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A retroviral Env molecule consists of a surface glycoprotein (SU) complexed with a transmembrane protein
(TM). In turn, these complexes are grouped into oligomers on the surfaces of the cell and of the virion. In the
case of murine leukemia viruses (MuLVs), the SU moieties are polymorphic, with SU proteins of different viral
isolates directed towards different cell surface receptors. During maturation of the released virus particle, the
16 C-terminal residues of TM (the R peptide or p2E) are removed from the protein by the viral protease; this
cleavage is believed to activate the membrane-fusing potential of MuLV Env. We have tested the possibility that
different MuLV Env proteins in the same cell can interact with each other, both physically and functionally, in
mixed oligomers. We found that coexpressed Env molecules can be precipitated out of cell lysates by antiserum
which reacts with only one of them. Furthermore, they can evidently cooperate with each other: if one Env
species lacks the R peptide, then it can apparently induce fusion if the SU protein of the other Env species
encounters its cognate receptor on the surface of another cell. This functional interaction between different Env
molecules has a number of implications with respect to the mechanism of induction of membrane fusion, for
the genetic analysis of Env function, and for the design of targeted retroviral vectors for gene therapy.

The entry of an enveloped virus into a mammalian cell
occurs in two distinct steps: first, the binding of the virus
particle to a cell surface receptor, and second, the fusion of the
viral membrane with a cellular membrane.

In retroviruses, entry is mediated by the Env protein com-
plex. This consists of SU, a large glycoprotein displayed on the
surface of the particle, and TM, a smaller, membrane-spanning
protein. SU and TM are formed by cleavage of a single pre-
cursor polyprotein and remain together in a complex after the
cleavage event. A number of lines of evidence indicate that the
SU component is responsible for the receptor-binding step,
while membrane fusion is performed by TM (8, 15). Recent
studies demonstrate some striking structural parallels between
TM and HA2, the protein required for membrane fusion in
influenza virus (6, 11, 31).

In turn, the Env complexes have been shown to exist as
oligomers, each containing three or four SU-TM units, both in
the cell and in the virion (10, 17, 30; reviewed in reference 9).
This physical association raises the possibility that different
Env complexes might be able to interact functionally in hetero-
oligomers. The present experiments were designed to test this
possibility; the results strongly indicate that, in a cell expressing
two different molecular species of murine leukemia virus
(MuLV) Env, one species is able to perform the initial mem-
brane-binding step, enabling the other to induce membrane
fusion. This apparent cooperation between different Env mol-
ecules has a number of interesting implications.

In the MuLV Env complex, a 16-residue peptide, termed the

R peptide or p2E, is removed from the C-terminal, cytoplasmic
domain of TM after the virion is assembled and released from
the cell (12, 14, 29). Cells expressing this truncated form of
Env, but not the full-length form, induce syncytium formation
when they are cocultivated with cells displaying the cognate
cell surface receptor (23, 24). It seems likely that the mem-
brane fusion observed in these cocultivation experiments re-
produces, in many respects, the fusion process by which Env
mediates the entry of a virus particle into a cell. The results
suggest that the function of the R peptide is to prevent the
MuLV Env complex from becoming fusogenic until the virus
has been released from the cell (23, 24, 32). Similar phenom-
ena have also been described in type D retroviruses (3, 4, 28),
and somewhat analogous observations have been made in stud-
ies of lentiviruses (16, 21, 26, 27, 33).

