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Glycoproteins derived from most retroviruses and from several families of enveloped viruses can form
infectious pseudotypes with murine leukemia virus (MLV) and lentiviral core particles, like the MLV envelope
glycoproteins (Env) that are incorporated on either virus type. However, coexpression of a given glycoprotein
with heterologous core proteins does not always give rise to highly infectious viral particles, and restrictions
on pseudotype formation have been reported. To understand the mechanisms that control the recruitment of
viral surface glycoproteins on lentiviral and retroviral cores, we exploited the fact that the feline endogenous
retrovirus RD114 glycoprotein does not efficiently pseudotype lentiviral cores derived from simian immuno-
deficiency virus, whereas it is readily incorporated onto MLV particles. Our results indicate that recruitment
of glycoproteins by the MLV and lentiviral core proteins occurs in intracellular compartments and not at the
cell surface. We found that Env and core protein colocalization in intracytoplasmic vesicles is required for
pseudotype formation. By investigating MLV/RD114 Env chimeras, we show that signals in the cytoplasmic tail
of either glycoprotein differentially influenced their intracellular localization; that of MLV allows endosomal
localization and hence recruitment by both lentiviral and MLV cores. Furthermore, we found that upon
membrane binding, MLV core proteins could relocalize Env glycoproteins in late endosomes and allow their
incorporation on viral particles. Thus, intracellular colocalization, as well as interactions between Env and
core proteins, may influence the recruitment of the glycoprotein onto viral particles and generate infectious
pseudotyped viruses.

Enveloped viruses consist of nucleocapsids that are sur-
rounded by a host-derived membrane envelope onto which are
placed the viral surface glycoproteins. While the nucleocapsid
contains the determinants that specify replication of the viral
genome, the primary role of the envelope glycoproteins is to
allow the entry of the virion into new cells through binding to
cell surface receptors and subsequent triggering of fusion be-
tween the viral and cell membranes. The two types of viral
structural determinants are expressed in distinct locations, in
the cytosol for the nucleocapsid proteins and in the secretory
pathway for the envelope glycoproteins (59). For retroviruses,
it is not clear how the Gag and Env proteins, which form their
nucleocapsid and envelope proteins, respectively, as well as the
viral genomic RNAs, reach common sites to assemble, bud,
and form infectious virions. In particular, the mechanisms that
allow the recruitment of the viral glycoproteins onto retroviral
cores are poorly understood.

So far, we know of at least two mechanisms that lead to the
incorporation of viral or cellular glycoproteins onto viral par-
ticles. In the active model of Env glycoprotein incorporation
(59), the assembly of viral particles depends either on direct
interaction between the cytoplasmic tail of the pseudotyping
glycoprotein and components of the virion core or on indirect
interactions via a cellular factor. There is ample evidence in the
literature to support the critical role of such interactions in
viral assembly (reviewed in references 18 and 59), at least for
lentiviruses (14, 33, 64, 67, 68). The model of passive Env

incorporation, however, implies nonspecific interactions be-
tween the pseudotyping glycoprotein and the viral core, as long
as the cytoplasmic tail of Env is not sterically incompatible with
viral assembly or virion morphology (59) and as long as there
is a sufficient abundance of Env at the site of virus budding.
This model is substantiated by the formation of retroviral pseu-
dotypes with heterologous Env and their colocalization in raft
cell surface microdomains (10, 44). Surface proteins derived
from most retroviruses and from many families of enveloped
viruses allow pseudotype formation with retroviral particles.
Nonretroviral glycoproteins include those derived from vesi-
culoviruses, lyssaviruses, arenaviruses, hepadnaviridae, flavivi-
ruses, paramyxoviruses, orthomyxoviruses, filoviruses, and al-
phaviruses (reviewed in reference 53). However, even within
the family Retroviridae, coexpression of a given glycoprotein
with heterologous viral core proteins does not always give rise
to highly infectious viral particles (12, 27, 30, 52, 54, 58, 62).

In previous studies, it was found that the feline endogenous
virus RD114 glycoprotein did not allow efficient pseudotype
formation with lentiviral cores derived from simian immuno-
deficiency virus (SIV) (52), whereas it was readily incorporat-
ed on murine leukemia virus (MLV) particles (13, 61). The
RD114 glycoprotein is typical of those of beta retroviruses (42,
49), with which it shares the same cell surface receptor, RDR
(48, 60), and bears significant homology in the transmembrane
(TM) Env subunit, in particular. Thus, the RD114 glycoprotein
differs significantly from that of MLV, which readily pseudo-
types both MLV and lentiviruses (34). Here, we investigated
the determinants carried by either MLV or RD114 glycopro-
teins that are responsible for this differential behavior. Our
results support the notions that (i) recruitment of glycopro-
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teins onto the viral core occurs in intracellular compartments
and not at the cell surface, as proposed previously; (ii) intra-
cellular colocalization between Gag and Env is required for
pseudotype formation; and (iii) Gag-Env interactions may oc-
cur, directly or indirectly, and influence the manner in which
pseudotyped viral particles are assembled intracellularly and
released into the cell supernatant. By investigating chimeras
between the MLV and RD114 Env glycoproteins, we found
that signals harbored by the cytoplasmic tail of either glyco-
protein differentially influenced their intracellular localiza-
tions; that of MLV allowed endosomal localization and hence
recruitment by both lentiviral and MLV Gag proteins. Further-
more, we found that upon membrane binding, Gag proteins
could relocalize Env glycoproteins harboring homologous cy-
toplasmic tails in late endosomal vesicles. Thus, intracellular
colocalization and/or Gag-Env interactions influence the as-
sembly of the glycoprotein on viral cores and lead to infectious
pseudotyped particles.

MATERIALS AND METHODS

Cells. The 293T human embryo kidney cell line (ATCC CRL-1573), the
COS-7 African green monkey fibroblast kidney cell line (ATCC CRL-1651), and
the TE671 human rhabdomyosarcoma cell line (ATCC CRL-8805) were grown
in Dulbecco’s modified Eagle’s medium Invitrogen, Cergy Pontoise, France)
supplemented with 10% fetal bovine serum and antibiotics.

