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Mutations that negatively or positively affect the fusion properties of murine leukemia viruses (MLVs) have
been found within all subdomains of their SU (surface) and TM (transmembrane) envelope units. Yet, the
interrelations between these different regions of the envelope complex during the cell entry process are still
elusive. Deletion of the histidine residue of the conserved PHQV motif at the amino terminus of the ampho-
tropic or the ecotropic MLV SU resulted in the AdelH or the MOdelH fusion-defective mutant envelope,
respectively. These delH mutant envelopes are incorporated on retroviral particles at normal densities and
normally mediate virion binding to cells expressing the retroviral receptors. However, both their cell-cell and
virus-cell fusogenicities were fully prevented at an early postbinding stage. We show here that the fusion defect
of AdelH or MOdelH envelopes was also almost completely reverted by providing either soluble SU or a
polypeptide encompassing the receptor-binding domain (RBD) to the target cells, provided that the integrity
of the amino-terminal end of either polypeptide was preserved. Restoration of delH envelope fusogenicity was
caused by activation of the target cells via specific interaction of the latter polypeptides with the retrovirus
receptor rather than by their association with the delH envelope complexes. Moreover crossactivation of the
target cells, leading to fusion activation of AdelH or MOdelH envelopes, was achieved by polypeptides
containing various type C mammalian retrovirus RBDs, irrespective of the type of entry-defective glycoprotein
that was used for infection. Our results indicate that although they recognize different receptors for binding to
the cell surface, type C mammalian retroviruses use a common entry pathway which is activated by a conserved
feature of their envelope glycoproteins.

Retroviruses enter cells following their attachment to spe-
cific cell surface receptors. This function is mediated by the
envelope glycoproteins expressed as trimeric complexes on the
viral particles (14). Interaction with the receptor is thought to
cause a conformational change of the glycoprotein structure
necessary to expose a fusion peptide buried within the native
envelope complex and involved in the actual membrane fusion
process (10). On the basis of both genetic (2, 24, 26) and
structural (8, 9) evidence, the attachment and fusion functions
of murine leukemia virus (MLV) envelopes have been deter-
mined to be separated on the two subunits of the envelope
monomer. Thus, it is generally considered that the amino-
terminal half of the MLV SU (surface) subunit is responsible
for the binding to the receptor, whereas the ectodomain of the
TM (transmembrane) subunit contains the fusion machinery,
which is composed of an amino-terminal fusion peptide asso-
ciated to a coiled-coil structure that is rearranged upon recep-
tor interaction and brings in close vicinity both the viral and the
cell membranes.

How retrovirus envelope glycoproteins convert binding to
the receptor to a signal which activates the fusion machinery is
currently unknown (32). Ample evidence from the literature
indicates that functional interrelations between different do-
mains of the envelope complex are essential to promote fusion
activation (22, 30, 37, 38). Thus, although the SU subunit is not
involved in the actual membrane fusion per se, several muta-

tions which negatively (1) or positively (22, 27) affect fusion
activation have been located within the different subdomains
of the MLV SU envelope subunit. Close to the N terminus of
SU, there is a conserved peptide motif (PHQV) centering on a
histidine residue that was recently shown to be critical for
postbinding events that lead to membrane fusion (1). Deletion
(H8del) or mutations (H8A and H8R) of this histidine residue
in ecotropic Moloney MLV (MoMLV) envelope glycoproteins
have no effect on receptor recognition and virus binding, but
they abrogate fusion triggering in both cell-cell and virus-cell
fusion assays (1, 36a). Similarly, the deletion of histidine 5 of
the SU subunit of the amphotropic MLV glycoprotein (H5del
mutation) results in the AdelH fusion-defective envelopes
(Fig. 1A). AdelH mutant envelope glycoproteins are incorpo-
rated into retroviral particles (D. Lavillette, M. Maurice, S. J.
Russell, and F.-L. Cossett, unpublished data) and bind to cells
expressing PiT-2 amphotropic receptors as efficiently as wild-
type amphotropic envelope glycoproteins (Fig. 1B). However,
their infectivity is inhibited at a postbinding level. Unlike the
case for other fusion-defective envelope glycoproteins, such as
the T461P and L493V mutants (TM-T25P and TM-L57V [Fig.
1A]), which harbor substitutions in the fusion peptide or in the
heptad repeat region of the TM envelope subunit (17, 37),
respectively, two lines of evidence suggest that the delH mu-
tation affects an early step of the fusion process. First, the
fusion-defective phenotype of H5del amphotropic envelopes
or H8R ecotropic envelopes can be partially restored by intro-
ducing compensatory mutations in the proline-rich region ad-
jacent to the receptor-binding domain (RBD) of the SU enve-
lope subunit (36a; Lavillette et al., unpublished data). This
proline-rich region, whose beginning seems to be close to the
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SU amino terminus in the globular structure of the RBD (8),
has recently been proposed by us to participate in initiating
and/or modulating the fusion activation of the retroviral enve-
lope as a consequence of receptor binding (22). Second, ret-
roviruses coexpressing AdelH and either TM-T25P and TM-
L57V fusion-defective envelope mutants are highly infectious,
thus suggesting that these mutations could efficiently comple-
ment each other in trans (Lavillette et al., unpublished data).
These data therefore confirm that functional interactions occur
within the retroviral envelope complex between monomers

which are individually defective for retrovirus entry (30, 37,
38). Together, these results suggest that, in contrast to the case
for the TM-T25P and TM-L57V mutants, the fusion machinery
of the AdelH fusion-defective envelopes is left intact but is not
activated or recruited upon receptor binding.

