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The entry of retroviruses into cells depends on receptor recognition by the viral envelope surface subunit SU
followed by membrane fusion, which is thought to be mediated by a fusion peptide located at the amino
terminus of the envelope transmembrane subunit TM. Several fusion determinants have been previously
identified in murine leukemia virus (MLV) envelopes, but their functional interrelationships as well as the
processes involved in fusion activation upon retroviral receptor recognition remain unelucidated. Despite both
structural and functional similarities of their envelope glycoproteins, ecotropic and amphotropic MLVs display
two different postbinding properties: (i) while amphotropic MLVs fuse the cells at neutral pH, penetration of
ecotropic MLVs is relatively acid pH dependent and (ii) ecotropic envelopes are more efficient than ampho-
tropic envelopes in inducing cell-to-cell fusion and syncytium formation. By exploiting the latter characteristic
in the analysis of chimeras of ecotropic and amphotropic MLV envelopes, we show here that substitution of the
ecotropic MLV proline-rich region (PRR), located in the SU between the amino-terminal receptor binding
domain and the TM-interacting SU carboxy-terminal domains, is sufficient to revert the amphotropic low-
fusogenic phenotype into a high-fusogenic one. Furthermore, we have identified potential b-turns in the PRR
that control the stability of SU-TM associations as well as the thresholds required to trigger either cell-to-cell
or virus-to-cell fusion. These data, demonstrating that the PRR functions as a signal which induces envelope
conformational changes leading to fusion, have enabled us to derive envelopes which can infect cells harboring
low levels of available amphotropic receptors.

Retroviruses have a common organization of their envelope
glycoproteins, which consist of trimers of two subunits derived
from a single protein precursor: a surface subunit, SU, harbor-
ing the determinants that interact with the cell surface recep-
tor(s) and a transmembrane subunit, TM, whose functions
include anchorage of the trimer complex in the viral membrane
and promotion of the membrane fusion that follows interac-
tion of the viral particle with the retroviral receptor (22). It is
generally agreed that the fusion process of enveloped viruses is
initiated by conformational rearrangements of the viral enve-
lope glycoproteins. These rearrangements follow binding to
the viral receptor, resulting in the exposure of domains more
directly involved in fusion (54). The molecular mechanisms
responsible for these structural changes are best understood in
the case of entry of orthomyxoviruses. Thus, structural rear-
rangements of the influenza virus hemagglutinin are triggered
by the acidic environment of the vesicles in which the virions
have been endocytosed after their attachment to sialic acid
residues harbored by cell surface glycoproteins (45). In the
case of retroviruses, both pH-dependent and -independent vi-
ral entry has been described (31). Although conformational
rearrangements of retroviral envelope glycoproteins are
thought to be required for fusion (53), the precise determi-
nants and steps involved in the putative conformational
changes that follow interaction of retroviral envelopes with

their receptors remain unelucidated. An understanding of
these processes will greatly facilitate our ability to modulate
retroviral infections as well as retrovirus-mediated gene target-
ing (11). Indeed, retrovirus-based gene transfer strategies uti-
lize vectors pseudotyped with the amphotropic murine leuke-
mia retrovirus (MLV) envelope because of the presence of the
amphotropic receptor on human cells. Optimizing virus-cell
fusion by engineering the amphotropic envelope will be highly
desirable for several gene transfer applications.

Fusion determinants identified thus far in MLVs include (i)
a fusion peptide located at the amino terminus of the TM
subunit identified by sequence analogy to bona fide fusion
peptides of other enveloped viruses (23) and (ii) several fusion-
influencing determinants located at both the amino terminus
of the SU subunit (4) and the carboxy terminus of the TM
subunit (40, 43). The nature of the retroviral receptor eventu-
ally recognized by the envelope also seems to influence the
fusogenic activity since ecotropic MLV (38) or amphotropic
MLV chimeras harboring the ecotropic receptor binding do-
main (41) are much more fusogenic than other MLV strains
when tested in cell-to-cell fusion assays. We show here that
proline-rich regions (PRR) of MLV, located between the SU
amino-terminal receptor binding domain and the TM-interact-
ing SU carboxy-terminal domains, mediate envelope confor-
mational changes and fusion activation. Furthermore, we iden-
tified potential b-turns in the PRR that determine both the
stability of the SU-TM association as well as the thresholds
necessary to trigger cell-to-cell and virus-to-cell fusion. Based
on these results, we describe for the first time modified am-
photropic envelopes with an enhanced virus-to-cell fusion and
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which allow efficient infection of cells with decreased levels of
amphotropic receptor.

MATERIALS AND METHODS

Cell lines. The TELCeB6 cell line (12) was derived from the TELac2 line after
transfection and clonal selection of a Moloney murine leukemia virus
(MoMLV)-based expression plasmid to produce Gag and Pol proteins. The
TELac2 cells were originally derived from the TE671 human rhabdomyosarcoma
cells (ATCC CRL8805) to express the nlsLacZ reporter retroviral vector (46).
Production of infectious retroviral particles by TELCeB6 cells depends on newly
introduced envelope expression vectors. Cerd9 and Cear13 cells (26) (kind gift of
D. Kabat) are derived from CHO (Chinese hamster ovary) cells (ATCC CCL-61)
and express either ecotropic MLV receptors alone or both ecotropic and am-
photropic receptors, respectively. Cerd9, Cear13, and CHO cells were grown in
Dulbecco modified Eagle medium (Life Technologies) supplemented with 10%
fetal bovine serum and proline (Life Technologies). XC-A-ST cells were derived
from XC rat sarcoma cells (ATCC CCL-165) after transfection with the pA-ST
plasmid expressing the amino-terminal receptor binding domain of the ampho-
tropic envelope glycoprotein (7). Expression of this amphotropic domain led to
decreased availability of endogenous amphotropic receptors in selected XC-
A-ST clones and poor infectibility of these cells by amphotropic envelope-
pseudotyped retroviral vectors.