Viral glycoprotein expression constructs. phCMV-G, encoding the vesicular
stomatitis virus (VSV) G protein (71), was used as an expression vector backbone
to subclone the glycoproteins derived from the feline endogenous virus RD114
(GenBank accession no. X87829) (13) and from the 4070A strain of amphotropic
MLV (MLV-A) (41). The phCMV-RD114 expression vector, expressing the
RD114 virus envelope glycoprotein (RD114 glycoprotein), was further modified
to generate a series of mutants that harbor modifications in the RD114 glyco-
protein transmembrane domain and/or cytoplasmic tail. All subsequent con-
structs were generated by PCR-mediated and oligonucleotide site-directed mu-
tagenesis (details and sequences are available upon request) and cloned in the
phCMV-RD114 plasmid.

Production of virions. The production of a pseudotyped SIV-based vector was
decribed in a previous report (52). Briefly, 293T cells plated in 10-cm-diameter
plates were transfected by 8.1 �g of the pR4SA green fluorescent protein (GFP)
vector construct (31), 8.1 �g of the pSIV-3� packaging construct (35), and 2.7 �g
of the construct expressing the viral glycoprotein. Pseudotyped MLV-derived
vectors were generated in a similar manner by DNA transfection of the pTG5349
MLV packaging construct (35), the pTG13077 MLV GFP vector construct (35),
and the glycoprotein-expressing construct (2.7 �g). The expression construct
encoding a myristoylation-defective MLV Gag mutant (the G2A mutation) (50)
was reported elsewhere (3). A calcium-phosphate transfection protocol (Clon-
tech, St. Quentim en Yvelines, France) was used according to the manufacturer’s
instructions. The medium (8 ml/plate) was replaced 16 h after transfection, and
the supernatant was harvested 24 h later and filtered through 0.45-�m-pore-size
membranes.

Infection assays. To determine the infectious-virus titers of the different pseu-
dotyped vectors, serial dilutions of vector preparations were added to TE671
target cells in the presence of 8 �g of Polybrene/ml for 4 h at 37°C. The medium
was then replaced with normal culture medium for 72 h at 37°C. The transduc-
tion efficiency, determined as the percentage of GFP-positive cells, was then mea-
sured by fluorescence-activated cell sorter analysis, as previously described (52).

Antibodies. Anti-RD114 glycoprotein (ViroMed Biosafety Labs), a goat anti-
serum raised against the RD114 gp70 envelope surface protein (SU), was used at
1/5,000 dilution for Western blotting and 1/4,000 dilution for immunofluores-
cence (IF) studies. Anti-SIV capsid protein (CA) (National Institutes of Health
AIDS Research and Reference Reagent Program) is a mouse monoclonal anti-
body (2F12) raised against the SIVmac251 p27 CA, and it was used at 1/500
dilution for Western blotting. A mouse antiserum against SIV MAp17 (National
Institutes of Health AIDS Research and Reference Reagent Program) was used
at 1/1,000 dilution to visualize SIV Gag in IF studies. Anti-MLV CA (ViroMed
Biosafety Labs) is a goat antiserum raised against the Rausher leukemia virus
p30 CA, and it was used at 1/10,000 dilution for Western blotting. A rabbit
antiserum against MLV CAp30 (a kind gift of A. Rein) was used at 1/10,000 dilu-

tion to identify MLV Gag in IF studies. Anti-CD25 (R&D Systems Europe, Abing-
don, United Kingdom) is a goat antiserum, and it was used at 1/500 dilution for
Western blotting. The Lamp-1 mouse monoclonal antibody was used to stain the
lysosomes.

Expression of viral glycoproteins and virus incorporation. Forty hours post-
transfection, virion producer cells were chilled on ice, washed twice with cold
phosphate-buffered saline�� (PBS��) (PBS, pH 8.0, supplemented with 0.7 mM
CaCl2 and 0.25 mM MgSO4) and incubated with 0.5 mg of sulfo-NHS-LC-LC-
biotin (Pierce, Rockford, Ill.)/ml for 30 min at 4°C. Biotinylation was stopped by
incubating the cells with 1 M glycine in PBS�� for 5 min at 4°C. The cells were
then washed with PBS–0.1 M glycine, lysed with MacDougal buffer (20 mM
Tris-HCl, pH 8.0, 120 mM NaCl, 200 �M EGTA, 0.2 �M NaF, 0.2% sodium
deoxycholate, 0.5% Nonidet P-40) containing a protease inhibitor cocktail (Com-
plete mini; Roche Diagnostic, Meylon, France) and 0.1 M glycine, and centri-
fuged at 13,000 � g for 30 min; 80% of the cell lysates were incubated overnight
at 4°C with streptavidin-Sepharose beads (Pierce). The beads were then washed
with MacDougal glycine buffer, resuspended in a denaturing buffer (1% �-mer-
captoethanol, 0.5% sodium dodecyl sulfate [SDS]), and boiled for 5 min. Purified
virus samples were obtained by ultracentrifugation of viral supernatants through
a 1.5-ml 20% sucrose cushion in a Beckman SW41 rotor (25,000 rpm; 2.5 h; 4°C)
and suspended in PBS. All samples were mixed 5:1 (vol/vol) in a loading buffer
(375 mM Tris-HCl [pH 6.8] containing 6% SDS, 30% �-mercaptoethanol, 10%
glycerol, and 0.06% bromophenol blue), boiled for 5 min, and then run on
SDS–13% polyacrylamide gel electrophoresis. PNGaseF (New England Biolabs,
Hitchin, United Kingdom) digestions of protein samples were performed accord-
ing to the manufacturer’s procedures. Western blotting was performed using
standard procedures. An ECL� system (Amersham Biosciences) was used for
visualization. Membrane scanning was performed with the Storm 860 device, and
signal densities were calculated with the ImageQuant program (Molecular Dy-
namics Inc.).