Recent evidence from the literature suggests that although
they can bind envelope glycoproteins, not all of the receptors
expressed on the surface of a target cell may be competent to
mediate virus entry (3, 36); interaction with the viral particles
may activate them in order to trigger the fusion process. Fur-

FIG. 1. Characterization of AdeH envelope glycoproteins. (A) Domain organization of MLV envelope glycoprotein. SP, signal peptide; PRR, proline-rich region;
C, SU carboxy terminal domain. Separation between the ectodomain, anchor domain (Anc), cytoplasmic tail (Cyt), and R peptide of the TM subunit is indicated by
a vertical bar. The positions of envelope glycoprotein subdomains are shown: VRA and VRB, variable regions A and B; FP, fusion peptide; HR, heptad repeat. The
large arrows mark the positions of cleavage of the envelope precursor. The locations of some fusion-defective mutations are shown. The envelope regions expressed
as soluble polypeptides, encompassing either the SU or the RBD fragments, are shaded. (B) Binding assays of soluble (left; probed with anti-SU antibodies) versus
virion-associated (right; probed with anti-TM antibodies) wild-type amphotropic (solid lines) and AdelH (broken lines) envelope glycoproteins on Cear13 cells. The
background of fluorescence (filled histograms) was provided by incubating the cells with supernatants devoid of envelope fragments. The Env glycoprotein contents
of the different samples were similar, as checked by immunoblotting with the viral supernatants (left) or the viral pellets (right).
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thermore, in addition to inducing the envelope conformational
changes necessary to achieve membrane fusion, envelope-re-
ceptor interactions may also locally activate the cell membrane
surrounding the receptor-bound retroviral particles (34, 36).
Several cell cofactors, such as actin or microtubule cytoskel-
etons, for example, are likely to be recruited upon receptor
binding and could probably assist retrovirus entry by allowing
internalization, transport, and cytosolic penetration of virions
(16, 18, 31). Therefore the effect of certain mutations of the
envelope glycoprotein that affect retrovirus entry might be
explained by their inability to activate the receptors or, alter-
natively, the cellular pathways necessary for infection. Thus,
because the H5del mutation seems to inactivate an early post-
binding entry event, we hypothesized that interaction of retro-
viruses carrying AdelH envelopes with amphotropic receptors
may not be able to activate the target cell receptor or mem-
brane.

Here we report that the infectivity of AdelH retroviruses
could be efficiently rescued by providing in trans a soluble form
of the retroviral envelope during infection. Thus, the target
cells could be activated to a fusion-competent state by soluble
receptor-binding fragments of the viral SU glycoprotein, and
we demonstrated that this activated state persisted after re-
moval of the initial stimulus and returned slowly to the inactive
state. Moreover, we found that target cell activation was
achieved by polypeptides containing various type C retrovirus
RBDs, irrespective of the type of entry-defective glycoprotein
that was used for infection. Our results provide evidence that
the target cell participates actively in the process of virus-cell
membrane fusion and that type C mammalian retroviruses use
a common entry pathway which is activated by a conserved
feature of their envelope glycoproteins.

MATERIALS AND METHODS

Cell lines. TELCeB6 cells (6), derived from TE671 human rhabdomyosarcoma
cells (ATCC CRL8805), express MoMLV Gag and Pol proteins and an nlsLacZ
reporter MLV retroviral vector. Production of infectious retroviral particles by
TELCeB6 cells depends on newly introduced envelope expression vectors.

Cerd9 and Cear13 cells (20) and CHO-PiT-2 cells (31) were derived from
Chinese hamster ovary (CHO) cells (ATCC CCL-61) and express either eco-
tropic MLV receptors alone, both ecotropic and amphotropic MLV receptors, or
amphotropic MLV receptors alone, respectively. NIH 3T3 mouse fibroblasts, XC
rat sarcoma cells (ATCC CCL-165), and Cerd9, Cear13, CHO-PiT-2, and CHO
cells were grown in Dulbecco modified Eagle medium (Life Technologies) sup-
plemented with 10% fetal bovine serum and with proline (Life Technologies).

Construction of envelope expression vectors. Plasmids FBASALF and FBMO-
SALF, carrying a phleomycin resistance gene and encoding the MLV 4070A
amphotropic (noted as A) and MoMLV ecotropic (noted as MO) envelope
glycoproteins, respectively, have been described elsewhere (6) and were used as
backbones for construction and expression of envelope mutants. All subsequent
constructs were generated by PCR-mediated and oligonucleotide site-directed
mutagenesis (details and sequences are available upon request).

