteins (or TRA2) is at present unclear and can
only be speculated upon. M-MuLV spike proteins were effi-
ciently assembled into extracellular M-MuLV particles when
expressed at a relatively low density at the plasma membrane,
whereas the efficient inclusion of heterologous membrane
proteins was strictly dependent on the high-level expression of
these proteins at the cell surface. The high amounts of SFV
spike proteins in the particles produced from SFV-C/Pr655%-
and SFV-(E2Y399K)-cotransfected cells imply that the overall
three-dimensional structure of the SFV spike complex was not
incompatible with efficient incorporation. Therefore, the dif-
ferential incorporation of the M-MuLV and SFV spike pro-
teins at the low expression level can be taken to indicate that
homologous and heterologous membrane proteins are incor-
porated into the M-MuLV envelope via two distinct pathways.
The simplest explanation for the preferential incorporation of
M-MuLV spikes is the concept that specific core-spike inter-
actions facilitate the incorporation of homologous spike pro-
teins into particles. This assumption is supported by reports
that deletions or insertions in the cytoplasmic domain of the
M-MuLV spike can reduce incorporation of the mutant spike
proteins into virions (22, 23). Incorporation of a heterologous
protein into the M-MuLV envelope could occur nonspecifi-
cally and be governed by factors such as (i) the density of the
protein at the cell surface, (ii) the compatibility of the three-
dimensional structure of the protein, and (iii) whether there
are interactions between the protein and endogenous cellular
components which would restrict the mobility of the former in
the membrane and hence interfere with its access to the
budding site. That this third point could be important is
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suggested by an observation that the amount of influenza virus
HA in RSV particles was markedly increased if cells producing
virions were treated with exogenous neuraminidase, a treat-
ment that presumably freed HA from other plasma membrane
proteins (13). Although in this present study the relative
mobilities of M-MuLV and SFV spike proteins in the plasma
membrane were not determined, it is unlikely that the different
incorporation efficiencies of the proteins could be solely due to
differences in their mobilities. Both M-MuLV and SFV spike
proteins are alien to BHK cells, and thus these proteins would
be expected to lack interactions with endogenous host compo-
nents. Indeed, previous experiments have indicated that the
SFV spike complex is not subjected to rapid endocytosis in
BHK cells (62). Although BHK cells express a receptor for
SFV (55), it is unlikely that interactions with this receptor
would have caused the observed inefficient incorporation of
SFV spike proteins at the low expression level, because
previous studies have indicated that the unprocessed p62-spike
complex used in the experiments is impaired in receptor
binding (45). However, to conclusively settle whether putative
core-spike interactions were the sole factor influencing the
differential incorporation of homologous and heterologous
proteins observed here, biochemical binding assays as well as
direct mobility measurements are required.
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