IF and confocal microscopy imaging. Fugene 6-transfected 293T or COS-7
cells were grown on 35-mm-diameter coverglass dishes coated with D-lysine
(Mattek Corporation, Ashland, Mass.) or on uncoated 14-mm-diameter glass
coverslips, respectively; 40 h posttransfection, IF staining was performed at room
temperature. The cells were washed with PBS, fixed with 3% paraformaldehyde
in PBS for 15 min, quenched with 50 mM NH4Cl, and permeabilized by 0.2%
Triton X-100 for 5 min. The fixed cells were incubated for 1 h with the primary
antibody in 1% bovine serum albumin–PBS, washed, and stained for 1 h with the
corresponding fluorescent Alexa-conjugated secondary antibody (at 0.5 �g/ml) in
1% bovine serum albumin–PBS. The cells were then washed several times with
PBS and mounted on microscope slides with the antifading agent Prolong (Mo-
lecular Probes) prior to image acquisition. Images were acquired with an LSM
510 confocal microscope equipped with an Axiovert 100 M microscope (Carl
Zeiss Inc., Thornwood, N.Y.) and a 40� 1.3-numerical-aperture Apocromat
objective. Alexa 488 was excited with an argon laser line at 488 nm, and emissions
were collected with a band pass filter (BP505-550). Alexa 546 was excited,
independently of Alexa 488, with an HeNe laser line at 543 nm, and emissions
were collected with a long-pass filter (LP560). The secondary antibodies Alexa 488
anti-rabbit, Alexa 488 anti-goat, Alexa 488 anti-mouse, and Alexa 546 anti-goat
antisera were purchased from Molecular Probes, Inc. Expression vectors encod-
ing specific endosomal marker proteins, cellubrevine-GFP and TiVamp-GFP (2)
(kind gifts from T. Galli), were cotransfected with Env and Gag vectors.

RESULTS

Modifications of the RD114 glycoprotein cytoplasmic tail
modulate pseudotyping of lentiviral or MLV particles. The
glycoproteins of both amphotropic MLV and RD114 can effi-
ciently pseudotype MLV core particles (13, 61). Since the
MLV glycoprotein, but not RD114 Env, efficiently pseudotypes
lentiviral particles derived from SIV (35, 52), we assumed that
the former should contain elements that control Env incorpo-
ration and/or the infectivity of lentiviral particles. Thus, to
define determinants that restrict the capacity of the RD114
glycoprotein to pseudotype lentiviral particles, we generated a
panel of RD114 glycoprotein mutants into which subregions
derived from its ectodomain, transmembrane domain, and/or
cytoplasmic tail were replaced by their MLV counterparts (Fig.
1). The RD/MTRMLV chimera carried the MLV transmem-
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brane domain in addition to the MLV cytoplasmic tail. Mutant
RD/TRMLV harbored the MLV cytoplasmic tail only. The RD-
Rless glycoprotein was a truncated version of the RD114 gly-
coprotein and was generated by inserting a stop codon at a
position corresponding to a putative cleavage site of its cyto-
plasmic tail (see below). The RD/EMLV chimera contained the
MLV ectodomain and transmembrane domain.

The capacity of the RD114 glycoprotein chimeras to pseu-
dotype either SIV or MLV particles was determined in com-
parison to wild-type RD114 glycoprotein. Viral particles were
generated by transient expression in 293T human cells, as well
as in COS-7 simian cells, transfected with constructs encoding
the viral components, core proteins (Gag), Env glycoproteins,
and a replication-defective viral genome harboring the GFP
marker gene. Amphotropic MLV and VSV G glycoproteins,
which efficiently pseudotype MLV and lentiviral particles (Fig.

2), were used as controls. Results obtained from either cell
type (COS-7 or 293T cells) were similar, yet the overall pro-
duction of infectious particles from COS-7 cells was lower than
that from 293T cells (data not shown). The infectivities of
viruses generated in the presence of the different glycoproteins
were assessed using TE671 cells, which express receptors for
all three glycoproteins, as target cells (Fig. 2). Consistent with
previous results (52), the unmodified RD114 glycoprotein
poorly pseudotyped lentiviral particles, resulting in infectious-
virus titers of 3 � 104 infectious units (i.u.)/ml, on average.
Lentiviral particles generated with the RD/EMLV chimera, har-
boring the same cytoplasmic tail, did not achieve titers higher
than those obtained with the wild-type RD114 glycoprotein.
Titers of viruses generated with the hyperfusogenic mutant
RD-Rless were low, yet the strong cytopathic effect exerted by
the mutant might have impaired the formation of viral parti-

FIG. 1. Schematic representation of RD114/MLV Env chimeras showing the domain organization of parental Env and chimeras. The open and
solid boxes represent domains derived from RD114 (RD) and amphotropic MLV glycoproteins, respectively. The cytoplasmic region consists of
the cytoplasmic tails (T) and the p2R peptides (R). E, ectodomain; M, transmembrane domain. The first and last amino acids of each domain are
indicated.

FIG. 2. Results of infection assays. TE671 target cells were infected using diluted supernatants harvested from 293T cells transfected with GFP
marker-gene-expressing SIV or MLV vectors and with the indicated viral glycoproteins and core components. The transduction efficiency,
expressed as the percentage of GFP-positive cells, was measured by fluorescence-activated cell sorter analysis 72 h postinfection and was used to
determine the number of infectious viral particles present in the producer cell supernatants. The infectious-virus titers were then expressed as the
number of GFP infectious units per milliliter of viral supernatant. The values are the means plus standard deviations of up to six independent
experiments. Similar results were obtained with COS-7 cells as the producer cells (not shown).
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cles. Indeed, strong cytopathic effects were noticed for the
RD-Rless mutant (data not shown), suggesting that the car-
boxy-terminal part of the cytoplasmic tail negatively controls
cell-cell fusion, as for other gamma- and beta-retrovirus glyco-
proteins (11, 46, 51). Importantly, the RD/TRMLV chimeric
glycoprotein efficiently pseudotyped the lentiviral particles.