The FBASALF plasmid was modified to produce a cell entry-defective form of
the amphotropic glycoprotein, designated AdelH envelope, by deleting the 36th
codon of the 4070A env gene (25). The resulting mutant envelope glycoprotein
(Fig. 1), in which the fifth residue of the SU envelope subunit was removed, was
named AdelH (Lavillette et al., unpublished data). The expression plasmid
encoding the fusion-defective MOdelH envelope glycoproteins, harboring the
equivalent delH mutation, which was obtained by deleting the eighth residue of
the SU envelope subunit (corresponding to the 41th codon of the MoMLV env
gene) (33), was derived from FBMOSALF.

Plasmids encoding secreted RBDs were derived from FBASALF and FBMO-
SALF expression vectors. The carboxy-terminal ends of either amphotropic
(A-RBD) or ecotropic (E-RBD) RBDs, defined as A32-G244 and A34-G269,
were fused in frame with the 11-amino-acid vesicular stomatitis virus G protein
(VSV-G) tag (YTDIEMNRLGK) (21). Residues are numbered starting from
the initiation methionine deduced from the amino acid sequence of the ampho-
tropic MLV 4070A (25) or MoMLV (33). Expression vectors encoding either
A-RBDdelH or E-RBDdelH were generated similarly by using the plasmids
expressing the AdelH or MOdelH envelope glycoproteins. The expression vector
for E-RBD.D84K was derived from the plasmid encoding the E-RBD envelope
fragment by introducing the D84K substitution, a mutation that inactivates
MoMLV envelope binding, into the E-RBD (23).

Production of retrovirus vectors. Envelope glycoprotein expression plasmids
were transfected into TELCeB6 cells as reported elsewhere (6). Transfected cells
were selected with phleomycin (50 mg/ml), and phleomycin-resistant colonies
were pooled. Virus-containing supernatants were collected after overnight pro-
duction from confluent env-transfected cells, filtered through 0.45-mm-pore-size
membranes, and stored at 4°C.

Production of soluble SU or of soluble RBD fragments. Envelope glycoprotein
expression plasmids were transfected into TE671 cells as reported elsewhere (6).
RBD expression vectors were transfected by calcium phosphate precipitation in
NIH 3T3, XC, or TE671 cells. Transfected cells were selected with phleomycin
(50 mg/ml), and individual phleomycin-resistant colonies were isolated. Expres-
sion of SUs or of RBDs in each clone was analyzed by immunoblotting of cell
lysates, using anti-SU or anti-VSV-G tag antibodies, respectively. Clones that
expressed equivalent amounts of SU or RBD polypeptides were retained for
production of soluble SU or soluble RBD fragments. SU-containing superna-
tants (i.e., SU accumulating as soluble material after dissociation from envelope
complexes by shedding) or RBD-containing supernatants were collected after
overnight production from confluent env- or RBD-transfected cells, filtered
through 0.22-mm-pore-size membranes, and stored at 4°C. The expression and
receptor specificity of SU or of RBD in these conditioned supernatants were
checked in receptor binding assays, and small binding differences, indicating
weak variations of polypeptide concentrations, were corrected.

Infection assays. Target cells were seeded in 24-well plates at a density of 5 3
104 cells per well and incubated overnight at 37°C. Unless otherwise indicated in
figure legends, 200 ml of conditioned cell culture medium containing the RBDs
was added to the cells after removal of their supernatants. Then, 200 ml of viral
supernatant dilutions containing 5 mg of Polybrene per well was added, and cells
were incubated for 3 h at 37°C. Cell supernatants were then removed, and cells
were incubated in regular medium for 48 h. X-Gal (5-bromo-4-chloro-3-indolyl-
b-D-galactopyranoside) staining and viral titer determination were performed as
previously described, and titers were expressed as LacZ infectious units (IU) per
milliliter of viral supernatant (6).

Antibodies. Antibodies were as follows: anti-SU, a rat monoclonal antibody
(83A25) (7) cell culture supernatant against MLV SU used undiluted for fluo-
rescence-activated cell sorter (FACS) analysis; anti-TM, a mouse monoclonal
antibody (372) (ATCC CRL-1893) (5) cell culture supernatant against MLV TM
used undiluted for FACS analysis; and anti-VSV-G tag, a mouse monoclonal
antibody (P5D4) (Sigma-Aldrich) used diluted 1/100 for FACS analysis.