We initially looked for evidence of physical association be-
tween two types of MuLV Env molecules which were coex-
pressed in the same cells. The two molecules were full-length
Moloney (Mo)-MuLV Env and p2E2 10A1 Env; thus, they
differed both in their SU domains (and therefore in their
receptor specificities [25]) and at the C termini of their TM
proteins. We precipitated the Env proteins from these cells
with anti-p2E antiserum, which should react with the full-
length Mo-MuLV Env but not with the p2E2 10A1 Env. Con-
trol precipitations were performed with anti-MuLV antiserum.
The p15ETM protein was not detectable in these experiments,
presumably because insufficient radioactivity was incorporated
into it (data not shown); therefore, we investigated the possi-
bility that Env complexes, containing PrEnv and/or SU, were
precipitated by the anti-MuLV and anti-p2E antisera. The
results of this experiment are shown in Fig. 1. As can be seen,
these proteins are present in the precipitates. Further, the
Mo-MuLV PrEnv and SU proteins are easily distinguished
from the corresponding 10A1 proteins by their lower mobilities
in our sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis analysis (Fig. 1, lanes 2 vs. 3 and 7 vs. 8) (each of the
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SU proteins appears to form a doublet in these experiments;
this may represent heterogeneity in the glycosylation of the
proteins). In lysates of cells expressing both env genes, the
p2E2 10A1 proteins (as well as the full-length Mo-MuLV
proteins) were precipitated by anti-p2E antiserum (Fig. 1, lane
9). This was not due to nonspecific reactivity between the
antibodies and the 10A1 Env proteins, since these Env proteins
were not precipitated when expressed alone (Fig. 1, lane 8),
even when lysates containing these proteins (Fig. 1, lanes 3 and
5) were mixed with lysates containing full-length Mo-MuLV
Env protein (Fig. 1, lane 10) before the immunoprecipitation.
The coprecipitation of 10A1 Env proteins by anti-p2E anti-
serum when these proteins were present in cells together with
full-length Mo-MuLV Env proteins (Fig. 1, lane 9) provides
strong evidence for the existence of hetero-oligomers of Env
proteins in these cells.

We also tested the possibility that different Env molecules
can interact with each other functionally, as well as physically,
when they are coexpressed in the same cells. As noted above,
p2E2 Mo-MuLV Env protein can induce syncytium formation
when cells expressing it are cocultivated with cells displaying
the ecotropic MuLV receptor (i.e., the cell surface receptor
used by Mo-MuLV for entry into the cell) but not upon cocul-
tivation with cells whose ecotropic receptor is blocked (23, 24).
In the present experiments, we constructed cells expressing
both p2E2 Mo-MuLV Env and full-length, wild-type 10A1 Env
(10A1 and Mo-MuLV infect cells via different cell surface
receptors [25]). We then tested the abilities of these cells, con-
taining two types of MuLV Env, to induce fusion with NIH 3T3
cells which were chronically infected with Mo-MuLV and hence
did not display the ecotropic receptor. Such fusion would pre-
sumably require the functional cooperation of the two Env

molecules, since the p2E2 Mo-MuLV Env is unable to fuse
cells lacking an available ecotropic receptor, while the wild-
type 10A1 protein, possessing the R peptide at its C terminus,
is not fusogenic while it is on the cell surface.

The results of these tests were as follows. When cells in-
fected with wild-type 10A1 MuLV and transiently transfected
with a plasmid encoding p2E2 Mo-MuLV Env were cocul-
tivated with Mo-MuLV-infected NIH 3T3 cells, a number of
syncytia were observed. This level of fusion, although limited,
was quite reproducible, and these cultures could easily be dis-
tinguished from controls, even by an observer unfamiliar with
the identities of the cultures. An example of the syncytia seen
here is shown in Fig. 2F. The controls (Fig. 2A to D) showed
that, as expected, neither of the two Env molecules could
induce detectable fusion in the chronically infected cells when
expressed alone (Fig. 2B and D), although the p2E2 Mo-
MuLV Env induced widespread fusion in uninfected NIH 3T3
cells (Fig. 2C).

It seemed possible that the fusions seen in Fig. 2F were
somehow peculiar to the combination of wild-type 10A1 and
p2E2 Mo-MuLV Env molecules. To determine whether other
combinations could also induce fusion upon coexpression, we
replaced the p2E2 Mo-MuLV Env with p2E2 amphotropic
MuLV Env and tested the abilities of the cells containing both
Env molecules to induce fusion in NIH 3T3 cells chronically
infected with amphotropic MuLV. As shown in Fig. 3, results
exactly parallel to those shown in Fig. 2 were obtained.