This resulted in infectious-virus titers of up to 106 i.u./ml, i.e.,
25-fold higher than those obtained with the wild-type RD114
glycoproteins and in the same range as infectious-virus titers
obtained with lentiviruses pseudotyped with the amphotropic
MLV glycoprotein (Fig. 2). Interestingly, MLV particles gen-
erated with all RD114 Env-derived chimeras except RD-Rless

FIG. 3. Characterization of glycoproteins and pseudotypes. Detection of precursor (Pr), surface (SU), and two transmembrane forms (TM and
TM�, deleted from the p2R carboxy-terminal peptide) of the RD114 and RD/TRMLV glycoproteins and of SIV or MLV core proteins (Gag) was
performed by Western blotting in crude cell lysates (Total cell), cell surface biotinylated proteins (Cell surface), and viral particles purified by
ultracentrifugation of the cell supernatants on sucrose cushions (Pellet). As a control, the CD25 interleukin-2 receptor gamma chain that is not
expressed in the producer cells was coexpressed with the viral proteins. The viral glycoproteins were expressed in 293T cells individually (A) or
in the presence of Gag proteins derived from SIV (B) or MLV (D) or of a myristoylation-defective MLV G2A-Gag mutant (C). In separate
experiments, the samples were digested with PNGaseF before being immunoblotted with anti-SU antibodies to readily distinguish SU from
precursor proteins and to facilitate the relative quantification of the different Env forms (Pr, SU, and TM) as displayed in Fig. 4. Thus, upon
deglycosylation by PNGaseF, the SU and Pr proteins appeared as 60- and 40-kDa bands (e.g., viral particles in B and C, insets). In this transient
expression system, the budding of MLV particles was �5-fold more efficient than that of lentiviral particles, as evidenced both by different ratios
between intracellular and virion-associated Gag proteins (data not shown) and by the difference between the infectious-virus titers of the two virus
types pseudotyped with VSV G. Thus, to facilitate the comparison of the incorporations of the different glycoproteins on either type of virus core,
equivalent amounts of vector particles were loaded on gels, using capsid proteins as the standard. The processing of the RD114 and RD/TRMLV

TM in TM� was blocked when the producer cells were treated with saquinavir, an inhibitor of the retroviral proteases (not shown). Similar results
were obtained when COS-7 cells were used as the producer cells (not shown).
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had infectious-virus titers higher than 106 i.u./ml, similar to
those of viruses pseudotyped with wild-type RD114 glycopro-
tein (Fig. 2). Since the cytoplasmic tail was the minimal domain
modified in these RD114 glycoprotein chimeras that led to
increased infectivity of pseudotyped lentiviruses, these data
suggested that the cytoplasmic domain of MLV Env, rather
than its ecto- and transmembrane domains, harbored a com-
ponent(s) that facilitated pseudotype formation with lentiviral
particles. Subsequent investigations aimed at determining the
role of the MLV cytoplasmic tail in pseudotyping of the len-
tiviral core were therefore achieved with the wild-type RD114
and RD/TRMLV glycoproteins only.

RD114 glycoprotein maturation, trafficking, and virus in-
corporation are influenced by the nature of the cytoplasmic
tail. We examined the expression of the viral proteins, i.e.,
glycoproteins and core components, both by quantitative West-
ern blot analysis from total cell lysates, cell surface, and virions
(Fig. 3 and 4) and by IF microscopy (Fig. 5 and 6). Western
blot detection of RD114 glycoproteins resulted in three differ-
ent bands (Fig. 3A): (i) an uncleaved precursor protein; (ii) a
mature SU product at ca. 76 kDa, processed from the precur-
sor protein by the subtilisin-like endoprotease furin (24), that
could be readily distinguished after the removal of N-linked
carbohydrates by PNGaseF treatment (Fig. 3) or on gels of
greater resolution (data not shown); and (iii) a TM protein at
ca. 18 kDa that was further processed in virions to a 16-kDa
protein following cleavage by both the lentiviral and MLV
proteases (data not shown). As summarized in Fig. 4, impor-
tant variations in the proportions of these different forms were
detected (i) in the different cell compartments analyzed, i.e., in
total cell extracts, at the cell surface, and in the virions purified
on high-density sucrose cushions; (ii) when comparing the ex-
pression of the wild-type RD114 glycoprotein to that of the
RD/TRMLV chimera harboring the MLV cytoplasmic tail; and
(iii) when coexpressing lentiviral Gag, MLV Gag, or assembly
defective cores.

In the absence of viral core proteins, while the overall gly-
coprotein expressions were identical for RD114 and RD/
TRMLV, as detected in total cell lysates (Fig. 3A), �35% of the
RD114 glycoprotein was detected as mature SU and TM forms
compared to 70% for the RD/TRMLV chimera. This was in
good agreement with the two- to threefold-increased amounts
of TM proteins detected for RD/TRMLV relative to the wild
type (Fig. 3A). The two glycoproteins exhibited comparable
densities at the cell surface (Fig. 3A), indicating that they were
transported and expressed at the plasma membrane. However,
significant amounts of protein precursors were detected at the
cell surface (Fig. 4), indicating incomplete cleavage in the
trans-Golgi network (TGN). The more efficient maturation of
the RD/TRMLV glycoprotein versus the wild type detected in
cell lysates was readily apparent at the cell surface. This re-
sulted in mature forms of the RD/TRMLV glycoprotein that
were �6-fold more abundant at the cell surface than the mature
forms of the wild-type glycoprotein (Fig. 3A). This pointed out
the influence of the cytoplasmic tail on the processing efficiency
of the viral glycoprotein. The difference may be explained by a
modulation of the conformation of the ectodomain and thus of
the accessibility of the SU/TM cleavage site or by differential
trafficking of either glycoprotein to cell compartments where
processing occurs, i.e., the TGN and the endosomes (63). The

latter hypothesis was supported by the fact that the RD/TRMLV

glycoprotein had a faster maturation kinetic than the parental
RD114 glycoprotein, as evidenced in cell lysates by the decreased
half-life of its precursor (2 versus 3 h) and the earlier detection
of mature products by pulse-chase experiments (data not shown).