Binding assays and FACS analysis. For binding assays, target cells were
washed in phosphate-buffered saline (PBS) and detached by a 10-min incubation
at 37°C with versene (0.02% in PBS). Cells were washed in PBA (PBS with 2%
fetal calf serum and 0.1% sodium azide). A total of 5 3 105 cells were incubated
with 1 ml of conditioned supernatants containing the viral particles or containing
the VSV-G-tagged RBDs for 45 min at 37°C. The cells were then washed with
PBA and stained for 45 min at 4°C with anti-SU or anti-TM antibodies to detect
binding of soluble SU or of virion-associated SU, respectively (35), or were
stained with P5D4 monoclonal antibodies to detect binding of soluble RBDs.
Cells were washed twice with PBA and incubated with fluorescein isothiocya-
nate-conjugated antibodies (DAKO, Trappes, France). At 5 min before the two
final washes in PBA, cells were counterstained with 20 mg of propidium iodide
per ml. Fluorescence of living cells was analyzed with a fluorescence-activated
cell sorter (FACSCalibur; Becton Dickinson).

RESULTS

The H5del phenotype can be efficiently compensated by sol-
uble A-RBD. Viral particles were generated with either wild-
type amphotropic A or AdelH envelope glycoproteins (Fig.
1A) and used to infect target cells in the presence or absence
of soluble SU or soluble A-RBD, a secreted envelope fragment
encompassing the amphotropic RBD (Fig. 1A). When SU or
A-RBD was provided during infection, the infectivity of retro-
viruses carrying wild-type amphotropic envelope glycoproteins
was decreased by approximately 5- to 100-fold (Fig. 2A), most
likely owing to the partial blocking of PiT-2 receptors on the
target cell surface. In striking contrast, while in the absence of
envelope fragments retroviruses generated with AdelH enve-
lopes were very poorly infectious, with titers in the range of 101

to 102 LacZ IU/ml, the presence of SU or A-RBD in the
medium of infected cells could strongly stimulate the infectivity
of the former retroviruses by up to 30,000-fold (Fig. 2A). Stim-
ulation of AdelH infection with either soluble envelope frag-
ment was detected on all target cell types tested, including rat
XC cells, murine 3T3 fibroblasts, human TE671 cells, and
PiT-2-transfected hamster CHO cells, though with different
efficacies (Fig. 2A). The RBD envelope fragments were found
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to work by restoring the fusion defect of the AdelH mutant,
since only the presence of A-RBD in cell-cell fusion assays that
were performed with AdelH envelope glycoproteins could in-
duce the formation of syncytia (data not shown). Thus, the
results of virus-cell (infection) and cell-cell fusion assays con-
firmed that the delH mutation affects a membrane fusion step
of infection (1) rather than a step that follows fusion (e.g.,
uncoating). Significant differences were detected when soluble
SU and A-RBD were used to activate the AdelH retroviruses
(Fig. 2A), most probably because in contrast to soluble SU,
which is expressed as an integral transmembrane protein be-
fore it can dissociate from the envelope complex and accumu-
late in the cell supernatant, A-RBD is a secreted polypeptide.
These results also indicated that the determinants of activation

were located in the first half of the SU protein. Therefore, to
facilitate the characterization of this activation pathway, sub-
sequent experiments were performed by using the soluble
RBD fragments. Compared to infection assays performed with
undiluted A-RBD, no significant decrease in the titer of AdelH
retroviruses was detected when A-RBD was diluted 1:10, and
an only 10-fold reduction of titer was found at a 1:100 dilution,
thus suggesting that A-RBD-mediated activation was effective
at very low doses (Fig. 2B). In contrast, the infectivity of con-
trol retroviruses pseudotyped with either wild-type ampho-
tropic envelopes or VSV-G glycoproteins was weakly increased
or unchanged, respectively, when A-RBD was diluted (Fig.
2B). Additionally, the origin of the cell types used to produce
the envelope fragments did not influence the stimulation of
infectivity, since conditioned medium harvested from 3T3,
TE671, or XC cells that were engineered to express the enve-
lope fragments could similarly activate the infectivity of AdelH
retroviruses (data not shown). Finally, activation of AdelH
retroviruses was found to be the result of a specific interaction
of A-RBD with the PiT-2 amphotropic receptor. Indeed, while
A-RBD could efficiently rescue the infectivity of AdelH retro-
viruses on PiT-2-transfected CHO cells, no infection could be
detected when parental CHO cells were used as target cells
(see below and Fig. 6B). Together these data demonstrated
that activation of cell entry of AdelH retroviruses by A-RBD
was specifically mediated via interaction with PiT-2.

The ability of the soluble envelope fragments to rescue the
infectivity of AdelH retroviruses was similar whether the target
cells (i) constitutively expressed and secreted the envelope
fragments, (ii) were coincubated with both AdelH retroviruses

TABLE 1. Activation of AdelH retroviruses by A-RBD

Cells Prebinding
conditiona

Binding and infection
conditionb Titer

XC lacZ (AdelH) 5 3 101

XC lacZ (AdelH) 1 A-RBDc 3.1 3 105

XC-A-RBDd lacZ (AdelH) 9 3 104

XC A-RBD lacZ (AdelH) 1.1 3 105

XC lacZ (AdelH) A-RBD 2.7 3 105

a Target cells were preincubated with conditioned supernatants containing
A-RBD (used undiluted) or with a lacZ retroviral vector carrying AdelH enve-
lope glycoprotein, as indicated.

b Target cells were incubated for 3 h at 37°C.
c Both A-RBD (used undiluted) and AdelH retroviruses were added at the

same time.
d XC cells constitutively expressing A-RBD polypeptides.