Construction of envelope expression vectors. Plasmids FBASALF and
FBMOSALF encoding the MLV-4070A amphotropic (noted as A) and MoMLV
ecotropic (noted as MO) envelope glycoproteins, respectively, have been de-
scribed elsewhere (10) and were used as backbones for construction and expres-
sion of envelope mutants. The FBASALF plasmid was modified to produce a
highly cell-to-cell fusogenic form of the amphotropic glycoprotein, designated
ARless envelope, by introducing a stop codon before the first amino acid of the
intracytoplasmic p2-R peptide as previously described (43). Chimeric envelope
glycoproteins in which BD, PRO, C, or TM envelope domains were swapped
individually (Fig. 1) or in combinations (see Fig. 7) were generated by using
allelic restriction sites that were already present or introduced by oligonucleotide
site-directed mutagenesis (details and sequences available upon request) and
cloned in the FBASALF envelope expression vector. For amphotropic and
ecotropic glycoproteins, respectively, the boundaries of the various domains were
defined as M31 to V237 and A34 to L262 for BD; G238 to P297 and G263 to
A308 for PRO (G266 to A319 for Friend MLV [Fr-MLV]); G298 to R458 and
G309 to R469 for C; and E459 to P654 and E470 to P665 for TM. Residues are
numbered starting from the initiation methionine deduced from the amino acid
sequences of the 4070A amphotropic MLV (34), the Moloney MLV (44) and the
C57 strain of Fr-MLV (25) envelope glycoproteins. Substitution or deletion
mutations were introduced in the PRR of the amphotropic 4070A-MLV by
PCR-mediated mutagenesis (oligonucleotide sequences available upon request)
and mutant glycoproteins were expressed from FBASALF-derived expression
plasmids. The amino acid sequences of these mutants are shown below (see Fig.
4).

Transfections and infection assays. Envelope glycoprotein expression plas-
mids were transfected by calcium phosphate precipitation into TELCeB6
or TELac2 cells as reported elsewhere (10). Virus-containing supernatants
were collected after an overnight production from confluent env-transfected
TELCeB6 cells and used for infection assays as described previously (10). Virus-
containing supernatants were collected after an overnight production from
freshly confluent env-transfected TELCeB6 cells in regular medium. Target cells
were seeded in 24-well plates at a density of 5 3 104 cells per well. Viral
supernatant dilutions containing 5 mg of Polybrene per ml were added, and cells
were incubated for 3 to 5 h at 37°C. Viral supernatant was then removed, and
cells were incubated in regular medium for 48 h. 5-Bromo-4-chloro-3-indolyl-b-
D-galactopyranoside (X-Gal) staining and viral titer determination were per-
formed as previously described (10) and expressed as LacZ infectious units
(IU)/ml.

Antibodies. Anti-gp70 (Quality Biotech Inc., Camden, N.J.) a goat antiserum
raised against the Rausher leukemia virus gp70, was used diluted 1/2,000 for
Western blots. Anti-SU, a rat monoclonal antibody 83A25 (17) cell culture
supernatant against MLV SU, was used undiluted for fluorescence-activated cell
sorting (FACS) analysis. Anti-TM, a mouse monoclonal antibody 372 (ATCC
CRL-1893) (8) cell culture supernatant against MLV TM, was used undiluted for
FACS analysis. Anti-CA (Quality Biotech Inc.), a goat antiserum raised against
the Rausher leukemia virus p30 capsid protein (CA), was used diluted 1/10,000
for Western blots.

Immunoblots. Virus samples from env-transfected TELCeB6 cells were pre-
pared as previously described (10). Cell membrane preparations of env-trans-
fected cells were processed as described elsewhere (2). Briefly, about 5 3 107

cells were harvested by EDTA treatment, washed two times in phosphate-buff-
ered saline (PBS) and were suspended in 2 ml of ice-cold hypotonic lysis solution
(10 mM Tris [pH 7.4], 2 mM MgCl2, 1 mM CaCl2) containing 1 mM phenyl-
methylsulfonyl fluoride. After centrifugation at 1,000 3 g (4°C), the microsome-
containing supernatant was kept and the pellet was relysed under the same
conditions. Both supernatants were combined and ultracentrifuged at 100,000 3
g for 30 min at 4°C in a precooled 70.1 Ti rotor (38,000 rpm). After slow
deceleration, supernatant was discarded and excess fluid was wiped out from

tubes. Pellets were then resuspended in 10 mM Tris (pH 7.4) (100 ml) resulting
in suspension of membrane fragments which were further solubilized in 0.1%
sodium dodecyl sulfate (SDS) and frozen at 270°C. Samples (30 mg for crude cell
lysates and membrane preparations, and 20 ml for purified viruses and envelope
producer cell supernatants) were mixed 5:1 (vol/vol) in a 375 mM Tris-HCl (pH
6.8) buffer containing 6% SDS, 30% b-mercaptoethanol, 10% glycerol, and
0.06% bromophenol blue, boiled for 3 min, and then run on SDS–10% acryl-
amide gels. After protein transfer onto nitrocellulose filters, immunostaining was
performed in Tris base saline (pH 7.4) with 5% milk powder and 0.1% Tween 20.
The blots were probed with the relevant antibody and developed with horserad-
ish peroxidase-conjugated immunoglobulins raised against the species of each
primary antibody (DAKO) and an enhanced chemiluminescence kit (Amersham
Life Science).

Binding assays. Target cells were washed in PBS and detached by a 10-min
incubation at 37°C with 0.02% EDTA 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 virus supernatant for 45 min at 37°C in the presence of Polybrene
(5 mg/ml). Cells were then washed with PBA and were incubated with the
anti-SU antibody or the anti-TM antibodies for 45 min at 4°C. Cells were washed
twice with PBA and incubated with either anti-rat or anti-mouse fluorescein
isothiocyanate (FITC)-conjugated antibodies (DAKO), and 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; Beckton Dickinson).

Cell-to-cell fusion assays. Transfected cells were detached, counted, and re-
seeded at the same concentration (3 3 105 cells/well) in six-well plates. Fresh
indicator cells (106 cells per well) were then added to the transfected cells and
were cocultivated for 24 h. The coculture was stained by adding the May-
Grunwald and Giemsa solutions (MERCK) according to the manufacturer’s
recommendations.

