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The simian immunodeficiency virus (SIV) transmembrane (TM) protein, gp41, has multiple functions, which
include anchoring the glycoprotein complex in the lipid envelope of the virus and mediating fusion of the virus
and host cell membranes. Recently, a series of mutants of the SIVmac239 TM protein that have truncations at
the carboxyl terminus of the membrane-spanning domain (MSD) have been characterized (J. T. West, P.
Johnston, S. R. Dubay, and E. Hunter, J. Virol. 75:9601-9612, 2001). These mutants retained membrane
anchorage but demonstrated reduced fusogenicity and infectivity as the MSD length was shortened. We have
established a novel three-color fluorescence assay, which allows qualitative confocal and quantitative flow
cytometric analyses, to further characterize the nature of the fusion defect in five of the MSD mutants: TM185,
TM186, TM187, TM188, and TM189. Our analysis showed that each mutant could mediate complete lipid and
aqueous dye transfer at early time points after effector and target cell mixing. No hemifusion with only lipid
dye flux was detected. However, another intermediate fusion stage, which appears to involve small-fusion-pore
formation that allowed small aqueous dye transfer but prevented the exchange of large cytoplasmic compo-
nents, was identified infrequently in mutant-Env-expressing cell and target cell mixtures. Quantitative flow
cytometric analysis of these mutants demonstrated that the TM187, TM188, and TM189 mutants were
significantly more fusogenic than TM185 and TM186 but remained significantly impaired compared to the wild
type. Moreover, fusion efficiency showed an increased dependence on the expression level of glycoproteins,
suggesting that, for these mutants, formation of an active fusion complex was an increasingly stochastic event.

The envelope glycoprotein of simian immunodeficiency vi-
rus (SIV) is synthesized as a glycosylated polypeptide precur-
sor, gp160. During its transport to the plasma membrane, it is
cleaved into two subunits, gp130, the surface glycoprotein
(SU), and gp41, the transmembrane subunit (TM). Similar to
those of human immunodeficiency virus (HIV), the SU pro-
teins of SIV are also involved in the interaction with host cell
receptors, CD4, and various chemokine coreceptors (4, 14).
The TM protein anchors the glycoprotein complex in the lipid
envelope bilayer of the virus and mediates various steps in the
fusion of the viral membrane and target cell membrane (8, 19).

The TM protein consists of three domains, an N-terminal
ectodomain, a membrane-spanning domain (MSD), and a C-
terminal cytoplasmic tail. The N-terminal domain contains the
fusion peptide and the heptad repeats which form a coiled-coil
structure during membrane fusion (7, 45). As in other lentivi-
ruses, the cytoplasmic tail of the SIV TM protein is long,
containing over 150 amino acids. Natural truncation of this

C-terminal domain during the passage of SIV in human T-cell
lines results in more efficient incorporation of glycoproteins
into virions and an expanded host range (18, 20, 22, 47).

The MSDs of type 1 glycoproteins are composed primarily
of a stretch of uncharged, hydrophobic amino acids, which is
usually more than 20 amino acids in length, and form an
�-helix in the lipid bilayer (40). The hydrophobic stretches are
often bordered by charged amino acids. The positions of the
MSDs for HIV and SIV were initially derived from mutational
analyses (reviewed in reference 19). An unusual aspect of these
proposed MSDs was the presence of a basic residue within the
long stretch of hydrophobic amino acids. However, recent
studies on SIV have redefined the topology of the MSD and
have suggested that this residue is proximal to the membrane-
cytoplasm boundary (46).

In these studies, a series of mutants with C-terminal trun-
cations in the SIV TM were analyzed and virus entry and
infectivity were found to be retained in truncation mutants
with a minimum of 189 amino acids in the TM (the total length
of the TM in the wild type is 354 amino acids). In contrast,
infectivity was lost and fusogenicity was progressively reduced
as the MSD was shortened in truncation mutants TM188,
TM187, TM186, and TM185 (46). For TM185, fusion activity
measured in multinuclear activation of galactose indicator
(MAGI) cells was reduced by 90%. Nevertheless, all the mu-
tants were stably anchored in the plasma membrane and were
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competent for incorporation into virus particles. Thus, the
MSD plays a key role in mediating membrane fusion that can
be dissected from its role as a membrane anchor.