FIG. 2. Titers of AdelH retroviruses in the presence of soluble envelope fragments. Retroviral vectors carrying VSV-G or wild-type amphotropic (A) envelope
glycoproteins were used as controls. (A) Different target cell types were incubated with both lacZ retroviruses and conditioned media containing, or not (control), the
indicated polypeptides during the 3 h of infection. Error bars indicate standard deviations. (B) XC target cells were incubated with dilutions of A-RBD and infected
with lacZ retroviruses carrying AdelH, A, or VSV-G envelope glycoproteins. (C) Retroviral vectors carrying A or AdelH envelope glycoproteins were incubated with
XC target cells for 1 h at 4°C to allow virion binding while preventing cell entry. After being washed with PBS to remove unbound retroviruses, cells were incubated
at 37°C with undiluted A-RBD-containing supernatants for the indicated times. A-RBD was then eliminated from the cell supernatant by washing the cells four times
with 1 ml of PBS (resulting in dilution of unbound A-RBD by more than 100,000-fold). Cells were then grown in regular medium for 2 days before X-Gal staining.

298 LAVILLETTE ET AL. J. VIROL.



and A-RBD, (iii) were preincubated with A-RBD prior to
infection, or (iv) were preincubated with the AdelH retrovi-
ruses before addition of A-RBD (Table 1). Under the last
experimental condition, the kinetics of activation of infection
was found to be very rapid. Indeed, a brief incubation (no more

than 30 s) of target cells with A-RBD was found to be sufficient
to fully stimulate the infectivity of prebound AdelH retrovi-
ruses (Fig. 2C).

Persistent activation of target cells by A-RBD. In theory, it
is possible that the soluble SU or RBD envelope fragments

FIG. 3. Titers of AdelH retroviruses after A-RBD-mediated target cell activation. (A) A-RBD (used undiluted) was bound to XC target cells at 37°C for 30 min.
Unbound A-RBD was removed by two PBS washes, and cells were incubated at 37°C to allow internalization of A-RBD–receptor complexes. At the indicated times,
cells were further washed two times with PBS and infected with retroviruses carrying A or AdelH envelope glycoproteins. (B) Detection of A-RBD fragments expressed
at the surface of the target cells after incubation for the indicated periods of time at 37°C. Mean values of binding expressed as percentages of the maximal fluorescence
at T0 are shown, with the background value being the fluorescence of cells before addition of A-RBD.
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might rescue the infectivity of AdelH retroviruses either by
activating the target cells upon receptor binding or, alterna-
tively, by interacting with the fusion-defective envelope com-
plex of the viral particles. Indeed, within the envelope complex,
the SU subunits are not tightly attached to either the TM
subunits or the other SU units and can easily shed off the viral
particles (15). However, the reassociation of shed SU with the
viral particle, which has never been reported so far in the
literature, is unlikely, since SU subunits are incorporated on
virions by virtue of their association with the TM subunits
resulting from their synthesis as a common SU-TM polypep-
tide precursor (15). Nevertheless, the following experiments
were performed to address these two possibilities.

A-RBD was bound to target cells at 37°C for 30 min. After
removal of unbound fragments by washing the target cells,
binding of A-RBD was verified by FACS analysis (Fig. 3B).
Cells were then incubated at 37°C for 0 h (T0) to 28 h (T28) to
allow internalization of receptor–A-RBD complexes (31) and
A-RBD disappearance from the cell surface, as checked by
FACS analysis (Fig. 3B). At different time points, the cells
were washed again to remove A-RBD that may have been
released by the cells, and retroviruses carrying the wild-type A
or the AdelH envelope glycoproteins were then added (Fig.
3A). Titers of retroviruses coated with wild-type amphotropic
envelopes were not affected by A-RBD bound onto the target
cells (Fig. 3A), suggesting that some binding sites were still
available on the cell surface and allowed efficient attachment
of viral particles at the various time points. Compared to in-
fection performed at T0, no significant decrease of infectivity
could be detected when the AdelH retroviruses were added
until 4 h after the initial binding with A-RBD. Likewise, the
infectivity of AdelH retroviruses added at T20 was at least

50-fold higher than that before prestimulation of the cells with
A-RBD, thus indicating that stimulation of infectivity was du-
rable (Fig. 3A). Additionally, since cell-bound A-RBD was
efficiently removed from the cell surface after 8 h of incubation
(Fig. 3B), these results suggested that activation of AdelH
retroviruses most likely occurred by activation of the target
cells rather than by interaction of A-RBD with the AdelH
envelope complex itself.