The results shown in Fig. 2 (and Fig. 3) demonstrate that a
cell containing two different Env molecules can induce fusion
with a target cell which neither of the Env molecules is capable
of fusing with on its own. Presumably, the fusion we observed
here occurs when the wild-type 10A1 Env protein in a hetero-
oligomer binds to one of the 10A1 receptors on the NIH 3T3
cells, and the p2E2 Mo-MuLV Env protein in the hetero-
oligomer then induces membrane fusion.

The cooperation between different Env molecules in mixed
oligomers has several significant implications. First, it may
provide useful information regarding the mechanism by which
MuLV Env molecules induce membrane fusion. In influenza
virus, it is known that exposure of the hemagglutinin (HA)
complex to the low pH of the endosome triggers a major
rearrangement of the HA molecule into the active fusogenic
conformation by exposing the fusion peptide of HA2 (5, 19).
While some have suggested that low pH is also required for the
induction of fusogenicity in Mo-MuLV Env (1, 20, 22), the
ability of the p2E2 form of this molecule to cause syncytium
formation at neutral pH (23, 24) would seem to argue against
this hypothesis. In turn, if low pH is not involved in the acti-
vation of Mo-MuLV Env, then the most plausible alternative
trigger for the exposure of the fusion peptide in TM is probably
the contact between SU and the cell surface receptor. Our
results thus suggest that, in a mixed oligomer, contact of one
SU molecule with its cognate receptor induces the activation of
fusogenicity in one or more other Env molecules in the oli-
gomer. We do not know whether the exposure of a single
fusion peptide of a p2E2 TM protein in the oligomer is suffi-
cient for membrane fusion, but it is also conceivable that all of
the fusion peptides in an oligomer, including those in TM
proteins which retain the R peptide, are exposed by a confor-
mational change following contact of a single SU protein in the
oligomer with its receptor. Interestingly, elegant studies on
influenza HA by Boulay et al. (2) have shown that activation of
mixed HA oligomers by low pH is a concerted, highly cooper-
ative event.

These results also open the way for a better definition of the
elements in Env required for receptor binding and membrane

FIG. 1. Coprecipitation of p2E2 10A1 PrEnv and SU with full-length Mo-
MuLV PrEnv and SU by anti-p2E antiserum. HeLa cells in six-well plates were
infected with a vaccinia virus encoding T7 polymerase and then transfected with
4 mg of plasmids containing a full-length Mo-MuLV env gene and/or a p2E2

10A1 env gene under the control of the T7 promoter, as described previously
(32). (Details of the construction of these plasmids are available upon request.)
Twelve hours after transfection, the cells were starved for methionine and cys-
teine for 45 min, labeled for 1 h with 200 mCi of [35S]methionine and [35S]cys-
teine per ml (Amersham cell-labeling mix, Arlington Heights, Ill.), and chased
for 2.5 h with unlabeled medium. They were then lysed as described (32), and the
lysates were analyzed by radioimmunoprecipitation (32) with goat anti-MuLV
antiserum (32) (lanes 1 to 5) or rabbit anti-p2E antiserum (a kind gift from John
Elder) (12, 29) (lanes 6 to 10). Cultures were transfected with plasmid vector
lacking env sequences (lanes 1 and 6), the Mo-MuLV env gene (lanes 2 and 7),
the p2E2 10A1 env gene (lanes 3 and 8), or a mixture of the Mo-MuLV and
p2E2 10A1 env gene plasmids (lanes 4 and 9). Lanes 5 and 10 show the results
obtained by mixing the lysates of cells transfected with the Mo-MuLV and p2E2

10A1 env genes and then performing the radioimmunoprecipitations on the
mixture. The precipitates were analyzed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis on an 8% polyacrylamide gel.
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fusion. In essence, we have described complementation be-
tween two Env molecules, in which one carries out the recep-
tor-binding step and the other induces membrane fusion. This
complementation could be exploited in the genetic analysis of