RESULTS

Structural domains shared by the amphotropic 4070A
(MLV-4070A) and ecotropic MoMLV envelopes include the
following (Fig. 1A): (i) a ca. 200-amino-acid (aa) amino-ter-
minal receptor binding domain (6), named BD domain, of
known structure (18), which recognizes either PiT-2 ampho-
tropic receptors (32, 51) present in most species including
humans or the mCAT-1 ecotropic receptor (1) functionally
expressed in murine and rat cells (42), respectively; (ii) the
PRR, ranging between 45 to 59 aa and identified as PRO in
our chimeric constructs (50); (iii) the carboxy-terminal C se-
quence of SU, approximately 160 aa and involved in SU-TM
interactions (39); (iv) the 134-aa TM ectodomain which har-
bors the putative fusion peptide at its amino terminus (23); (v)
the 32-aa cytoplasmic tail containing the small carboxy-termi-
nal p2-R peptide whose late cleavage in virions increases en-
velope fusogenicity (40, 43). Whereas the ecotropic and am-
photropic amino-terminal BD and PRR share only 33 and 43%
identical residues, respectively, all other domains have more
than 80% aa identity (see Fig. 1A). Most of these domains
have been shown to contain regions which are involved in
postbinding entry functions (4, 15, 16, 23, 33, 40, 43).

PRR modulates cell-to-cell fusion by MLV envelopes. Eco-
tropic MLV envelope glycoproteins are more potent than am-
photropic ones in inducing formation of syncytia in cell-to-cell
fusion assays (38) (Fig. 2). To identify the region(s) responsible
for the higher fusogenicity of ecotropic MLV envelopes, we
generated a series of chimeric envelopes in which BD, PRO, C,
and TM ecotropic domains were swapped within the ampho-
tropic background envelope (Fig. 1B). The resulting envelopes
are henceforth identified according to the substituted eco-
tropic domain(s). For example, PROMO and PROFR desig-
nate chimeric MLV-4070A-derived envelope glycoproteins
which harbor the MoMLV and Fr-MLV PRR, respectively,
whereas the CMO chimera contains the MoMLV SU carboxy-
terminal domain (Fig. 1B).

Cell-to-cell fusion was monitored by syncytium formation
upon 24-h cocultivation of different indicator cells with cell
lines expressing or not expressing MLV Gag-Pol core particles
and transfected with the retroviral envelope to be tested. Two
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dramatically different cell-to-cell fusion phenotypes were ob-
served (Fig. 2). Strong syncytium-inducing envelopes, simi-
lar to ecotropic MoMLV, included BDMO, PROMO, and
PROFR, whereas CMO and TMMO were weak syncytium-
inducing envelopes similar to MLV-4070A (Fig. 1 and 2). Syn-
cytium formation was not affected by the presence (data not
shown) or absence of MLV Gag-Pol core particles in the en-
velope-presenting cells (Fig. 2 and Table 1), demonstrating
that fusion measured in this assay occurred by cell-to-cell con-
tacts rather than by virus-to-cell interactions. The high fusoge-
nicity observed with BDMO is in agreement with previous
reports describing increased fusogenicity associated with rec-
ognition of the ecotropic receptor (41). However, we also ob-
served highly efficient cell-to-cell fusion in envelopes lacking
the ecotropic BD, such as the PROMO and PROFR chimeric
envelopes which harbored the amphotropic BD (Fig. 1 and 2
and Table 1). Increased cell-to-cell fusion with the latter en-
velopes was observed with all indicator cell types tested, in-
cluding human cells which lack the ecotropic receptor (data
not shown). However, the most dramatic effect was observed
with XC rat sarcoma cells (Fig. 2 and Table 1). Since similar or
slightly weaker cell surface expression was detected for the
hyperfusogenic PRR-mutated PROMO and PROFR chimeric
envelopes compared to that of the parental MLV-4070A en-
velopes (Fig. 3), these data therefore indicated that differences
in syncytium formation between parental and chimeric ampho-
tropic envelopes were directly associated with a specific feature
contained in the ecotropic PRO region which could sensitize
the envelope fusion activity when inserted in an amphotropic
background.

Limited proteolysis of MLV SU leads to cleavage at both
ends of the PRR (28), suggesting that the PRR constitutes a
separate domain of the SU which folds as a rigid structure. As
described for feline leukemia viruses (20) and as suggested for
the related MLV-4070A (50), the regular repetitions of pro-
line-induced b-turns in MLV PRRs (Fig. 4D) might fold as
polyproline b-turn helices (30). The Chou-Fasman structural
analysis (9) shown in Fig. 4D shows the probability of b-turns
in the PRRs of MLV-4070A and MoMLV and reveals some
differences in the number and arrangement of their respective
predicted b-turns (Fig. 4A and D). Hence, we sought to di-
rectly evaluate the role of these potential secondary structures
in fusion by mutagenesis analyses.

The C2, C3, C4, and C5 point or deletion mutants designed
to remove one or more of the seven carboxy-terminal b-turns
of the amphotropic MLV-4070A PRR (Fig. 4B) were moni-
tored for cell-to-cell fusion and were found to be as poorly
fusogenic as the parental MLV-4070A envelope (Fig. 4). Pro-
line-induced b-turns in the MLV-4070A PRR were less inter-
woven at the amino terminus than at the carboxy terminus
(Fig. 4D), and thus each of the four potential MLV-4070A
amino-terminal b-turns were inactivated individually by sub-
stitution of a valine or isoleucine, resulting in mutants A1, A2,
A3, and A4 (Fig. 4C). Increased syncytium formation was not
observed for A1 and A4 envelopes in which either the first or
fourth amino-terminal b-turn, respectively, was mutated while
maintaining a regular repetition of three potential contiguous
b-turns (Fig. 4). In contrast, the A2 and A3 envelopes in which
these contiguous b-turns were interrupted (Fig. 4C and D)
were highly fusogenic (Fig. 4 and Table 1). These results indi-