Extensive studies of viral fusion mechanisms and character-
ization of viral glycoproteins by nuclear magnetic resonance
and X-ray crystallography have revealed significant similarities
in the structures and functions of molecules as diverse as the
influenza virus hemagglutinin (HA), the HIV and SIV TM
proteins, the murine leukemia virus TM protein, the Ebola
virus TM protein, and paramyxovirus F proteins (13, 44). A
common fusion process mediated by these proteins is believed
to involve a series of conformational changes in the viral gly-
coproteins that bring the viral and cellular membranes in close
proximity so that lipid merging (perhaps through a hemifusion
intermediate) can occur. These initial steps of fusion are be-
lieved to be followed by the formation and expansion of fusion
pores to yield a fully fused state (5, 6, 42, 43).

Hemifusion has been thought to be a metastable intermedi-
ate state in which the two outer leaflets of the membrane
bilayer merge and the inner leaflets form a single bilayer dia-
phragm to separate the two cytoplasmic compartments (27,
33). Hemifusion has been identified in the fusion process me-
diated by the viral glycoproteins of influenza virus (10, 21, 30,
39), simian virus 5 (SV5) (2, 21), vesicular stomatitis virus (11),
and HIV (31). Interestingly, when the two glycine residues in
the MSD of vesicular stomatitis virus G protein were replaced
by Ala or Leu, the fusion process was arrested at a hemifusion
stage (11). The fusion ability of MSD truncation mutants of
influenza HA was reduced as the MSD was shortened. In this
case, a minimum of 17 amino acids of the 27-amino-acid-long
MSD were required for complete membrane fusion while mu-
tant MSDs with lengths of 15 amino acids mediated only hemi-
fusion (1). Similar results were obtained for the SV5 F protein,
of which progressive truncations of the cytoplasmic domain
and MSD yielded mutants capable primarily of hemifusion (2).

Previous studies on the MSD of SIV employed a fusion assay
that required both lipid and content mixing (syncytium assay)
(46). We have now characterized further a subset of these SIV
MSD truncation mutants to determine the nature of the fusion
process that they mediate. In this study, we have established a
novel three-color fluorescence assay to study the fusion process
mediated by the SIV TM truncation mutants (TM185 to
TM189). Combining fluorescence microscopy and flow cyto-
metric analyses, we have determined the nature of the defect in
these mutants both phenotypically and quantitatively. We show
here that all five mutants can mediate complete membrane
fusion and that the efficiency of this process decreases with the
length of the MSD. No hemifusion with only lipid dye flux was
detected. However, for some of the mutants, the fluorescence
assay could detect a rare intermediate fusion stage, apparently
involving small-fusion-pore formation that allowed small aque-
ous dye transfer but prevented the exchange of large cytoplas-
mic components. Moreover, fusion efficiency showed an in-
creased dependence on the expression level of glycoproteins,
suggesting that, for these mutants, formation of an active fu-
sion complex was an increasingly stochastic event.

MATERIALS AND METHODS

Chemicals and cells. Calcein, acetoxymethyl (AM), and FAST-DiI, a deriva-
tive of DiI (1,1-dioctadecyl-3,3,3�,3�-tetramethylindocarbocyanide perchlorate)

with diunsaturated �9,12-C18 alkyl substituents in place of the saturated C18 tail,
were from Molecular Probes, Eugene, Oreg. Diluent C and high-purity dimethyl
sulfoxide (DMSO) were from Sigma, St. Louis, Mo. Cell dissociation buffer was
from Gibco-BRL, Rockville, Md. Glass-bottomed 35-mm-diameter plates were
obtained from MatTek Corporation, Ashland, Mass. Fugene6 was from Roche
Molecular Biochemicals, Indianapolis, Ind. COS-1 cells were purchased from the
American Type Culture Collection. MAGI-CCR5 reagent was obtained from
Julie Overbaugh through the National Institutes of Health AIDS Research and
Reference Program, Division of AIDS, National Institute of Allergy and Infec-
tious Diseases. JC53-BL cells were kindly provided by Xiaoyun Wu and John
Kappes, University of Alabama at Birmingham.