Further results indicated that A-RBD could not directly
reassociate or interact with the envelope complex of the AdelH
retroviral particles. First, retroviruses generated with either A
or AdelH envelopes and mixed or coexpressed with A-RBD
were not found to incorporate A-RBD as shown by Western
blotting of purified viral particles with antibodies recognizing
A-RBD (data not shown). Second, a mixture of A-RBD and
retroviruses carrying either AdelH or wild-type A envelope
glycoproteins was separated on two consecutive 700-kDa-cut-
off ultrafiltration columns in order to elute out A-RBD (Fig. 4,
bars 3). No decrease of infectivity could be detected for retro-
viruses carrying wild-type amphotropic A envelopes after the
two subsequent ultrafiltrations, demonstrating that this process
did not affect the viability of the retroviruses. However, while
before ultrafiltration the AdelH viral particles mixed with A-
RBD could efficiently infect XC target cells (Fig. 4, bars 2), as
expected, no infectivity could be detected after A-RBD elution
(bars 3), indicating that stimulation of AdelH retroviruses was
lost after separation from A-RBD. As a control, the AdelH
retroviruses processed through the two columns retained their
full capacity to be stimulated by newly added A-RBD (Fig. 4,
bar 4). Similar conclusions were drawn when separation of
AdelH retroviruses from A-RBD was carried out by Sephacryl
chromatography (data not shown).

Together these data strongly suggested that stimulation of
infectivity of the AdelH retroviruses proceeded via activation
of the target cells, most likely as a consequence of interaction
of A-RBD with the PiT-2 amphotropic receptor, rather than
via interaction with the AdelH envelopes incorporated on the
retrovirus itself. Thus, A-RBD could activate the target cells,
which in turn became competent to allow entry of viral parti-
cles carrying the fusion-defective AdelH envelope glycopro-
teins.

The SU amino-terminal end activates a cell entry pathway
common to type C mammalian retroviruses. The histidine
residue deleted in the H5del mutant glycoprotein belongs to a
peptide motif, PHQV, found at the amino termini of the SUs
of all type C mammalian retroviruses (Lavillette et al., unpub-
lished data), suggesting a conserved function of this motif.
Thus, the H8del mutant ecotropic envelope glycoprotein
(MOdelH), harboring the deletion of the histidine in the
PHQV peptide motif of the MoMLV SU, is impaired for both
cell-cell and virus-cell fusion (1). We then performed further
experiments to demonstrate that MOdelH and AdelH (delH)
envelopes were phenotypically similar. Indeed, the E-RBD
fragment, containing the MoMLV ecotropic RBD, could res-
cue the infectivity of MOdelH retroviruses by up to 1,000-fold
(Fig. 5A). This result indicated that fusion activation by soluble
envelope fragments was not particular to AdelH envelopes and
suggested that the MLV SU amino terminus may convey a
signal common to other MLV types which may be required to
achieve early postbinding events.

To address this hypothesis, the delH mutations H5del and
H8del were introduced in the A-RBD and E-RBD fragments,
respectively. The resultant A-RBDdelH and E-RBDdelH
could bind their respective cell surface receptors as efficiently
as the parental envelope fragments (Fig. 5B). They could also
decrease the infectivity of retroviruses bearing wild-type am-

FIG. 4. Titers of AdelH retroviruses after ultrafiltration. Titers on XC target
cells of retroviruses carrying wild-type (A) or AdelH envelope glycoproteins
before (bars 1) or after (bars 2) incubation with A-RBD and following A-RBD
elution on two successive 700-kDa-cutoff ultrafiltration cartriges (bars 3). After
elution, AdelH retroviruses were subjected to restimulation with fresh A-RBD
(bar 4).
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photropic or ecotropic glycoproteins, respectively, by up to
10-fold (Fig. 5A). This effect was most likely a consequence of
partial receptor blocking. However, in contrast to A-RBD or
E-RBD, neither the A-RBDdelH nor the E-RBDdelH frag-
ments could rescue the infectivity of AdelH or MOdelH ret-
roviruses, respectively (Fig. 5A). These data therefore demon-
strated that the integrity of the amino-terminal ends of either
RBD fragments was absolutely required to activate postbind-
ing functions and suggested that an essential determinant of
target cell activation may reside at the amino-terminal end of
the MLV RBD. Thus, the so-called RBD located in the amino-
terminal half of the MLV SU may in fact be composed of two
different entities, one involved in specific receptor binding and
an second, likely to be nonfunctional in AdelH or MOdelH
envelopes, involved in transmission of a signal that may acti-
vate cell entry upon receptor binding.