FIG. 1. Schematic representation of envelope chimeras and their fusion properties. White and black boxes represent domains derived from amphotropic
MLV-4070A envelope (A) and ecotropic Moloney-MLV (MO) or Fr-MLV (FR) envelope, respectively. The intracytoplasmic sequences, identical for both MLV
classes, are shown as hatched boxes. (A) Domain organization of parental envelope. BD, amino-terminal receptor binding domain; PRO, proline-rich region; C, SU
carboxy-terminal domain; TM, transmembrane subunit. Separation between ectodomain and anchor domain (Anc) of the TM subunit is indicated by the thin vertical
black bar. The percentage of identical amino acids between each domain is indicated. The black arrow over the 4070A-MLV TM subunit marks the location of a
premature stop codon introduced immediately before the R peptide to generate the cell-to-cell fusogenic ARless amphotropic envelope. (B) Chimeric envelope in
which single domains were swapped. A summary of fusion and infection properties is shown to the right of the schematic representations. Cell-to-cell fusion activity
was determined after transfection of the corresponding envelope expression vector in TELac2 cells and cocultivation with XC or XC-A-ST cells and is indicated as
follows: 2, absence of syncytia; 1, presence of syncytia in XC cells; 11, presence of syncytia for chimeras with the amphotropic BD in both XC and X-A-ST cells (see
detailed results in Table 1). Infectivity was tested by using supernatants harvested from stably transfected TELCeB6 packaging cells on XC cells and is indicated as
follows: 2, titers of less than 102 IU/ml; 1, titers of greater than 106 IU/ml.

VOL. 72, 1998 REGULATION OF MEMBRANE FUSION IN MURINE RETROVIRUS 9957



cated the critical importance of contiguous b-turns in mediat-
ing cell-to-cell fusion.

PRR determinants controlling cell-to-cell and virus-to-cell
fusion thresholds. As inferred from the results of syncytium
assays, MLV-4070A glycoproteins harboring mutations in the
PRR, such as PROMO, PROFR, A2, and A3, appeared more
readily fusogenic in cell-to-cell fusion assays and thus seemed

more reactive than wild-type amphotropic envelopes. They
may thus require fewer PiT-2 amphotropic receptors to trigger
their cell-to-cell fusogenicity. To test the relationship between
increased fusogenicity and requirements for PiT-2 receptor
molecules, we compared cell-to-cell fusion to either XC or
XC-A-ST cells. In the latter, constitutive expression of an in-
terfering amphotropic BD reduced the number of available

FIG. 2. XC cell fusion assays of retroviral envelope mutants with single swapped domains. TELac2 cells were transfected with different envelope expression vectors
before cocultivation for 24 h with XC indicator cells as described in the legend to Fig. 1. Magnification, 3250.
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functional PiT-2 receptors as demonstrated by the reduced
capacities of either PROMO or MLV-4070A envelope glyco-
proteins to bind XC-A-ST cells compared to that of parental
XC cells (see Fig. 5A). As expected, this resulted in an inhi-
bition of fusion of XC-A-ST cells through cell-to-cell contacts
by both the parental MLV-4070A envelope glycoprotein and
the cytoplasmic tail-truncated ARless amphotropic envelope
known to exert higher cell-to-cell fusion properties (Table 1).
However, strong cell-to-cell fusion of XC-A-ST cells was still
observed with the PRR-mutated PROMO, PROFR, A2, and
A3 mutants (Table 1). The increased cell-to-cell fusion of the
latter envelope mutants seemed to remain amphotropic recep-
tor dependent, since cell-to-cell fusion of PiT-2-negative CHO
cells with these envelopes was observed only upon de novo
PiT-2 expression (data not shown). Altogether, these results
suggested that mutations in the PRR b-turns facilitated cell-
to-cell fusion via recognition of amphotropic PiT-2 receptors.

We next examined the infectivity of cell-free virions harbor-
ing either parental, chimeric, or mutant envelopes. For the
sake of clarity, infection resulting from Env-dependent viral
entry is referred to here as virus-to-cell fusion. However, it
should be noted that fusion, which can occur either directly at
the level of the cell surface membrane or indirectly after in-
ternalization in endosomes (31, 33), requires other steps such
as receptor binding and/or receptor internalization (14, 24).
Surprisingly, the highly cell-to-cell fusogenic PROMO and
PROFR chimeras and A2 and A3 point mutants yielded un-
detectable or significantly reduced titers on the cell lines

tested, including rat, mouse, human, and PiT-2-transfected
CHO hamster cells (Table 2 and data not shown). In contrast,
virions pseudotyped with the remaining chimeric and mutant
envelopes yielded similar titers ranging from 106 to 107 LacZ
IU per ml on all cells tested, similar to both parental ecotropic
and amphotropic virus titers (Table 2 and data not shown). All
envelopes harboring the amphotropic BD were able to infect
PiT-2-transfected CHO cells but not the parental CHO cells
lacking PiT-2 (data not shown), thus indicating that PiT-2 was
required for virion entry. Titration assays were then performed
on the interfering XC-A-ST cells to assess whether modifica-
tion of the PRR allowed virus-to-cell fusion when fewer PiT-2
receptors were available. Infectivity of parental amphotropic-
pseudotyped virions was reduced by more than 1,000-fold in
the interfering XC-A-ST cells, whereas almost all PRR infec-
tious mutants were significantly more resistant to interference
(Table 2). For example, infectivity of viruses carrying C2, C3,
and C4 envelope glycoproteins with deletions in the carboxy-
terminal end of the PRR was decreased by only approximately
10-fold, with titers remaining greater than 105 LacZ IU per ml
(Table 2). These data indicated that although amphotropic
envelopes carrying mutations at the carboxy terminus of the
PRR did not exhibit increased infectivity on cells that had the
wild-type number of PiT-2 receptors, they were more efficient
than wild-type amphotropic virus in mediating virus entry in
cells harboring few of available PiT-2 receptors.

The increased efficiency of these mutant envelopes in a vi-
rus-to-cell infection assay was not due to detectable differences
in their processing, maturation, and virion incorporation prop-
erties (data not shown). Although we could not formally ex-
clude the possibility that increased virus-to-cell fusion of PRR-
mutated amphotropic envelopes on XC-A-ST cells was due to
their interaction with an alternative receptor or coreceptor not
recognized by the parental envelope, we found that parental
and mutant envelopes bound XC-A-ST cells with the same
efficiency (see below and Fig. 5A). Thus, even though carboxy-
terminal PRR mutants did not show increased fusogenicity in
cell-to-cell fusion assays (Fig. 4), they were more efficient in
the virus-to-cell fusion assay (Table 2). As cell-to-cell fusion
was affected only by mutations in the amino-terminal b-turns
while virus-to-cell fusion was increased by mutations in the
carboxy-terminal b-turns, our data indicate that these two re-
gions of the PRR differentially modulate cell-to-cell membrane
fusion and viral entry, most likely through interaction with
PiT-2 receptors.