EBFP-SIV Env coexpression vector. The enhanced blue fluorescent protein
(EBFP) expression cassette was excised from pEBFP-N1 (Promega) by double
digestion of the plasmid with restriction enzymes AflII and AseI. The purified
DNA fragment was inserted into plasmid pSRS at the SacII site by blunt-end
ligation. The pSRS vector expresses the wild-type Env protein of SIVmac239
(20). This new pSRSEB construct (Fig. 1A) supports high-level expression of the
SIVmac239 wild-type Env proteins from the SV40 late promoter as well as EBFP
expression directed by the human cytomegalovirus immediate-early promoter.
The pSRS derivative plasmids expressing mutants TM185 to TM189 were engi-
neered in the same way to include the EBFP expression cassette. The pSREB
vector is a control plasmid in which the env sequence from XbaI to BspEI has
been deleted and thus expresses only EBFP. COS-1 cells were transfected with
these vectors (pSREB, pSRSEB, or pTM185EB through pTM189EB) by using
the Fugene6 transfection reagent as described by the manufacturer; cells were
then used as effector cells in fusion assays.

Fluorescence labeling of cells and microscopic examination of fusion. A stock
solution of 10 mM calcein-AM (small aqueous dye; excitation, 496 nm; emission,

FIG. 1. Schematic diagram of SIV TM truncation mutants and map
of pSRSEB vector. (A) Map of the expression vector pSRSEB which
supports the expression of SIVmac239 env and EBFP genes from two
separate promoters. (B) Illustration showing positions of stop codon
mutations at the C terminus of the MSD. A short segment of the
pertinent amino acid sequence that encompasses the truncations is
shown.
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517 nm) was prepared in high-purity DMSO. This stock solution was then diluted
in Dulbecco modified Eagle medium (DMEM) or phosphate-buffered saline
(PBS) at a final concentration of 0.2 �M. Transfected COS-1 effector cells or, in
some experiments, target cells were incubated with diluted calcein-AM solution
for 30 to 45 min at 37°C. Cells were then washed twice with DMEM prior to use.

FAST-DiI (lipid dye; excitation, 550 nm; emission, 565 nm) was prepared as a
10 mM stock solution in DMSO. Immediately prior to use, 1 �l of the stock
solution was diluted in 100 �l of Diluent C (Sigma), and after extensive vortex-
ing, 10 �l of the diluted solution was added to 2.5 ml of PBS and vortexed. This
solution (final concentration, 0.4 �M) was added to target cells (MAGI-CCR5 or
JC53-BL), which were gently rocked continuously at room temperature for 2
min, and then DMEM was added for 5 min at room temperature. Cells were then
washed three times with DMEM and two times with PBS. Cells were then
dissociated in cell dissociation buffer and resuspended in complete DMEM
medium. A total of 2 � 105 labeled target cells were added onto semiconfluent
COS-1 effector cells in glass-bottomed plates, and after coincubation at 37°C for
the specified periods of time, cells were washed with PBS once and maintained
in PBS with Ca2� and Mg2� for microscopic examination.

Fluorescent samples were examined with an Olympus IX70 microscope or a
Zeiss Axiovert35 microscope. Standard filter sets were used for the different
fluorophores: rhodamine filter for FAST-DiI; fluorescein isothiocyanate filter for
calcein-AM; and DAPI (4�,6�-diamidino-2-phenylindole) filter for EBFP. Dye
concentrations optimized to minimize the leakage of fluorescence signals be-
tween filters were used. When necessary, suppression filters were also used to
reduce leakage. Images were captured via IPLab Spectrum software and pseudo-
colored according to their respective emission wavelengths. Phase-contrast im-
ages were always taken in parallel to examine cell morphology and cell-cell
contacts and to avoid having overlapping cells treated as a positive fusion event.

Flow cytometric analysis of efficiency of membrane lipid transfer during fu-
sion. COS-1 cells in 60-mm-diameter plates were transfected with the Env-EBFP
coexpression plasmids as described above. At 36 to 48 h posttransfection, they
were replated into six-well plates at approximately 2 � 105 cells per well. Target
cells (JC53-BL or MAGI-CCR5) were labeled with FAST-DiI only or FAST-DiI
together with calcein-AM at the same concentration as specified above; the
FAST-DiI concentration was increased to 0.8 �M for better separation of cell
populations. Approximately 106 fluorescently labeled target cells were added to
each well containing transfected COS-1 effector cells for coincubation at 37°C for
the specified times. The cocultures were washed with PBS and dissociated with
1 ml of PBS/well with 25 mM EDTA, and the cells were resuspended into
fluorescence-activated cell sorter sorting tubes (Falcon). Cells were immediately
subjected to flow cytometric analysis. If necessary, cells were fixed with 2%
paraformaldehyde. Cell populations were analyzed on a Vantage flow cytometric
workstation (Becton Dickson). A UV laser was used for EBFP and a 488-nm-
wavelength laser was used for FAST-DiI and calcein-AM. Usually, 10,000 blue
cells were gated, and the gated population was analyzed for blue-red or blue-
green double-positive cells.

