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The cytoplasmic tail (R peptide) sequence is able to regulate the fusion activity of the murine leukemia virus
(MuLV) envelope (Env) protein. We have previously shown that this sequence exerts a profound inhibitory
effect on the fusion activity of simian immunodeficiency virus (SIV)-MuLV chimeric Env proteins which
contain the extracellular and transmembrane domains of the SIV Env protein. Recent studies have shown that
SIV can utilize several alternative cellular coreceptors for its fusion and entry into the cell. We have investi-
gated the fusion activity of SIV and SIV-MuLV chimeric Env proteins using cells that express different
coreceptors. HeLa cells were transfected with plasmid constructs that carry the SIV or SIV-MuLV chimeric
Env protein genes and were overlaid with either CEMx174 cells or Ghost Gpr15 cells, which express the Gpr15
coreceptor for SIV, or Ghost CCR5 cells, which express CCR5, an alternate coreceptor for SIV. The R-peptide
sequence in the SIV-MuLV chimeric proteins was found to inhibit the fusion with CEMx174 cells or Ghost
Gpr15 cells. However, a significant level of fusion was still observed when HeLa cells expressing the chimeric
Env proteins were cocultivated with Ghost CCR5 cells. These results show that the R-peptide sequence exerts
differential effects on the fusion activity of SIV Env proteins using target cells that express alternative
coreceptors.

The envelope (Env) proteins of retroviruses play an impor-
tant role in virus infection and replication, as they mediate
virus entry into the cells through interacting with virus recep-
tors and then induce fusion between viral and cellular mem-
branes. Retrovirus Env proteins are type I transmembrane
proteins. They are synthesized as precursor proteins which are
subsequently processed into two subunits, the surface protein
(SU) and the transmembrane protein (TM), by a cellular pro-
tease (21, 24, 40). The Env proteins of human immunodefi-
ciency virus (HIV) and simian immunodeficiency virus (SIV)
are unusual in that they contain very long cytoplasmic domains
(with more than 150 amino acids) in comparison with most
other viral Env proteins, which contain cytoplasmic domains
with less than 50 amino acids. It has been reported that mu-
tations in the cytoplasmic domain of the HIV and SIV Env
proteins affect their incorporation into virus particles and their
membrane fusion activities (19, 45). For SIV, it has been
shown that passage in human T-cell lines, such as CEMx174
cells, results in the truncation of its long cytoplasmic domain to
18 amino acids, and such a truncation of the cytoplasmic do-
main increases the membrane fusion activity of the SIV Env
protein and enhances SIV replication in these cell lines (7, 23,
35, 45). However, due to an unknown mechanism, the full-
length Env protein of SIV confers an advantage for virus rep-
lication in rhesus peripheral blood mononuclear cells (23,
26). Previous studies have shown that the truncation of the
SIVmac239 Env protein cytoplasmic domain results in a con-
formational change in its extracellular domain (38). However,
the mechanism by which the cytoplasmic domain affects the
replication of SIV is still not clearly understood.

Regulation of the fusion activity of viral Env proteins by
changes in the cytoplasmic domain has also been observed with

other viruses. In murine leukemia virus (MuLV), the process-
ing of the Env protein removes a C-terminal fragment of 16
amino acids, which has been designated the R peptide (20, 22).
It has been shown that removal of the R peptide is important
for activating the protein’s membrane fusion activity (32, 33).
Cells expressing the truncated MuLV Env protein, but not the
full-length form, induce extensive syncytium formation when
they are cocultivated with cells expressing receptors for MuLV.
Similar observations have also been reported for the Env pro-
tein of type D retroviruses (3, 37). The regulation of the mem-
brane fusion activity of the Env proteins by its processing in
virions may be an advantage for the virus, since it may prevent
the cytopathic effect of the Env protein that otherwise might be
detrimental to virus production. We have shown that the
MuLV R peptide also exerts a profound inhibitory effect on
cell fusion activity of SIV-MuLV chimeric Env proteins, in
which the cytoplasmic domain of the SIV Env protein is re-
placed by that of the MuLV Env protein (42).

In recent studies, it has been found that in addition to CD4,
membrane fusion induced by HIV and SIV Env proteins re-
quires the presence of specific coreceptors, which are seven-
transmembrane proteins also serving as receptors for chemo-
kines (1, 10, 13, 14, 17). It has been shown that the SIV Env
protein can utilize CCR5, Gpr1 (Bonzo), and Gpr15 (BOB) as
coreceptors (2, 4, 9, 11, 15, 29, 36). The discovery of the
coreceptors for the HIV and SIV Env proteins has shed new
light on the mechanism of their membrane fusion activities.
Several studies have reported that soluble CD4 enhances the
interaction of the HIV and SIV Env proteins with their core-
ceptors (28, 30). Furthermore, it has been shown that interac-
tion of the SU protein with CD4 results in a conformational
change in the HIV Env protein (25, 27, 41). By analogy with
influenza virus hemagglutinin (HA), it was postulated that the
interaction with CD4 induces a conformational change in the
ectodomain of the HIV and SIV Env proteins which enhances
their interaction with coreceptors and, in turn, results in the
extension of the fusion peptide at the N terminus of the TM
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protein to insert it into the target membrane to initiate the
fusion process (12, 31).