Cooperation between PRR and other SU domains in enve-
lope stability and fusogenicity. The ability of A2, A3, PROMO
and PROFR mutants to drive cell-to-cell fusion but not virus-
to-cell fusion (Tables 1 and 2) raised the possibility that

FIG. 3. Cell surface expression of mutant envelopes with enhanced fusion activity. TELac2 cells transfected with the indicated envelope expression vectors shown
in Fig. 1 were stained (black area) or not (white area) with 83A25 anti-SU rat monoclonal antibodies and analyzed by FACS analysis.

TABLE 1. Effects of cell surface envelope on cell-to-cell fusion

Cell surface
envelope

Fusion indexa on cells:

XC XC-A-ST

Noneb 0.02 6 0.01 0.02 6 0
MOc 15 6 2 14 6 1
Ad 0.2 6 0.1 0.05 6 0.02
ARlesse 74 6 4 0.85 6 0.03
PROMOc 17 6 3 16 6 3
PROFRc 18 6 3 23 6 6
A2c 13 6 1 17 6 1
A3c 14 6 1 17 6 3

a The fusion index is defined as the percentage of (N 2 S)/T, where N is the
number of nuclei in the syncytia, S is the number of syncytia, and T is the total
number of nuclei counted (3).

b Mock-transfected cells.
c Syncytia with more than 20 nuclei.
d Small syncytia with less than four nuclei.
e Syncytia with more than 40 nuclei in XC cells and less than 10 nuclei in

XC-A-ST cells.
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changes introduced in these envelopes prevented interactions
with the amphotropic PiT-2 receptor. To address this question,
we performed binding assays by incubating supernatants of the
various pseudotyped retroviruses on XC and XC-A-ST cells
(Fig. 5A) as well as on PiT-2 amphotropic receptor-negative
and -positive (PiT-2-transfected) Cerd9 and Cear13 CHO-de-

rived cells, respectively (Fig. 5B and C). Cells were then
stained with an anti-SU antibody in order to assess binding of
the SU subunit to the receptor (10) or with an anti-TM anti-
body which allows recognition of envelope anchored to a vi-
ral particle (50). Assays performed with anti-SU antibodies
showed that in comparison to the parental amphotropic enve-

FIG. 4. Fusion and b-turn profiles of 4070A-MLV PRR mutants. Two types of PRR mutants with either single amino acid substitutions (boldface and lowercase)
or larger deletions (dashes) were derived from the 4070A-MLV PRR. The level of cell-to-cell fusion on XC cells observed with each parental or mutant envelope
sequence is indicated as follows: 2, absence of syncytia; 1, presence of syncytia. (A) Alignment of the PRR amino acid sequences of parental ecotropic MoMLV (Mo)
and Fr-MLV (Fr) envelope and amphotropic 4070A-MLV (A) envelope. Gaps introduced to optimize alignment are indicated by asterisks. (B) Sequences of
4070A-MLV mutants in the carboxy-terminal region of PRR. (C) Sequences of 4070A-MLV PRR mutants in the amino-terminal region of PRR. A second amino acid
was substituted in the A2 and A3 mutants to avoid introduction of potential a-helices or b-strands not present in the parental MLV PRR (data not shown). (D) b-Turn
probability profiles determined by the Chou-Fasman secondary structure prediction method (9) for parental 4070A-MLV (4070A) and MoMLV envelope PRRs and
for 4070A-MLV PRR mutants with the second (A2) or third (A3) b-turn deleted. The y-axis values represent the probability P (of a turn) 3 1024 at each peptide residue
(x axis). The small inverted triangles shown above the peaks show the b-turn accepted by the Chou-Fasman algorithm. The b-turn analysis was performed by using the
6.26 release of the PC/Gene software package (IntelliGenetics).
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lope glycoproteins, binding specificity and affinity for PiT-2
were not significantly altered for the A2, A3, PROMO,
PROFR, and the other mutant envelopes since they could bind
with similar efficiencies to Cear13, but not Cerd9, cells (Fig.
5B). Similarly, no differences in binding could be found on XC
cells between the mutant and wild-type amphotropic envelopes
(Fig. 5A). Furthermore, endogenous expression of an interfer-
ing amphotropic BD in XC-A-ST cells decreased binding of all
PRR-mutated and parental amphotropic envelopes with a sim-
ilar efficiency (Fig. 5A). Additionally, staining with an anti-TM
antibody revealed binding of virions harboring wild-type am-
photropic envelope glycoproteins. However, no binding of viral
particles generated with the A2, A3, PROMO, and PROFR
envelopes was observed (Fig. 5C). These data indicated that
although the SU of the latter mutants could fully recognize the
PiT-2 receptor, it was not stably associated to virions, which
probably explains their poor infectivity.