Luciferase assay of fusion activity. To quantitatively assess cell-cell fusion, an
assay based on reporter gene activity was employed: COS-1 cells were trans-
fected with pSRS plasmids expressing wild-type or mutant Env proteins. These
plasmids also express the SIV tat gene that is capable of activating the expression
of firefly luciferase under the control of a minimal HIV long terminal repeat
promoter in JC53-BL cells. Like the parental JC53 cell line (34), the JC53-BL
cell line expresses high levels of CD4, CCR5, and CXCR4 on the cell surface (X.
Wu, personal communication).

Env-expressing COS-1 cells were mixed with JC53-BL cells at 48 h posttrans-
fection. They were cocultured for 8 to 12 h and then rapidly frozen at �80°C and
thawed only immediately before the luciferase assay was conducted. The lucif-
erase assay was performed using a luciferase assay kit (Promega) and the BMG
Lumistar program. Triplicate wells were set up for each sample to ensure reli-
ability.

RESULTS

We were interested in further delineating the ability of five
C-terminal truncation mutants of the SIV TM protein (46) to
mediate membrane fusion. The positions of the truncations
relative to the putative MSD are depicted in Fig. 1B. The
biological activities of these mutants suggested an involvement
of the MSD in the membrane fusion process (46). In summary,
all five mutant Env proteins are synthesized, cleaved, and
transported normally. They all can be incorporated into viri-

ons, but only TM189 retains infectivity. As TM189 was trun-
cated to TM185, a gradual loss of fusion ability was observed in
a standard �-galactosidase assay. In particular, the fusion ac-
tivities of TM185 and TM186 were reduced at least 10-fold
from the level of that of wild-type Env (46). In this study, we
have further characterized fusion mediated by these truncation
mutants by employing the pSRSEB SIV Env-EBFP dual-ex-
pression vector system. This vector system allows cells express-
ing the SIV Env protein after transient transfection to be
identified by a high level of blue fluorescence from EBFP.
Fusion efficiencies of these mutants were analyzed by identi-
fying the spreading of fluorescence probes between effector
cells and target cells in the context of flow cytometry and
confocal microscopy.

Flow cytometric analysis of lipid dye transfer to measure
fusion efficiency. In initial experiments, COS-1 cells were
transfected with increasing amounts of the wild-type pSRH-
SEB plasmid to determine the efficiency of transfection and
the effect of increasing DNA on levels of EBFP expression.
Figure 2E shows that, following transfection of COS-1 cells
with 3 �g of the plasmid, approximately 45% of the cells
expressed EBFP and that transfection with increasing amounts
of DNA, while increasing the number of expressing cells, did
not alter the position of the peak intensity of the EBFP-posi-
tive population (Fig. 2B to D). The fact that the EBFP-positive
population has a mean fluorescence intensity approximately 30
times higher than the background cutoff enables the quantita-
tive separation of EBFP-positive cells from background cells
by flow cytometry.

For membrane fusion studies, COS-1 cells were transfected
with 3 �g of wild-type pSRSEB, mutants pTM185EB through
pTM189EB, or env-negative pSREB. Two days posttransfec-
tion, MAGI-CCR5 target cells were labeled with FAST-DiI as
described in Materials and Methods. In order to minimize lipid
dye internalization, target cells were labeled with FAST-DiI
for 2 min immediately prior to coincubation with effector cells.
Labeled MAGI-CCR5 cells were mixed with transfected
COS-1 cells at a 5:1 ratio for 1.5 h, and then the cells were
dissociated with cell dissociation buffer and subjected to flow
cytometric analysis. A total of 10,000 blue cells were gated and
analyzed for the presence of red dye indicative of lipid transfer
or cell fusion. Figure 3A shows that the labeling conditions, in
the absence of Env (pSREB), allowed distinct separation of
the DiI-labeled target cells and the EBFP-expressing effector
cell populations by flow cytometry. Fig. 3B represents the same
mock sample after gating of blue cells. Gating of blue cells
facilitates the acquisition of quantitative data regarding the
percentage of Env-expressing (blue) cells that have undergone
lipid dye transfer after fusion with the FAST-DiI-labeled target
cells (Fig. 3C to H). This figure demonstrates that, as the
length of the TM protein increased, the extent of dye transfer
also increased, although TM189 (Fig. 3H) remained signifi-
cantly less fusogenic than the wild-type Env. Control experi-
ments (data not shown) in which nonfusogenic forms of the
HIV or SIV Env protein were expressed from the EBFP co-
expression vector yielded background levels of blue-red-posi-
tive cells similar to that seen with pSREB. This indicated that
Env-induced cell aggregation was not responsible for the de-
tection of double-positive cells.