Therefore, to test whether the binding function and the
activating function of the MLV RBD could be uncoupled, cells
“infected” with AdelH or MOdelH retroviruses were cross-
incubated with either E-RBD or A-RBD polypeptides, respec-
tively. Interestingly, the infectivity of MOdelH retroviruses

could be activated by either A-RBD or E-RBD fragments (Fig.
6A). This cross-activation was reciprocal, since either frag-
ments could activate, with similar efficacies, the infectivity of
AdelH retroviruses (Fig. 6A). While these data indicated that
the RBD fragments could restore infectivity irrespective of the
type of entry-defective glycoprotein that was used for infection,
we also found that either RBD fragments could cross-activate
delH envelope glycoproteins in cell-cell fusion assays (data not
shown). The cross-reactivity of either type of RBD was depen-
dent on the presence of both mCAT-1 ecotropic and PiT-2
amphotropic receptors on the cell surface, since neither PiT-
2-transfected CHO cells nor mCAT-1-transfected CHO cells
could be infected when E-RBD was used to activate the infec-
tivity of AdelH retroviruses (Fig. 6B) and vice versa (data not
shown). The specificity of activation of AdelH and MOdelH
retroviruses by ecotropic envelope fragments was further dem-
onstrated by using the E-RBD.D84K envelope fragment, an
ecotropic RBD polypeptide harboring the D84K point muta-
tion, which inactivates MoMLV envelope binding (23). This
fragment could activate neither AdelH nor MOdelH retrovi-
ruses despite the presence of both amphotropic and ecotropic

FIG. 5. Infection assays of AdelH and MOdelH retroviruses in the presence of RBD or RBDdelH polypeptides. (A) Retroviruses carrying A or AdelH envelope
glycoproteins were mixed with A-RBD or A-RBDdelH during infection of XC cells. Retroviruses carrying MO or MOdelH envelope glycoproteins were mixed with
E-RBD or E-RBDdelH during infection of XC cells. Titers are shown as LacZ IU per milliliter. Error bars indicate standard deviations. (B) Top, binding assays of
A-RBD (solid lines) and A-RBDdelH (broken lines) fragments on Cear13 cells. Bottom, binding assays of E-RBD (solid lines) and E-RBDdelH (broken lines)
fragments on Cear13 cells. The background of fluorescence (filled histograms) was provided by incubating the cells with supernatants devoid of envelope fragments.
The RBD contents of the different samples were similar, as checked by immunoblotting.
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FIG. 6. Cross-activation of AdelH and MOdelH retroviruses by MLV RBDs. (A) Titers, determined on XC target cells, of retroviruses carrying AdelH or MOdelH
envelope glycoproteins in the presence of the indicated RBDs. Error bars indicate standard deviations. (B) Titers of AdelH retroviruses on CHO cells expressing, or
not (control), PiT-2 and/or mCAT-1 MLV receptors in the presence of the indicated RBDs.
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receptors on target cells (Fig. 6A). Cross-activation of AdelH
retroviruses could also be obtained by using soluble envelope
glycoproteins from gibbon ape leukemia virus (data not
shown), thus indicating that infection by delH retroviruses
could be activated by a pathway common to type C mammalian
retroviruses.

DISCUSSION

Binding of retrovirus envelope glycoproteins to cell surface
receptors initiates the early steps of retroviral infection. This
primary interaction is thought to trigger a structural rearrange-
ment of the glycoprotein necessary to expose the fusion pep-
tide that associates with the target cell lipid bilayer, leading to
fusion between the viral and cellular membranes. In addition
to the molecular changes that affect the overall envelope struc-
ture, several cellular events are also likely to occur in the time
between receptor binding and subsequent membrane fusion
and may actively participate in the process of membrane fu-
sion. The dissection of this cascade of early infection events
benefits from the availability of envelope mutants that are
defective for a particular step of retrovirus entry. Thus, muta-
tions that affect the late steps of the fusion process, i.e., the
actual virus-cell membrane fusion, have been found inside the
TM envelope subunit (17, 37–39). Although these various mu-
tants were useful to dissect domains of the glycoproteins which
are subject to conformational changes, they do not allow easy
investigation of the putative cellular pathways that might be
involved in retrovirus entry. In contrast, the delH mutation of
MLV glycoproteins (1; Lavillette et al., unpublished data) is
unique in that it affects an early postbinding stage of the MLV
entry process (Lavillette et al., unpublished data). In a manner
similar to that for their parental envelopes, ecotropic or am-
photropic MLV envelope glycoproteins that harbor the delH
mutation are efficiently expressed, maturated as SU-TM sub-
units, and incorporated on viral particles, and they bind nor-
mally to cell surface receptors. However, they fail to mediate
membrane fusion in both cell-cell and virus-cell membrane
fusion assays (1; Lavillette et al., unpublished data).