To assess whether our inability to detect an association be-
tween the SU and virions was due to an unstable SU-TM
association in these mutants, immunoblotting was performed
with cell membrane preparations, cell culture supernatants,
and virions obtained from cells transfected with parental and
mutant A2, A3, PROMO, and PROFR envelopes (Fig. 6).
Two bands, corresponding to the unprocessed envelope pre-
cursor (PR) and the mature SU product, were detected in
immunoblots of cell membrane preparations incubated with an
anti-SU antibody (Fig. 6). In the case of the A2 and A3 point
mutants, the migration positions of the two bands were the
same as that of the parental amphotropic envelope glycopro-
tein. However, due to differences in the sizes and glycosylations
of their respective PRRs (Fig. 4), the bands observed with the
PROMO and PROFR chimeric envelope precursors exhibited
faster mobilities, corresponding to expected molecular mass
decreases of 15 and 6 kDa, respectively (Fig. 6). Although
similar expression levels of the precursors were observed for all
envelopes, as indicated by equivalent PR band intensities (Fig.
6) and pulse-chase labeling experiments (data not shown), the
SU product was poorly detected in extracts from cells harbor-
ing A2, A3, PROMO, and PROFR mutants compared to pa-
rental amphotropic envelopes. This was due both to a less
efficient precursor to SU maturation and to decreased stability
of the latter mutant envelope glycoproteins compared to that
of the wild-type amphotropic envelope (Fig. 6). Indeed, insta-

bility of these mutant chimeras was demonstrated by increased
SU levels, indicative of shedding, in the culture medium and by
low SU levels on the virions and cell membranes (Fig. 6). Thus,
these data show the critical role of the potential amino-termi-
nal MLV-4070A PRR second and third b-turns in SU-TM
association and envelope conformation and suggest that the
poor infectivity of the A2, A3, PROMO, and PROFR enve-
lopes was due to increased SU shedding. In the A2, A3,
PROMO, and PROFR mutants, increased SU shedding and
decreased infectivity was concomitant with increased cell-to-
cell fusion (Table 1). It is expected that increased shedding,
resulting from changes in SU-TM interactions, leads to de-
creased virus-to-cell fusion due to altered interactions between
virions and cell surface receptors. In contrast, SU shedding is
not likely to significantly alter receptor interaction by cell sur-
face-associated envelope, since SU-containing envelopes are
continuously produced within the cell. Interestingly, in this cell
context, a more unstable SU-TM interaction allowed a more
efficient cell-to-cell fusion (Table 1).

Increased envelope instability for A2, A3, PROMO, and
PROFR envelopes suggested that a disruption of interactions
between the PRR and other envelope regions occurred in
these mutants and influenced both SU-TM interactions and
fusogenicity. This is compatible with the finding that proline-
rich sequences are involved in protein-protein interactions
(55). Therefore, instability of the A2 and A3 mutants might be
due to loss of envelope domain interactions critical for stability
of the glycoprotein complex. Similarly, instability of the
PROMO and PROFR chimeras might be due to nonoptimal
interactions between the MoMLV PRR and the adjacent het-
erologous MLV-4070A domains. It is interesting to note that
with the exception of the BD and PRR domains which have
only 33 and 43% aa homology, respectively, all other ecotropic
and amphotropic envelope domains are over 80% aa identical
(Fig. 1A). Whereas BD hypervariability is linked to differences
in the respective cognate receptors of these retroviruses, PRR
hypervariability in MLVs and other mammalian type C retro-
viruses (25) might reflect the role of PRRs in adapting or
facilitating interactions between the various adjacent domains
of their envelopes.

To directly address the potential cooperation of PRR with
distinct envelope domains, we generated chimeric glycopro-
teins in which the MoMLV PRR was associated with other
MoMLV envelope domains in the context of an MLV-4070A
background (Fig. 7). The combination of ecotropic PRR with
the upstream ecotropic BD, as in BDPROMO, or in associa-
tion with downstream ecotropic C and/or TM regions, as in
PROCMO and PROCTMMO, led to increased envelope sta-
bility. This was demonstrated by the strong SU association to
virions as monitored by immunoblotting (Table 3) and virion
binding assays performed with anti-TM antibodies (data not
shown). This observed increase in envelope stability provides
evidence for a direct role of the PRR in stabilization of the
envelope complex by allowing structural interactions between
SU and TM proximal domains. This is in agreement with
previous reports describing an influence of the MoMLV PRR
on the conformation of the receptor binding domain (5, 6),
stability of the SU-TM association (21, 57) and interactions
between the amino- and carboxy-terminal domains of the
MLV SU (35).

With the exception of the BDPROMO chimera, whose high
cell-to-cell fusion was most likely due to its ability to interact
with the ecotropic receptor, the remaining chimeras demon-
strated low cell-to-cell fusion concomitant to their increased
stability (Table 3). These data therefore indicate a functional
relationship between stability of the envelope complex and

TABLE 2. Effects of virion-coating envelopes on viral infectiona

Virion-coating
envelope

Infectivityb on cells: Level of
interferencec

XC XC-A-ST

MO 7.1 3 106 6.1 3 106 1
A 1 3 107 6.4 3 103 1,369
PROMO 2.2 3 101 1 3 101 NA
PROFR ,1 3 101 ,1 3 101 NA
A1 8.4 3 106 2.3 3 103 3,138
A2 ,1 3 101 ,1 3 101 NA
A3 7.8 3 101 3 3 101 NA
A4 5.7 3 106 8.1 3 103 605
C2 7.6 3 106 5.7 3 105 11
C3 5.4 3 106 4.7 3 105 10
C4 2.4 3 106 1.7 3 105 12
C5 9.4 3 106 2.7 3 104 299

a Results are from one representative experiment (of six experiments).
b Infectivity is expressed as the number of LacZ IU per milliliter of viral

supernatant.
c Interference levels were calculated according to the following equation: (titer

on XC cells/titer on XC-A-ST cells) 3 (MO titer on XC-A-ST cells/MO titer on
XC cells). NA, not applicable.
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cell-to-cell fusion and suggest that the MLV PRR may control
envelope conformational changes leading to fusion.

Additionally, as observed with the C2, C3, and C4 ampho-
tropic mutant envelopes, viruses pseudotyped with the chi-
meric envelopes were highly infectious with titers of more than
106 LacZ IU per ml on XC cells (Table 3) and other cell types
(data not shown). Specifically, titers obtained on XC-A-ST
cells which have decreased levels of available amphotropic
receptor were significantly higher for viruses harboring the
PROCMO and PROCTMMO envelopes than for those carry-
ing the parental amphotropic envelope (Table 3). Thus, in the
two chimeras containing both ecotropic PRO and C domains
with the amphotropic BD, the combination was sufficient both
to prevent cell-to-cell fusion by maintaining envelope stability
and to increase virus-to-cell fusogenicity.