Env function, in which mutant Env molecules could be tested
for their abilities to function in receptor binding in the pres-
ence of a second Env molecule capable of mediating mem-
brane fusion. (Conversely, of course, mutants could be tested

FIG. 2. Cooperation of p2E2 Mo-MuLV and wild-type 10A1 Env in syncytium formation. 293 cells expressing simian virus 40 large T antigen were infected with
10A1 MuLV, and the virus was allowed to spread through the culture. These cells, as well as uninfected 293 cells, were seeded at 1 3 105 cells per 60-mm-diameter
dish. The following day, they were transfected with pCDEnv encoding p2E2 Mo-MuLV Env (24) by the calcium phosphate technique. Two days later, the cells were
overlaid with 8 3 105 NIH 3T3 cells which were chronically infected with wild-type Mo-MuLV or with 8 3 105 uninfected NIH 3T3 cells. The plates were fixed and
stained as described previously (24) after 30 h of cocultivation. (A) 10A1-infected, untransfected 293 cells with NIH 3T3 cells. (B) 10A1-infected, untransfected 293
cells with Mo-MuLV-infected NIH 3T3 cells. (C) Uninfected 293 cells, transfected with pCDEnv encoding p2E2 Mo-MuLV, with NIH 3T3 cells. (D) Uninfected 293
cells, transfected as described for panel C, with Mo-MuLV-infected NIH 3T3 cells. (E) 10A1-infected 293 cells, transfected as described for panel C, with NIH 3T3
cells. (F) 10A1-infected 293 cells, transfected as described for panel C, with Mo-MuLV-infected NIH 3T3 cells.

FIG. 3. Cooperation of p2E2 amphotropic MuLV and wild-type 10A1 Env in syncytium formation. The experiment was identical to that whose results are shown
in Fig. 2, except that cells were transfected with pCDEnv encoding p2E2 amphotropic MuLV Env (obtained from a molecular clone of 4070A MuLV [22a]) rather
than p2E2 Mo-MuLV Env, and cocultivations were with NIH 3T3 cells which were chronically infected with amphotropic MuLV rather than with Mo-MuLV. Plates
were fixed after 24 h of cocultivation.
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for their abilities to carry out membrane fusion together with
another, receptor-binding Env molecule.)

Finally, the cooperation between Env molecules can poten-
tially be exploited in the design of targeted retroviral vectors
for gene therapy. It would be highly desirable to design mod-
ified Env molecules with the ability to bind to new cell surface
receptors, since such modified Env molecules might target the
virus particle to specific types of cells within the body. How-
ever, attempts to replace the natural receptor-binding region
of SU with other domains capable of binding to other cell
surface ligands have met with very limited success to date. One
major reason for the difficulty of targeting may be the delicate
interrelationship and interaction between SU and TM in an
Env molecule: perhaps in a modified, targeting Env complex,
SU can indeed bind a novel receptor, but TM fails to induce
membrane fusion. The cooperation between Env molecules
might significantly alleviate this problem. Thus, vectors with a
targeting Env might retain more infectivity if they also contain
a second Env to perform membrane fusion. In fact, successful
targeting of vectors has been described with particles which
included a wild-type Env in addition to the modified, targeting
Env (7, 13, 18). We would propose that the wild-type Env
performs the membrane fusion function in these mosaic viri-
ons.

After this work was submitted for publication, a paper de-
scribing somewhat similar experiments appeared (32a). This
paper (32a) was a careful, detailed analysis of functional inter-
actions between defective SU proteins of Mo-MuLV and de-
fective TM proteins of Mo-MuLV. The findings we have pre-
sented here are entirely consistent with those reported in this
paper (32a) and extend them by providing evidence of func-
tional interaction between Env molecules directed toward dif-
ferent cell surface receptors.

Research was sponsored in part by the National Cancer Institute,
DHHS under contract with ABL, and NIH grant CA18611.
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