The level of viral glycoprotein cell surface expression is
influenced not only by the rate of biosynthesis and the effi-
ciency of transport through the secretory pathway but also by
the rate at which the glycoproteins are removed from the cell
surface and/or traffic to intracellular compartments. Thus,
since furins are located in the TGN at steady state but traffic to
the cell surface and recycle to the TGN via endocytosis (63),
the discrepancy of maturation between the RD114 and RD/
TRMLV glycoproteins suggests that their cytoplasmic tails in-
fluence their localization and/or dynamic cycling. Compared to
its RD114 counterpart, and owing to different signals harbored
by its cytoplasmic tail, the RD/TRMLV glycoprotein might cycle
faster or accumulate in furin-rich compartments. Thus, to di-
rectly detect the influence of either cytoplasmic tail on Env
trafficking, we analyzed their localization in producer cells by
IF microscopy. As shown in Fig. 5A, the wild-type RD114
envelope was detected throughout the cytoplasm and was par-
ticularly abundant in the perinuclear region, reminiscent of an
endoplasmic reticulum and Golgi area localization. In contrast,
the RD/TRMLV glycoprotein displayed a marked vesicular pat-

FIG. 4. Quantification of mature glycoproteins. Upon expression
with the indicated core components (Gag) in 293T cells, the SU, TM,
and precursor forms of the RD114 and RD/TRMLV glycoproteins were
quantified by Western blot analysis performed in total cell lysates, cell
surface, and purified viral particles (Fig. 3). Scanning of Western blot
membranes was performed with the Storm 860 device, and signal
densities were calculated with the ImageQuant program. Transfection
efficiencies were normalized using the CD25 interleukin-2 receptor
gamma-chain marker. The ratios of the mature (processed) glycopro-
teins to total glycoproteins are provided. na, not applicable.
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FIG. 5. Detection of viral glycoproteins and core proteins by confocal microscopy. (A) COS-7 cells expressing either the RD114 and
RD/TRMLV glycoproteins (Env) or the MLV and SIV core proteins (Gag), as indicated, were fixed, permeabilized, and stained using RD114 SU
antibodies, MLV capsid protein antibodies, or SIV matrix protein antibodies. The transfected cells were grown on glass coverslips, fixed in
paraformaldehyde, stained at room temperature, and imaged by confocal microscopy. The arrows indicate intracytoplasmic vesicles in which the
RD/TRMLV glycoprotein localized. Similar staining patterns were observed with 293T cells (not shown). Expression of myristoylation-defective
MLV Gag proteins (G2A Gag mutant) resulted in diffuse staining throughout the cytoplasm and an absence of punctate staining (not shown). (B
to E) Colocalization of Env and Gag viral components. COS-7 cells coexpressing the RD114 (B and D) or RD/TRMLV (C and E) glycoprotein
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tern within the cytoplasm (Fig. 5A), in addition to being de-
tected around the nucleus, both in the endoplasmic reticulum
and in the Golgi apparatus. Localization of the RD/TRMLV

glycoprotein in endosomes, as well as in the median and trans-
Golgi apparatus, was further demonstrated using specific
markers (Fig. 6A) (see below). Consistent with the more effi-
cient maturation of the RD/TRMLV glycoprotein (Fig. 3A and
4), these observations suggested that while the majority of the
RD114 glycoprotein localized in the endoplasmic reticulum at
steady state, the RD/TRMLV glycoprotein was more efficiently
trafficked in the endosomal pathway (Fig. 5A).

Coexpression of lentiviral core proteins with the glycopro-
teins did not change these patterns. Indeed, no modifications
in the processing, cell surface expression (Fig. 3B), and intra-
cellular localization (Fig. 5B and C) of the RD114 and RD/
TRMLV glycoproteins were detected, whether lentiviral core
proteins were coexpressed or not. Interestingly, despite the
presence of precursors of the RD114 and RD/TRMLV glyco-
proteins at the cell surface, only the mature form of either
glycoprotein was detected on the lentiviral particles purified
from the producer cell supernatants (Fig. 3B). Consistent with
the greater amounts of mature forms detected for the RD/
TRMLV glycoprotein than for the wild-type glycoprotein, the
former was �10-fold more abundant on the lentiviral particles
(Fig. 3B). This strong difference in glycoprotein density on the
virions was consistent with the �20-fold-increased infectious-
virus titers (Fig. 2). The fact that lentiviral core particles in-
corporate only mature glycoproteins may be due to better
compatibility of mature Env cytoplasmic tails with Gag pro-
teins or, more likely, to a preferential localization of mature
glycoprotein forms in an intracellular compartment that allows
recruitment by core proteins. Differences in the signals har-
bored by the MLV and RD114 cytoplasmic tails may thus
influence the trafficking of the glycoproteins to this intracellu-
lar compartment and hence their recruitment by lentiviral Gag
proteins.