In this study, to further investigate the mechanism of fusion
inhibition by the MuLV R peptide, we examined the cell fusion
activities of SIV-MuLV chimeric Env proteins in relation to
their coreceptor usage. We also constructed HIV-MuLV chi-
meric Env proteins and compared their abilities to induce cell
fusion. Shown in Fig. 1A is a schematic diagram of the chimeric
Env proteins used for this study. As shown in Fig. 1B and C,
the expression levels of the chimeric proteins were comparable
with each other as well as with those of their wild-type Env
protein counterparts. Surface expression and secretion of
gp120 by each chimeric Env protein were also found to be
similar to those of their wild-type counterparts. Therefore, the

replacement of the HIV or SIV Env protein cytoplasmic do-
main with the cytoplasmic domain of the MuLV Env protein
does not significantly affect the expression or transport of the
chimeric proteins.

Fusion activity of SIV-MuLV chimeric Env proteins in the
presence of coreceptor CCR5. It has been reported that
SIVmac239, which we used for construction of SIV-MuLV
chimeric proteins, can use CCR5 as its coreceptor (9, 29). We
therefore tested the cell fusion activity of SIV-MuLV chimeric
Env proteins in Ghost cells expressing CD4 and CCR5 (Ghost
CCR5 cells, Ghost Gpr15 cells, and Ghost CXCR4 cells were
obtained from the National Institutes of Health [NIH] AIDS
Research and Reference Reagent Program, and Ghost [3]
parental cells were obtained from Vineet N. KewalRamani and
Dan R. Littman). To our surprise, as shown in Fig. 2, all
SIV-MuLV chimeric Env proteins, with or without the MuLV
R peptide, induced extensive cell fusion in Ghost CCR5 cells,
at a level similar to that induced by the wild-type SIV Env
protein. In contrast, when we tested the same constructs in
CEMx174 cells, the results reconfirmed our previous finding
that the presence of the MuLV R peptide greatly inhibited the
fusion activity of the SIV-MuLV chimeric Env proteins in
these cells (data not shown) (42). Since the same cells (HeLa)
were used for Env protein expression in both experiments, the
possibility of differences in expression of chimeric proteins can
be excluded. These results indicated that the presence of the
MuLV R-peptide sequence in the cytoplasmic domain of the
SIV-MuLV chimeric Env proteins does not inhibit their cell
fusion activity in the presence of the coreceptor CCR5, indi-
cating that there are factors in CEMx174 cells important for
the fusion inhibition activity of the MuLV R peptide. It should
be noted that CEMx174 cells and the Ghost CCR5 cells are of
different origin and that CEMx174 cells are suspension cells,
while the Ghost CCR5 cells are attached cells which form a
monolayer in culture.

Fusion activity of SIV-MuLV chimeric Env proteins in the
presence of coreceptor Gpr15. It was discovered that CEMx174
cells do not express the coreceptor CCR5. Rather, they express
an orphan chemokine receptor, Gpr15, which can serve as the
coreceptor for SIV infection (11, 15, 36). We therefore ob-
tained Ghost cells which express CD4 and Gpr15 and used
them for the study of the cell fusion activities of the SIV-
MuLV chimeric Env proteins. As shown in Fig. 3, both the
full-length and truncated (SIVenv733T) SIV Env proteins in-
duced extensive cell fusion, while the control, in which HeLa
cells were transfected with vector plasmid, did not show any
cell fusion (compare Fig. 3b and f with a). Regarding the
SIV-MuLV chimeric Env proteins, S-Menv did not induce
observable syncytium formation above the control level (Fig.
3c), while S-MenvR-, in which the R peptide in the MuLV
cytoplasmic domain of the chimeric protein is truncated, in-
duced syncytium formation at a level similar to that induced by
the SIV Env proteins (Fig. 3d). Moreover, SIVenv733T1R, in
which the MuLV R-peptide sequence is attached to the C
terminus of SIVenv733T, also did not induce any significant
level of cell fusion (Fig. 3e). The difference in cell fusion
activities was not the result of the differences in the length of
the cytoplasmic domain, based on our results in previous stud-
ies showing that extensive cell fusion was induced by a trun-
cated SIV Env protein with a 33-amino-acid cytoplasmic do-
main, similar in length to that of the MuLV Env protein (42).
These results are in agreement with our observation that the
presence of the MuLV R peptide in the cytoplasmic domain of
the SIV-MuLV chimeric Env proteins can profoundly inhibit
their cell fusion activity in CEMx174 cells. Therefore, we con-
clude from these results that the fusion activity of the SIV-