DISCUSSION

Our results indicate that the PRR controls the transition of
MuLV envelope glycoproteins from nonfusogenic to fusogenic

conformations by controlling both the stability of the envelope
complex and the thresholds required to trigger envelope-
driven cell-to-cell fusion or virus-to-cell fusion. We have iden-
tified critical residues in the PRR that regulate these two
functions. This is the first report of a retrovirus determinant in
SU which passes on the fusion signal to the TM.

Modifications in the PRR of the amphotropic MLV enve-
lope result in two different phenotypes: (i) high cell-to-cell
fusion activity associated with decreased envelope stability and
SU shedding and (ii) weak syncytium formation but increased
virus-to-cell fusion associated with stability of the envelope
glycoprotein complex. These two different phenotypes raise
the possibility of a relationship between envelope (in)stability
and cell-to-cell fusogenicity. Although others have previously
noted that the requirements for cell-to-cell and virus-to-cell
fusion differ (21, 36, 56–58), in this report we demonstrate a
clear dissociation between the two phenomenons.

MLV PRR stabilizes envelope conformation. Previous stud-
ies of chimeric MLV envelope glycoproteins have shown that
although the MLV PRR is not directly involved in receptor

FIG. 5. Binding assays of mutant envelopes with enhanced fusion activity. Binding assays were performed with supernatants of TELCeB6 cells transfected with the
indicated envelope expression vectors depicted in Fig. 1, 4, and 7 on PiT-2-expressing XC cells and Cear13 cells (black area), on PiT-2-interfering XC-A-ST cells
(broken lines, panel A) or on PiT-2-negative Cerd9 cells (broken lines, panel B), as indicated. The background fluorescence was provided by incubating XC or Cear13
cells with supernatant of nontransfected TELCeB6 cells (solid lines). The background fluorescence on XC-A-ST cells and on Cerd9 cells (not shown) was the same
as that on XC cells and Cear13 cells, respectively. Incubated cells were stained with the indicated antienvelope antibodies. The envelope glycoprotein content of the
different samples was normalized by immunoblotting of viral supernatant (A and B) or viral pellet (C).
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recognition, it has an influence on the conformation of the
receptor binding domain for certain strains of MLVs (5, 6).
Other reports have also revealed the existence of an highly
complex series of interactions between the different domains of
MLV SUs, particularly between the N and C termini of mink
cell focus-forming virus–MLV SU (35). Data in this report are
in agreement with their results and furthermore suggest that
one of the roles played by the PRR during retroviral infection
is to stabilize a particular shape of the envelope glycoprotein,
most probably by allowing structural interactions between pro-
tein domains which are proximal in the prefusogenic confor-
mation of the envelope complex. A reason for the hypervari-
ability of MLV PRR may therefore be that it provides to the
glycoprotein complex a short adapter that accomodates subtle
structural differences of protein domains between the different
types of MLV envelopes, perhaps in relation with differential
postbinding requirements. Indeed, while the PROMO enve-
lope is not stable, the insertion of homologous MoMLV SU
C-terminal (C and/or TM) or N-terminal (BD) domains con-
fers stability to the chimeric glycoproteins (Table 3). The MLV
TM ectodomain contains a leucine zipper that allows trimer-
ization of the envelope complex (19). In addition, other sub-
domains of the MLV SU glycoprotein also contribute to the
assembly and stability of the oligomer (48). Our data indicate
that the MLV PRR may contain such determinants or, alter-
natively, may dictate a conformation of the glycoprotein that
reveals other points of interaction in the envelope complex. In

agreement with the results of others suggesting that the dis-
ruption of MoMLV PRR by linker insertion or mutagenesis
led to instability of the envelope complex and to SU-TM dis-
sociation (21, 57), in this study we identify amino acids (P245/
N246 and P250/Q252) that are critical for the MLV-4070A
envelope stability.

PRR structure-function relationship. PRRs are among the
most hypervariable regions found in the SU glycoproteins of
MLVs and other mammalian type C retroviruses (25). How-
ever, the conservation of the sequence GPR(V/I)PIGPNP(I/L)
at the amino termini of MLV PRRs suggests an important role
for this subdomain. Indeed, recent findings of our laboratory
indirectly revealed a particular property of the MLV PRR
amino terminus. In this previous study (50), either the amino-
terminal end or the whole amphotropic PRR were able to
regulate the cooperation of two receptor binding domains be-
tween which it was inserted in a chimeric envelope glycopro-
tein. It seems likely that in the context of the wild-type enve-
lope glycoprotein, the PRR is also able to regulate the
necessary cooperation between the receptor binding domain
and the fusion domain during virus entry.

The PRRs of mammalian type C retroviruses are likely to
fold as regular and stable secondary structures. Limited pro-
teolysis of MLV SU led to cleavage at both ends of the PRR
(28) and suggested that it forms a separate domain of the
glycoprotein which folds as a rigid structure. The regular ar-
rangement of b-turns induced by the majority of the proline

FIG. 6. Instability of mutant envelopes with enhanced cell-to-cell fusion ac-
tivity. Cells were transfected with the indicated envelope expression vectors, and
expression of both SU and envelope precursor (PR) was monitored in cell
membrane preparations, cell culture supernatants, and viral pellets by immuno-
blotting with an anti-SU antiserum (Quality Biotech Inc.). Equivalent loading of
viral pellets (bottom panel) was demonstrated by immunoblotting with an anti-
capsid (CA) antiserum (Quality Biotech Inc.). The positions of PR, SU, and CA
proteins are shown for MLV-4070A.

FIG. 7. Schematic representation of envelope chimeras where multiple am-
photropic and ecotropic domains were swapped. Domains derived from ampho-
tropic MLV-4070A (white boxes) and ecotropic Moloney-MLV (MO) (black
boxes) and sequences common to both MLV types (hatched boxes) are shown.