RD114 glycoprotein maturation, trafficking, and virus in-
corporation are influenced by the type of viral core. Contrast-
ing results were obtained when the RD114 and RD/TRMLV

glycoproteins were coexpressed with MLV Gag proteins rather
than with lentiviral core proteins. Indeed, MLV Gag proteins
negatively interfered with the formation of mature products of
either glycoprotein. As detected in total cell lysates (Fig. 3C
and 4), the RD/TRMLV glycoprotein coexpressed with MLV
Gag proteins exhibited a twofold-decreased ratio of mature
Env to total glycoproteins: 40% of mature forms versus ca.
70% of mature Env, which was detected upon coexpression
with lentiviral core proteins or in the absence of viral core
proteins. These results were corroborated by a delayed pro-
cessing of RD/TRMLV glycoprotein precursor when Gag pro-
teins were coexpressed, as detected by pulse-chase labeling

experiments (data not shown). While a significant, though lim-
ited, influence of MLV Gag on the maturation of the wild-type
RD114 glycoprotein was detected, the cell surface densities of
mature products of the RD/TRMLV glycoprotein were strongly
reduced in the presence of MLV core proteins (Fig. 3C and 4)
compared to that detected in the presence of lentiviral core
proteins (Fig. 3B) or in the absence of viral core proteins (Fig.
3A). This resulted in cell surface densities of mature forms
�10-fold lower than those detected for the wild-type RD114
Env. Such an effect was particularly marked for MLV Gag
proteins coexpressed with RD/TRMLV glycoproteins harboring
a homologous cytoplasmic tail, suggesting that specific inter-
actions between these two types of viral components might
influence their intracellular trafficking.

Importantly, the influence of MLV Gag proteins on the
processing of either glycoprotein was triggered upon mem-
brane binding of Gag. Indeed coexpression of either glycopro-
tein with assembly-defective MLV Gag proteins, harboring the
G2A mutation that prevents Gag myristoylation (50), and thus
its membrane binding, did not influence their maturation and
resulted in ratios identical to those detected in the absence of
core proteins or in the presence of lentiviral Gag proteins (Fig.
3D and 4). These results indicated that upon binding to mem-
branes and/or upon subsequent events (e.g., Gag multimeriza-
tion), MLV Gag proteins direct Env targeting in the appropri-
ate compartment that allows interactions with the cytoplasmic
tail of either glycoprotein and hence influence their dynamic
trafficking.

Similar to lentiviral core particles, MLV particles incorpo-
rated only mature forms of either glycoprotein (Fig. 3C and 4).
However, in contrast to lentiviral particles, MLV particles in-
corporated similar amounts of mature RD114 or RD/TRMLV

glycoproteins (Fig. 3C), resulting in similar infectious-virus
titers (Fig. 2). This indicated that lentiviruses and MLV recruit
and/or assemble glycoproteins by different mechanisms. The
similar viral densities of the glycoproteins were in great con-
trast to the much lower cell surface abundance of the mature
RD/TRMLV forms relative to wild-type RD114. This indicated
their enrichment in a particular intracellular compartment
where mature forms of the Env glycoproteins are present in
comparable amounts and are recruited by MLV cores.

RD/TRMLV and MLV Gag-induced localization of RD114
Env in late endosomes. To gain further insights into Env in-
tracellular trafficking, we compared the localization of the
RD114 or RD/TRMLV glycoprotein in the presence of lentivi-
ral or MLV core protein. MLV and lentiviral Gag proteins
expressed alone showed punctate staining patterns dispersed in
the cytoplasm and beneath the plasma membrane, with a
marked preference of MLV Gag proteins for internal vesicles
over lentiviral Gag proteins (Fig. 5A), as previously described
(38, 56). Almost no colocalization was observed between len-

and the MLV (D and E) or SIV (B and C) core protein, as indicated, were fixed, permeabilized, and stained using RD114 SU antibodies (B to
E), SIV matrix protein antibodies (B and C), or MLV capsid protein antibodies (D and E). Env and Gag coexpression are shown in the red (Env
detection) and green (Gag detection) channels, respectively. The arrows in the red channel show intracytoplasmic vesicles in which the RD114
glycoprotein localized upon expression of MLV Gag protein (D). Colocalization of both viral components was assessed by confocal microscopy
analysis (Merge). The arrows indicate intracytoplasmic vesicles in which the Env and Gag protein colocalized. Similar colocalization patterns were
detected in 293T cells (not shown). Neither Env/Gag colocalization nor redistribution of Env localization was detected upon expression of
myristoylation-defective MLV Gag proteins (data not shown).
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tiviral core proteins and wild-type RD114 glycoproteins at the
level of the Gag-containing vesicles (Fig. 5B). In contrast,
coexpression of lentiviral core proteins with the RD/TRMLV

glycoprotein resulted in frequent colocalization of Env and
Gag proteins in vesicles (Fig. 5C). Altogether, these results
could explain the fact that the weak incorporation of RD114
glycoproteins on lentiviral particles (Fig. 3B) and the low re-
sulting infectivity of the virions (Fig. 2) are likely due to poor
intracellular colocalization of the two viral components. In
agreement with this hypothesis, strong colocalization of RD/
TRMLV glycoprotein and MLV Gag proteins was detected in
vesicles (Fig. 5E).

Interestingly, the intracellular localization of the wild-type
RD114 glycoprotein was markedly modified upon coexpres-
sion with MLV core proteins. Although the glycoprotein re-
tained a significant diffuse staining pattern, similar to the pat-
tern when it was expressed alone (Fig. 5A) or when it was
coexpressed with lentiviral core proteins (Fig. 5B), the coex-
pression of MLV Gag proteins induced vesicular localization
of the RD114 glycoprotein (Fig. 5D). Strong colocalization of
RD114 and MLV core proteins was detected in these vesicles
(Fig. 5D). This modification of RD114 Env cellular localiza-
tion was induced by membrane binding of Gag proteins, since
it was not observed upon coexpression of RD114 Env with
the G2A myristoylation-defective Gag proteins that displayed
a diffuse staining pattern throughout the cytosol (data not
shown).

To identify the nature of these vesicles, we tested different
markers of the endosomal and lysosomal pathway. We ob-
served that the vesicular pattern of RD/TRMLV Env colocal-
ized partially with recycling endosomes, rarely with the lyso-
some marker Lamp-1, and strongly with late endosomes and
multivesicular bodies (MVBs) (Fig. 6A). Finally, we tested
these markers to gain insight into the vesicular pattern of the
RD114 Env induced by the expression of MLV Gag proteins.
In that case, the cytoplasmic vesicles colocalized mainly with
the late-endosome–MVB marker and rarely with the lysosome
marker (Fig. 6B). These results indicated that the presence of
MLV Gag proteins in cells expressing RD114 glycoproteins
modified its trafficking and localized it in an endosomal path-
way. Furthermore, they strongly suggested specific interactions
between MLV Gag proteins and the RD114 cytoplasmic tail,
the nature of which remains to be elucidated.