FIG. 1. (A) Schematic diagram of the transmembrane region of Env protein
constructs used in this study. Black boxes represent the transmembrane domains
of the SIV or HIV Env protein, hatched boxes represent cytoplasmic sequences
of MuLV origin, gray boxes represent the MuLV R-peptide sequence, and white
boxes represent the SU or cytoplasmic domain sequences of SIV or HIV origin
(the SU and full-length cytoplasmic domains of SIV and HIV Env proteins are
not drawn to scale). Construction of genes encoding the chimeric Env proteins
was carried out by following standard cloning procedures described previously
(42). (B) Expression of SIV and SIV-MuLV chimeric Env proteins. Lanes 1,
mock transfection; lanes 2, full-length SIV Env; lanes 3, S-Menv; lanes 4, S-
MenvR-; lanes 5, SIVenv733T1R; lanes 6, SIVenv733T. (C) Expression of HIV
and HIV-MuLV chimeric Env proteins. Lanes 1, mock transfection; lanes 2,
full-length HIV Env; lanes 3, H-Menv; lanes 4, H-MenvR-. Proteins were ex-
pressed in HeLa cells using the vaccinia virus T7 expression system (18). Surface
biotinylation and immunoprecipitation were carried out as described previously
(42).
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MuLV chimeric Env proteins is inhibited by the MuLV R
peptide when Gpr15 is used as the coreceptor, but not when
CCR5 is used as the coreceptor in the same cell type.

Fusion activity of HIV-MuLV chimeric Env proteins. We
have shown that the presence of the MuLV R peptide can
profoundly affect the cell fusion activity of the SIV-MuLV
chimeric Env proteins with cells expressing the coreceptor
Gpr15, such as Ghost Gpr15 and CEMx174 cells. To further
understand the mechanism of fusion inhibition by the MuLV R
peptide, we also studied its effect on the cell fusion activity of
HIV-MuLV chimeric Env proteins in comparison with that of
the wild-type HIV Env protein. The HIV Env protein back-
bone we used to generate HIV-MuLV chimeric Env proteins is
from HIV-IIIB, which utilizes CXCR4 as a coreceptor (17).
We expressed the HIV-MuLV chimeric Env proteins in HeLa
cells and then overlaid them with HeLa T4 cells. As shown in
Fig. 4, the HIV-MuLV chimeric Env proteins induced exten-
sive cell fusion, similar to that observed with the wild-type HIV
Env protein. We also tested the fusion activity of the HIV-
MuLV chimeric Env proteins with Ghost CXCR4 cells, and a
similar result was observed (data not shown). These results
indicate that unlike SIV-MuLV chimeric Env proteins, the
presence of the MuLV R peptide in the HIV-MuLV chimeric
Env protein does not suppress its cell fusion activity.

We have investigated the cell fusion activities of the SIV-
MuLV and HIV-MuLV chimeric Env proteins in relation to

their coreceptor usage. Our results show that the presence of
the MuLV R peptide in the cytoplasmic domain of the HIV-
MuLV chimeric proteins does not affect their cell fusion ac-
tivity. More interestingly, we found that the R peptide in the
SIV-MuLV chimeric Env proteins showed no fusion inhibition
activity with Ghost cells which express CD4 and the coreceptor
CCR5. However, when Ghost cells which express CD4 and the
coreceptor Gpr15 were used for fusion studies, the fusion
activity of R peptide-containing constructs was greatly reduced
in comparison with that of the wild-type SIV Env protein or
other chimeric proteins which lacked the R peptide. Our re-
sults thus demonstrate that the inhibitory effect of the MuLV
R peptide on cell fusion activities of the SIV Env proteins
depends on the coreceptor expressed by the target cells. The
observed differences in fusion inhibition activity of the MuLV
R peptide also indicate that the SIV Env protein may utilize
different domains to interact with alternate coreceptor mole-
cules and that the presence of the R peptide may selectively
affect one of these domains. We also observed that the chi-
meric Env protein S-MenvR- showed a higher relative surface
expression level than did other Env proteins (Fig. 1B, lane 4).
However, this would not account for the differences seen in
syncytium formation, particularly the finding that the presence
of the R peptide in the chimeric Env proteins affects syncytium
formation only when Gpr15 is used as the coreceptor.