TABLE 3. Characterization of chimeric envelope glycoproteins

Envelopea SU density
on virionsb

Cell-cell
fusionc

Infectivityd on cells: Level of
interferencee

XC XC-A-ST

MO 11 1 8 3 106 8 3 106 1
A 11 2 6 3 106 5.1 3 104 118
PROMO 2 1 4 3 101 ,1 3 101 NA
BDPROMO 11 1 2 3 106 2 3 106 1
PROCMO 1 2 2.2 3 106 2.7 3 105 8
PROCTMMO 11 2 2.3 3 106 4.5 3 104 50

a Envelope constructs depicted in Fig. 1 and 7.
b Expression levels of SU glycoproteins on virion pellets as assessed by West-

ern blot analysis. The 11, 1, and 2 symbols indicate no difference, 1- to
10-fold-less SU expression, and less than 10-fold SU expression, respectively,
compared to that of parental envelopes, respectively.

c Fusion assays were performed by cocultivation of cells expressing the indi-
cated envelope construct with XC cells. The presence (1) and absence (2) of
syncytia are indicated.

d Average titers of three experiments are shown. The standard errors did not
exceed 30% of the titer values. Infectivity was expressed as LacZ IU per milliliter
of viral supernatant.

e Interference levels were calculated according to the following equation: (titer
on XC cells/titer on XC-A-ST cells) 3 (MO titer on XC-A-ST cells/MO titer on
XC cells). NA, not applicable.
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residues in type C mammalian retroviruses PRRs (MLV-
4070A and MoMLV PRRs [Fig. 4D]) is compatible with their
folding as polyproline b-turn helices (30). A recent report
using synthetic peptide fragments derived from the feline leu-
kemia virus A proline-rich region has shown that its PRR folds
as a polyproline b-turn helix, a particularly ordered and stable
structure which can self-assemble into complex ordered mul-
timers (20). Moreover, the unusual properties of polyproline
b-turn helices (49) may explain how the PRR might relay a
fusion trigger following receptor binding. Indeed, a small de-
formation or movement induced by receptor interaction might
be transmitted to the C-terminal fusion domain due to a major
property of b-turn polyproline helices, development of elasto-
meric forces. This might trigger envelope fusion both by de-
stabilizing the quaternary structure of the envelope complex
and by unmasking SU C-terminal or TM epitopes required for
membrane fusion. According to protein structure predictions,
it seems possible that compared to its amphotropic counter-
part, the MoMLV PRR is a more reactive polyproline b-turn
helix (Fig. 4D). This may therefore explain the increased cell-
to-cell or virus-to-cell fusion properties of amphotropic enve-
lopes carrying a MoMLV PRR (Fig. 1 and 7 and Tables 1 and
3). Similarly, the tailoring of the MLV-4070A envelope, by
disruption or removal of PRR b-turns (Fig. 4 and Tables 1 and
2), is also likely to increase its reactivity, thus providing such
envelope mutants with their enhanced fusion phenotype.

MLV PRR plays a role in the initial fusion events. Our data
suggest that the highly fusogenic chimeras (PROMO, PROFR,
A2, and A3) could induce cell-to-cell fusion as a result of their
unstability and their propensity to shed from the envelope
glycoprotein complex. This possibility would therefore rely on
a very simple retroviral fusion mechanism whereby SU shed-
ding is the primary cause of activation of the late steps of
fusion and directly activates the membrane fusion properties of
the TM subunit. However, although human immunodeficiency
virus type 1 (HIV-1) TM expressed alone has been proposed to
induce the formation of syncytia (37), which has been con-
tested by others (29), it is difficult to draw up a direct relation-
ship between shedding and fusion triggering. Indeed, while
they were as fusogenic as PROMO and A2 envelopes, the
PROFR and A3 chimeras seemed slightly more stable than the
latter (Table 1 and Fig. 6). In addition, several unstable mutant
MLV envelope glycoproteins have been described in the liter-
ature (21, 27, 57), but to our knowledge, this phenotype has
never been correlated with an increased fusion activity. More-
over, envelope glycoproteins containing such constitutively ac-
tive TM glycoproteins would be very toxic for the cells and
would have prevented their stable expression. It is therefore
likely that, similarly to HIV-1 (47), SU shedding is an indirect
reflect of the fusion reaction and is a final consequence of
conformational changes that occur in the envelope complex
during the fusion pathway. Thus, the two critical functions of
the PRR are most probably first, to induce a stable conforma-
tion of the SU which is required to control its fusogenic activ-
ity, and second, to facilitate structural rearrangements of the
envelope complex following receptor binding. The envelope
chimeras containing the structural modifications of the PRR
that we describe here display a lower activation threshold for
fusion and probably require less interaction with retroviral
receptors to trigger membrane fusion. Thus, MLV SU PRR is
most likely a fusion regulator rather than a positive fusion
determinant, and it can be proposed that the MLV PRR reg-
ulates the transition between two conformations of the enve-
lope glycoprotein: pre- and postreceptor binding. Our results
are therefore consistent with a model of fusion in which inter-
action of the glycoprotein trimer with the retroviral receptor

induces rearrangements of the envelope complex and, ulti-
mately, SU shedding, a process which is controlled or at least
facilitated by the PRR, leading to the late steps of membrane
fusion and to recruitment of the membrane fusion properties
of the TM subunit.

Applications to gene transfer technologies. Envelope glyco-
proteins that mediate efficient virus entry even at very low
PiT-2 receptor density will be of interest for certain gene ther-
apy applications. Here, we describe several amphotropic enve-
lopes with mutations in the carboxy terminus of the PRR which
require a lower threshold to trigger virus-to-cell fusion. Upon
infection of cells with low levels of amphotropic receptors,
these mutants exhibit 100-fold-higher titers than those of the
parental retroviruses. Low transduction efficiency of human
target cells, hematopoietic cell progenitors for example, with
retroviral vectors has been a recurring theme in human gene
therapy trials and is thought to be due in part to a low density
of PiT-2 receptors (13, 52). Packaging of vectors harboring the
novel envelope glycoproteins reported here may allow for
more efficient gene delivery to human cells with low levels of
amphotropic receptors.

Numerous studies in several laboratories have aimed to re-
target the tropism of type C retroviruses (11). Although the
retargeting of retrovirus binding has generally been easily
achieved via N-terminal extensions on MLV envelope glyco-
proteins with different ligand types, such as cytokines and sin-
gle-chain antibodies, such envelope chimeras display an intrin-
sically low fusogenicity and hence are poorly infectious (10,
50). Results in this report may therefore provide a basis to
engineer the fusion activity of retroviral vectors carrying intact
or retargeted amphotropic MLV envelopes.
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