DISCUSSION

In this study, we have investigated the parameters that in-
fluence the assembly of a viral surface glycoprotein onto core
particles from two different retroviruses. We examined several
combinations of Gag and Env proteins: (i) an illegitimate com-
bination between a lentiviral core and the glycoprotein from an

endogenous gammaretrovirus, (ii) a homologous combination
in which the glycoprotein cytoplasmic tail and the viral core are
derived from the same gamma retrovirus, and (iii) an interme-
diate combination in which Gag and Env proteins were derived
from two heterologous gamma retroviruses.

Our results are consistent with the notion that recruitment
of the glycoprotein by the core proteins does not occur at the
cell surface, as previously thought, but occurs intracellularly in
the endosomal pathway. Indeed, although significant levels of
furin-processed mature glycoproteins, as well as uncleaved gly-
coproteins, were detected at the cell surface, only the pro-
cessed forms were incorporated onto the viral particles. This
indicates, first, that recruitment of the glycoprotein occurs in
intracellular compartments that are furin rich, among which
the TGN, recycling, and late endosomes are candidates (63),
and second, that cell surface expression of both processed and
unprocessed Env may be only the consequence of abundant
glycoprotein synthesis, particularly in transfected cells (22).
Trafficking of the viral glycoproteins to early and late endo-
somes can occur by retrieval from the cell surface via endocy-
tosis or directly from the Golgi apparatus by anterograde or
retrograde transport (5, 8, 9, 39, 69). The punctate staining of
Env that we observed by confocal microscopy imaging indi-
cates the presence of Env in such vesicles, in particular, in late
endosomes and MVBs (Fig. 5 and 6). It is likely that these
organelles represent the sites where Gag recruits Env. Indeed,
confocal microscopy analysis revealed that there are different
localizations for the RD/TRMLV and RD114 Env glycoproteins
(Fig. 5A). Only the glycoproteins that colocalized with Gag in
these intracellular vesicles were efficiently incorporated on viri-
ons (Fig. 5B to E). Furthermore, in the homologous Env/Gag
combination (RD/TRMLV Env-MLV Gag), for which the pos-
sibility of interactions between the Env cytoplasmic tail and
Gag are most favorable, cell surface expression of the mature
viral glycoprotein was almost completely abolished in the pres-
ence of Gag (Fig. 3). This cell surface depletion correlated well
with optimal intracellular Gag-Env colocalization and with
strong Env incorporation onto viral particles. Finally, in the
intermediate situation, combining Env and Gag from heterol-
ogous gamma retroviruses (RD114 Env/MLV Gag), for which
less optimal Env/Gag interactions occur, we could also detect
Gag-induced intracellular relocalization of the Env glycopro-
tein (Fig. 5), mainly to late endosomes and MVBs (Fig. 6), in
correlation with their virus incorporation (Fig. 3).

Altogether, our results seem to contradict the early proposal
that preformed or nascent core particles pick up the glycopro-
teins in the course of budding from the plasma membrane (59).
This pathway was supported by electron microscopy data (re-
viewed in references 18 and 20), as well as by the colocalization
of the two types of viral components in glycolipid-enriched
membrane domains on the cell surface (37, 40). It was also

FIG. 6. Colocalization of Env and cellular markers of the endosomal pathway. COS-7 cells coexpressing MLV Gag proteins and RD/TRMLV

(A) or RD114 (B) glycoproteins were imaged by confocal microscopy analysis. Localization of the Env glycoproteins detected in the red channel
(Env) in marked intracellular vesicles shown in the green channel (Marker) was assessed upon coexpression of vectors encoding the GFP-tagged
cellular markers cellubrevin (Cellubrevin-GFP) and TI-VAMP (TI-VAMP-GFP), which localize in recycling and late endosomes, respectively, or
upon costaining with Lamp-1 antibodies (�-Lamp-1) for detection of lysosomes. Colocalization of both Env and cellular markers is shown (Merge).
The arrows indicate localization of Env in recycling or late endosomes.
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suggested that human immunodeficiency virus (HIV) Gag-Env
interactions may result in disruption of the mechanisms that
lead to down-regulation of Env cell surface expression (17),
leading to optimal cell surface expression of the glycoproteins
required to assemble fully infectious viruses (23). Our results
with gamma-retroviral Env seem to contradict this notion, as
we detected a strong reduction of cell surface expression of
mature Env in the presence of the homologous Gag proteins
(Fig. 3C). Furthermore, one implication of this previous model
(17) is that optimal densities of glycoproteins should be found
at the cell surface so as to favor Env incorporation, which may
appear to contradict the fact that most retroviral glycoproteins
exhibit fusogenic and cytopathic properties that need to be
circumvented. Recent reports have in fact shed light on the
mechanisms that limit Env cytotoxicity and that are achieved
both by down-regulating the expression of glycoproteins from
the cell surface and by reducing their intrinsic fusogenicity.
Indeed the cytoplasmic tails of beta- and gamma-retroviral
glycoproteins harbor a carboxy-terminal determinant, p2R,
that inhibits their intrinsic fusogenicity until it is cleaved off by
the viral protease during or shortly after virus budding (11, 46,
51). Similar to these other retroviral glycoproteins, the RD114
glycoprotein cytoplasmic tail contains a p2R peptide that in-
hibits cell-cell fusion, as well as virus-cell fusogenicity (V. San-
drin and F.-L. Cosset, unpublished data) and that can be re-
moved by the MLV and lentiviral proteases after budding (Fig.
3B and C). Additionally, signals that control Env endocytosis
and removal from the cell surface are found in the cytoplasmic
tails of several retroviral Env glycoproteins (see below), as well
as that of the RD114 glycoprotein (Sandrin and Cosset, un-
published). Thus, such dual control strongly suppresses cell-
cell fusion, as demonstrated by cytoplasmic-tail mutants (1, 11,
25, 26, 46, 51, 70) and by the discovery of highly cell-cell-
fusogenic endogenous retroviral glycoproteins that lack such
determinants (6, 7).