One possible mechanism for the fusion inhibition activity of

FIG. 2. Fusion activity of SIV and SIV-MuLV chimeric Env proteins in cells expressing the coreceptor CCR5. Env proteins were expressed in HeLa cells using the
vaccinia virus T7 expression system. HeLa cells were infected by recombinant virus VTF7-3 (a recombinant vaccinia virus expressing the T7 polymerase, provided by
B. Moss) for 1 h and then transfected with DNA constructs encoding the Env proteins. At 12 h posttransfection, HeLa cells were overlaid with Ghost cells (obtained
from the NIH AIDS Research and Reference Reagent Program) which express CD4 and CCR5. Cell fusion pictures were taken at 8 h after overlay of Ghost CCR5
cells under a Nikon microscope. (a) Mock transfection; (b) full-length SIV Env; (c) S-Menv; (d) S-MenvR-; (e) SIVenv733T1R; (f) SIVenv733T.
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the MuLV R peptide is that its presence in the cytoplasmic
domain may affect the folding and conformation of the viral
Env proteins. Studies with influenza virus HA have shown that
it is activated to induce membrane fusion through sequential
conformational changes induced by a low pH (5, 6). It has been
found that there are two heptad repeat regions in HA and that
they play a critical role in the conformational changes and
membrane fusion activity of HA (6). Such heptad repeat re-
gions have also been found in the TM subunit of the HIV, SIV,
and MuLV Env proteins and have been shown to form a
triple-stranded coiled-coil structure (6, 8, 16, 39). The discov-
ery of coreceptors for infection by HIV and SIV has greatly
increased our understanding of the mechanism of membrane
fusion induced by the HIV and SIV Env proteins. By analogy
with membrane fusion induced by the influenza virus HA pro-
tein, it was proposed that the HIV and SIV Env proteins first
bind to CD4 on cells, which induces a conformational change
in the Env protein, allowing it to interact with a coreceptor and
resulting in another conformational change and membrane
fusion (12, 31). Our results suggest that the presence of the
MuLV R peptide profoundly affects the interaction between
the external domain of the SIV Env proteins and the corecep-
tor Gpr15. Apparently, binding of the Env protein to CD4 is
not affected by the presence of the MuLV R peptide, as the
R-peptide-containing SIV-MuLV chimeric Env proteins can
still induce cell fusion in the presence of CCR5. However, the

presence of the R peptide has an impact on the conformation
of the chimeric Env proteins, and as a result, their functional
interaction with the coreceptor Gpr15 is impaired. Alterna-
tively, it is also possible that the presence of the R peptide may
affect the affinity of the Env proteins for both coreceptors
CCR5 and Gpr15. However, the affinity of the Env proteins for
the coreceptor CCR5 is much stronger, or less affected by the
presence of the R peptide, than is the affinity of the Env
proteins for the coreceptor Gpr15. It will be interesting for
future studies to determine whether the presence of the R
peptide reduces the affinity between the chimeric Env protein
and Gpr15 or if it prevents the chimeric Env protein from
assuming a fusogenic conformation upon interaction with
Gpr15.

Functional studies of the MuLV Env proteins have shown
that Env proteins of different tropism can form heterooli-
gomers and complement each other in inducing membrane
fusion (34, 43, 44). In the studies by Rein et al. (34), the Env
protein of ecotropic MuLV with a truncated R peptide was
found to form heterooligomers with the full-length Env protein
of amphotropic MuLV. Such Env protein heterooligomers
were found to induce fusion in cells expressing only the am-
photropic MuLV receptor, while each Env protein by itself
failed to induce any cell fusion. These studies suggested that
truncation of the MuLV R peptide may render the MuLV Env
protein into a fusion-competent conformation, while binding

FIG. 3. Fusion activity of SIV and SIV-MuLV chimeric Env proteins in cells expressing the coreceptor Gpr15. Env proteins were expressed in HeLa cells using the
vaccinia virus T7 expression system. HeLa cells were infected by recombinant virus VTF7-3 for 1 h and then transfected with DNA constructs encoding the Env proteins.
At 12 h posttransfection, HeLa cells were overlaid with Ghost cells (obtained from the NIH AIDS Research and Reference Reagent Program) which express CD4 and
Gpr15. Cell fusion pictures were taken at 8 h after overlay of Ghost Gpr15 cells under a Nikon microscope. (a) Mock transfection; (b) SIVenv; (c) S-Menv; (d)
S-MenvR-; (e) SIVenv733T1R; (f) SIVenv733T.
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to the receptor is required to bring the target membrane into
its vicinity. Alternatively, it is possible that fusion by MuLV
Env proteins may also involve a secondary coreceptor which is
yet to be identified. Our study suggests that the interaction
between the MuLV Env protein and its receptor is similar to
the interaction between the SIV Env protein and its corecep-
tors, as indicated by the similar sensitivities of these Env pro-
teins to fusion inhibition by the MuLV R peptide. Future
studies on the mechanism of fusion inhibition by the MuLV R
peptide should further dissect the process of membrane fusion
induced by viral Env proteins.
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