The average fusion efficiencies relative to that of the wild

VOL. 77, 2003 EFFECTS OF SIV Env TRUNCATIONS ON FUSION 7069



type from three independent flow cytometry experiments were
plotted in Fig. 4. Consistent with previous results (46), the
percentage of EBFP-expressing cells scoring positive for DiI
transfer increased gradually as the length of truncated TM
proteins increased. TM189, TM188, and TM187 were the most
competent for fusion, with 53% 	 12%, 42% 	 4%, and 45%
	 14% of the dye transfer observed with the wild type, respec-
tively. TM185 and TM186 showed much lower levels of fusion
(9% 	 2% and 16% 	 12% that of the wild type, respectively).

Confocal microscopy of SIV TM mutants shows complete
fusion. For the Env mutant TM186, the percentage of cells
showing lipid dye transfer was consistently higher than the
percentage of fused cells previously observed in the standard
MAGI fusion assay (46). To investigate this difference, we
utilized a three-color confocal microscopy approach to deter-
mine whether TM186, or any other of the mutant SIV Env
proteins, could induce hemifusion intermediates similar to
those observed with influenza HA and SV5 F protein trunca-
tion mutants. Hemifusion would result in lipid dye transfer but
not complete cytoplasmic mixing as measured by the classic
MAGI assay. In the three-color assay, the MAGI-CCR5 target
cells were labeled with both FAST-DiI and a cytoplasmic dye,
calcein-AM, as described in Materials and Methods. These
double-labeled cells were mixed with COS-1 cells expressing
wild-type or mutant Env and EBFP as described above and
observed by confocal fluorescence microscopy after a 1.5-h
coincubation. If hemifusion were to occur, we would expect the
lipid label (FAST-DiI) to transfer to the (blue) fusion cell
partner while calcein-AM would remain within the target cell.

Internalization of DiI from the target cell plasma membrane
into intracellular membrane compartments occurred very rap-
idly, and we thus observed lipid labeling of membranes in
intracellular compartments as well as on the plasma membrane
(Fig. 5A). Calcein-AM crosses the cell membrane and be-
comes fluorescent after hydrolysis inside the cell, yielding a
diffuse green staining of the cells (Fig. 5A). In the control
plate, COS-1 cells were transfected with pHTC-1EB, a dual-
expression plasmid that expresses HTC-1, a cleavage-defective,
glycosylphosphatidylinositol (GPI)-anchored HIV Env protein
(41). This nonfusogenic mutant Env did not show any evidence
of mediating fusion even though EBFP-expressing cells were in
direct contact with double-labeled target cells (Fig. 5A, HTC-
1). In contrast, large syncytia were observed in plates contain-
ing COS-1 cells transfected with the pSRS-EB plasmid that
expresses wild-type SIV Env. In this case, all three labels were
evenly distributed throughout the syncytia (Fig. 5A, WT). Con-
sistent with previous results of the MAGI cell assay (46), we
observed that TM185 and TM186 primarily formed fused cell
pairs, or small syncytia, with low efficiency (Fig. 5A and B),
while TM187, TM188, and TM189 formed more abundant,
larger syncytia (Fig. 5B). Wild-type proteins mediated the for-
mation of large syncytia even at 1.5 h following cell mixing.

Under these experimental conditions, all five truncation mu-
tants primarily mediated complete membrane fusion and no
evidence was obtained for the presence of unrestricted hemi-
fusion intermediates that would allow the lipid flux without
cytoplasmic content mixing.