Several motifs in the cytoplasmic tails of retroviral Env gly-
coproteins have been shown to regulate their intracellular traf-
ficking via their interactions with intracellular effectors (1, 5,
16, 22, 28, 57). A tyrosine motif is implicated in the basolateral
sorting of Env in polarized cells (28) and in the endocytosis of
Env from the plasma membrane via the recruitment of the
cellular clathrin-adaptor complex AP-2 (5, 9, 39). Another
cellular partner, AP-1, acts in retrograde-anterograde trans-
port of Env between early endosomes and the TGN via inter-
action with dileucine motifs present in the cytoplasmic tails of
several cellular and retroviral glycoproteins (5, 69). Recently, a
diaromatic motif located in the cytoplasmic tail of HIV Env
was shown to interact with TIP47, a cellular protein that drives
its retrograde transport from endosomes to the TGN (8). Fi-
nally, an acidic motif in the cytoplasmic tail of the human
cytomegalovirus gB surface glycoprotein was also found to be
required for its intracellular trafficking (15). Upon phosphor-
ylation of the gB cytoplasmic tail by casein kinase 2, PACS-1
acts as a connector protein, linking acidic cluster motifs to the
AP-1 adaptor complex and the subsequent retrieval of gB from
endosomal compartments to the TGN. All these signals allow
the recycling of the viral glycoproteins between the TGN and
the cell surface via the endosomal pathway. They may not only
lead to depletion of Env cell surface expression but also pro-
vide the meeting point(s) of Env and Gag components in order

to dictate the sites of assembly and release of viral particles
without compromising cell viability.

In previous reports, Env/Gag coexpression was shown to
alter the intracellular localization of the Gag proteins and to
modify the site of budding from polarized epithelial cells and
neurons (4, 29, 55, 66). Env expression relocalized MLV Gag
from lysosomes to late endosomes (4) and mediated the export
of Macon-Pfizer monkey virus Gag from the pericentriolar
assembly site (55). However, these studies did not investigate
Gag-induced modification of Env intracellular trafficking. Re-
ciprocally, our results show that MLV Gag relocated the
RD114 glycoproteins in endosomes, where they colocalized.
Soon after synthesis, Gag proteins bind to membranes at the
cell surface, as well as in endosomal vesicles (4, 36, 38, 43, 56,
65). Comparison of the expression of wild-type versus G2A
MLV Gag indicates that this event and/or a subsequent event,
such as Gag multimerization, is critical to direct Env trafficking
(Fig. 3) and for accumulation in endosomes (Fig. 5 and 6).
However, the precise mechanism is not yet clear, as direct or
indirect interactions between gamma-retrovirus Env and Gag
proteins have not been reported. A possibility is that compe-
tition between the cellular factors implicated in the Env traf-
ficking and the viral core could take place and hijack the
trafficking of Gag or Env (4, 55). Although at steady state
RD114 Env is predominantly localized in the endoplasmic
reticulum, the evidence shows that it is also expressed at the
cell surface (Fig. 3A) and is most likely recycled through the
endosomal pathway. In contrast to lentiviral Gag, interactions
of MLV Gag with RD114 Env are favorable (yet less intense
than with RD/TRMLV Env) and likely redistribute RD114 Env
equilibrium by pumping it out of a recycling pathway. Such
Env/Gag interactions may accelerate the trafficking of the viral
glycoproteins to endosomes, for example, by directly stimulat-
ing their endocytosis from the cell surface or their retrograde
transport from the TGN to the endosomes, or they may inhibit
the recycling of the glycoproteins from endosomes to the Golgi
by interfering with adaptor complexes that mediate Env traf-
ficking. We favor the last possibility, first, because Env/Gag
interactions at the level of the plasma membrane would alter
the cell surface localization of both mature and unprocessed
Env forms, which was not detected for the latter (Fig. 3), and
second, because direct Env/Gag interactions may sterically im-
pair the association of the Env cytoplasmic tail with host adap-
tor complexes responsible for endocytosis, which would result
in augmented cell surface expression.

Altogether, these results indicate that Env/Gag interactions
modify the trafficking and intracellular localization of each
protein’s components in order to facilitate virus assembly. This
is in agreement with reports by others investigating retroviral
budding. Indeed, it is now becoming increasingly clear that the
cell surface cannot be the only place where retroviral cores
assemble or where Env and Gag meet. Proline-rich domains,
called late domains, have been identified in the Gag proteins of
a number of retroviruses, as well as in rhabdoviruses and filo-
viruses, as playing a critical role in viral egress (reviewed in
reference 19). These motifs interact with cellular proteins im-
plicated in the vacuolar-protein-sorting pathway, and recent
studies have shown the ability of retroviruses, as well as lenti-
viruses, to exploit the vacuolar-protein-sorting machinery for
viral assembly (reviewed in reference 45). In the case of HIV,
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by binding Tsg101, as well as other factors that recruit endo-
somal sorting complexes required for transport (ESCRT), Gag
hijacks a cellular pathway for the formation of virion particles
(32, 45, 65). Most recently, a number of groups have reported
retrovirus budding into the vacuolar lumen of MVBs in both
primary cells and standard tissue culture cell lines, such as the
293T cells used in this work (4, 21, 36, 38, 43, 47, 56, 65). The
intraluminal vesicles of MVBs can then be released from the
cells as exosomes by fusion of the MVBs with the plasma
membrane, providing a preexisting cellular pathway for assem-
bly and egress of the viral particles. Thus, our results are
compatible with these recent findings, as they show that Gag
and Env colocalization in the endocytic pathway, and more
particularly in late endosomes, including MVBs (Fig. 6), cor-
relates with the level of Env incorporation onto virions and
with infectivity.
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