Here we report for the first time that soluble forms of type
C mammalian retrovirus RBD added to target cells are neces-
sary and sufficient to allow efficient infection by cell entry-
defective retroviruses carrying delH-mutated MLV envelope
glycoproteins. Importantly, the characterization of this infec-
tion-activating mechanism has permitted the identification of
an as-yet-unknown pathway of the MLV entry process which is
likely to be common to type C mammalian retroviruses. Thus,
delH-mutated entry-defective MLVs can be efficiently rescued
by homologous or heterologous retrovirus RBDs, via a recep-
tor-mediated mechanism. Although our data cannot formally
exclude the possibility that a fusion-active envelope complex is
restored in the delH mutant virus by a direct interaction of the
RBD fragment, we do not favor this possibility. Indeed, as an
alternative possibility, our data suggest that the inability of
delH-mutated MLV envelope glycoproteins to promote cell
entry might be caused by their incapacity to induce conforma-
tional changes on the receptors and/or to recruit cell cofactors
required for postbinding events. The cell components which
affect retrovirus entry into cells are not known in detail. How-
ever, different reports indicate that MLV receptors do not have
a passive attachment role in the cell entry process but are likely
to play an essential role by activating several steps of the
membrane fusion pathway that are probably common to MLVs
(34). Previous reports, revealing the heterogeneity of MLV
receptors on living cells, have suggested that only a fraction of
retrovirus binding sites could function as entry ports and that

receptors may positively cooperate to allow infection (3, 36).
Other observations revealed the existence of an accessory fac-
tor or process which may be limiting for MLV entry into cells
and for which the supply might differ between different cell
types (34, 36). Several studies have underlined the necessity of
receptor clustering for the formation of multivalent complexes
with viral particles of different membrane enveloped viruses
(12). Efficient receptor clustering is likely to depend on the
distribution of receptors in suitable subcellular environments
or on particular physiological conditions of the target cells (31,
34, 36). In particular, recent studies have suggested that the
actin and microtubule cytoskeletons with which the receptors
are associated may play an important part in cell entry of
ecotropic or amphotropic MLVs (18, 31), as they may promote
receptor aggregation, internalization, and intracellular trans-
port of receptor-bound viral particles (19). In addition, inhibi-
tion of PiT-2 conformational changes associated with Pi trans-
port could strongly impair virus internalization and infection
(31), and this provided further evidence that the cell is an
active participant in these early steps of virus entry.

Our results may therefore bring further understanding of the
activation of cell entry triggered by type C mammalian retro-
virus binding to receptors. Thus, the infectivity of retroviruses
carrying delH mutant envelopes can be rescued by providing in
trans a soluble envelope fragment which may supply the miss-
ing receptor activation signal. In addition, our data demon-
strate that activation of cell entry was dependent on the integ-
rity of the amino-terminal end of the RBD, since delH-
mutated MLV RBDs were unable to rescue the fusogenicity of
delH MLV envelope glycoproteins. These results therefore
underline the critical importance of the SU amino-terminal tail
in the fusion process. Of note is that the SU amino-terminal
end harbors a conserved peptide motif, PHQV, whose disrup-
tion similarly affects the fusion properties of all type C mam-
malian retrovirus envelope glycoproteins examined to date
(Lavillette et al., unpublished data). It is possible that type C
mammalian retrovirus envelope glycoproteins have diverged
from a common ancestor and differ only by discrete variations
of loops that are involved in recognition of related cell surface
receptors (13). Thus, the different type C mammalian retrovi-
ruses have adapted to a class of different, albeit related, recep-
tors which may share the way they activate virus entry upon
binding. Therefore, in addition to allowing binding to the dif-
ferent retrovirus receptor, the type C mammalian retrovirus
RBDs govern a second conserved function required for infec-
tion: activation of a cell entry pathway which depends on the
SU amino-terminal end. It is probable that MLV RBDs inter-
act with receptors via a two-step process, with the first step
being the attachment to the receptor and the second one being
conformational changes of the bound receptor allowing post-
binding events which, in turn, activate the virus-cell fusion
process.

While the pathway of receptor activation reported here was
deciphered as a result of the characterization of a particular
MLV envelope mutant, it is important to return it to the
context of infection with wild-type retroviruses. Glycoproteins
of membrane-enveloped viruses are expressed as stable enve-
lope precursors which undergo several posttranslational mod-
ifications, such as proteolytic cleavage, in order to be displayed
on the virion in metastable forms that must be activated to
initiate fusion (4). For retroviruses such as MLV, the proteo-
lytically processed SU and TM subunits are held together via a
labile disulfide bond whose isomerization is likely to provide
more metastability to the envelope complex and increased
instability of the SU subunit (28). Instability of the envelope
complex, resulting in SU shedding from virions (11), has been
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proposed to be important for membrane fusion (22). Based on
the results in this report, one can envisage SU shedding as an
important factor of the retrovirus entry process. Indeed, ad-
sorption of viral particles on the cell surface (29) may increase
the local concentration of soluble shed SU, which in turn may
activate the target cell membrane, e.g., by recruiting receptors
whose clustering may assist the penetration of the forthcoming
virion. According to this model, AdelH SU glycoproteins, al-
though they allow virion binding to the cell surface (Lavillette
et al., unpublished data), are not able to activate the target cell
surface and cannot mediate cell entry. Additionally, one can
envisage that SU shedding from envelope complexes expressed
at the surface of retrovirus producer cells might sensitize
neighboring cells to infection. Thus, the release of SU, from
either virus- or cell-associated envelope complexes, is likely to
stimulate the propagation of retroviruses.
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