SIV MSD truncation mutants can induce small-fusion-pore
formation—another intermediate fusion event. In some exper-
iments, the calcein-AM cytoplasmic marker was loaded into

FIG. 2. Identification of EBFP-positive cells by flow cytometric
analysis. COS-1 cells were transfected with various amounts of the
pSRHSEB expression plasmid. The pSP72 plasmid was used to adjust
the total amount of DNA to 3 �g in each transfection. Arrows on the
right point out the positions of peak populations of EBFP-positive
cells. The numbers above the arrows indicate the percentage of EBFP-
positive cells obtained for each test transfection. M1 and M2 define the
gating parameters for defining negative (M1) and positive (M2) EBFP-
expressing cell populations.
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the transfected COS-1 cells so that both calcein-AM and EBFP
were in the same cell. This provided an additional approach to
monitor the exchange of cytosol components in the fusion
process since EBFP (35 kDa) is much larger than calcein-AM
(635 Da) and any difference in the redistribution of cytosolic
markers would not be the result of intracellular differences in
target and effector cells.

Using this labeling approach, we observed essentially the
same results as described above in terms of fusion efficiency
and size of syncytia for each of the mutants. However, in a few
cases, we observed cell pairs that appeared to be at a small-
fusion-pore stage of membrane fusion, where the small cyto-
plasmic marker could transfer to the target cell in the absence
of EBFP transfer (Fig. 6A). The observation of these rare
events was not consistently associated with a particular mutant;
rather, they were observed infrequently with all of the mutants,
although they were not observed with cells expressing wild-type
Env. Control experiments with pSREB-transfected COS-1
cells, which do not express any Env protein, also did not show
this phenotype, ruling out the possibility that it resulted from
dye leakage (data not shown).

Moreover, we also observed small-fusion-pore formation for
some syncytia formed by the mutants. Figure 6B shows a typ-
ical field that illustrates transfer of calcein-AM to target cells in
contact with syncytia while EBFPs are still restricted to the
syncytia.

Luciferase-based fusion assays point to inefficient initiation
and propagation of fusion. From previous observations with
the MAGI-CCR5 assay (46) and the confocal studies described
above, it was clear that the SIV TM truncation mutants exhib-
ited both reduced numbers of syncytia and significantly smaller
syncytia. Therefore, in order to quantitatively assess the sum of
both fusion initiation and fusion propagation within a target
cell population, we have utilized the JC53-BL cell line, which
expresses the luciferase enzyme under the control of a minimal

FIG. 3. Results of flow cytometric analysis of fusion efficiencies of SIV TM mutants. COS-1 cells were transfected as described in the legend
to Fig. 2 to express both EBFP and wild-type (WT) or mutant Env proteins or EBFP alone (mock). Target MAGI-CCR5 cells were labeled with
FAST-DiI, coincubated with effector cells for 1.5 h at 37°C, and then subjected to flow cytometric analysis. Flow cytometry panels depict the
separation of different populations of cells; the EBFP-DiI-double-positive population comprises cells with fused membranes. The percentages of
fused blue cells were calculated to quantitate fusion efficiencies of different mutants and are indicated on panels B to H. In panel A, all cell
populations (in the absence of Env expression) are represented without gating of blue cells: nonfluorescent (non-EBFP-expressing) COS-1 are
localized to the lower left quadrant, EBFP-positive (blue) COS-1 are in the lower right, and FAST-DiI-labeled MAGI-CCR5 are in the upper left.
For simplicity of presentation, panel B represents the population after gating of blue cells. EBFP-FAST-DiI-double-positive cells are located in
the upper right quadrant. Panels C through H show results of analyses of COS-1 effector cells and MAGI-CCR5 target cells expressing wild-type
and mutant Env.

FIG. 4. Relative fusion efficiencies of TM truncation mutants. Flow
cytometric analysis of fusion between EBFP-Env-expressing COS-1
cells and FAST-DiI-labeled MAGI-CCR5 target cells was conducted
as described in the legend to Fig. 3. The fusion efficiencies for each
mutant were normalized to that of the wild type (WT) in three inde-
pendent experiments, averaged, and plotted.
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FIG. 5. Results of three-color fluorescence assay to monitor fusion process. FAST-DiI (red) and calcein-AM (green) were used to label
MAGI-CCR5 target cells, while EBFP (blue) marked Env-expressing cells. (A) Distribution patterns of three different fluorophores were examined
individually, and then colocalization was analyzed in the merge field. The HTC-1 mutant provides a negative control for fusion, the TM186 mutant
forms smaller and fewer syncytia than the wild type, and the wild-type Env protein (WT) mediates the formation of big syncytia. (B) Low-
magnification view of merged fields for HTC-1, TM186, TM188, and wild-type Env.
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HIV long terminal repeat promoter in response to SIV Tat.
These cells allow a quantitative assessment of the total number
of target cell nuclei recruited into syncytia following cell mix-
ing.

The results of a typical luciferase assay, shown in Fig. 7,
indicate that in this assay, while a similar progressive loss of
fusion with truncation of Env is observed, all of the truncation
mutants are significantly impaired for fusion compared to the
wild-type Env protein. TM189, TM188, and TM187, which
exhibited fusion efficiencies that were reduced approximately
twofold (53, 42, and 45%, respectively) in the flow cytometric
analyses, exhibited fusion efficiencies reduced four- to fivefold
(25, 18, and 21%, respectively) in this population analysis.

TM185 and TM186 showed an even lower ability to mediate
cell-cell fusion (5 and 7% of that of the wild type, respectively).
Thus, in an assay that measures the sum of the numbers and
sizes of syncytia, it is clear that even Env truncation mutants
that have the capacity to mediate entry of infectious virus
(TM189) are severely impaired for fusion.

Modulation of fusion efficiency by protein expression levels.
Since in the luciferase assay each of the truncation mutants
appeared to be defective in propagating fusion to cells adjacent
to an initial fusion event, these assay results raised the possi-
bility that the density of Env on the effector cell surface might
additionally modulate the efficiency of fusion—as the size of a
syncytium increases, the density of Env on its surface might be
expected to decrease. The EBFP-Env dual-expression system
allows the classification of cell populations into high, moder-
ate, and low Env expressers based on the intensity of fluores-
cence of the coexpressed EBFP within the cells (Fig. 8A). Each
population can then be quantitated for the percentage of dou-
ble-labeled fused cells (Fig. 8B). The results of such an exper-
iment in which target cells were labeled with calcein-AM,
shown in Fig. 8C, yielded total fusion percentages similar to
those from the lipid transfer assays described above. However,
when the results were analyzed on the basis of EBFP intensity,
it was clear that the expression level modulated the efficiency
of fusion (Fig. 8C), with those cells expressing the highest
levels yielding the highest percentages of fused cells. In fact,
mutants TM187 to TM189 fused almost as efficiently as the
wild-type when those cells expressing the highest levels of
EBFP were compared—the fusion efficiency was approxi-
mately 80% of that of the wild type. In contrast, TM185 and
TM186 remained severely impaired for fusion (fusion efficien-
cies of 12 and 22% of that of the wild type, respectively) at the
highest expression levels (Fig. 8C).

When the fusion efficiencies of cells gated on medium and
high EBFP expression levels were compared with those of cells

FIG. 6. Identification of small-fusion-pore formation. Transfection of COS-1 cells and mixing of effector and target cells were carried out as
described in the legend to Fig. 3, with the exception that calcein-AM was loaded into EBFP-expressing COS-1 cells; consequently, the two
cytoplasmic markers colocalized to the same cells. Panel A shows small-fusion-pore formation between individual cells, while panel B illustrates
small-pore formation between a syncytium and neighboring target cells. Arrowheads point to the cells that allowed the transfer of calcein-AM from
an effector COS-1 cell in the absence of EBFP transfer.

FIG. 7. Results of luciferase assay to determine fusion ability of
SIV TM mutants. COS-1 cells were transfected with pSREB (control),
pSRSEB (wild type), and pTM185EB to pTM189EB as described in
the legend to Fig. 3 except that at 48 h posttransfection, the COS-1
cells were mixed with JC53-BL target cells. After overnight incubation,
cells were lysed and measured for luciferase activity. The fusion effi-
ciencies from the luciferase assay and the lipid dye transfer assay were
compared for SIV wild-type Env (WT) and TM truncation mutants.
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expressing low levels of EBFP, it was found that the fusion
mediated by each of the truncation mutants was much more
dependent on the level of expression of EBFP (and thus Env)
than was that mediated by the wild type (Fig. 8D). This was
particularly obvious for TM185, with which cells expressing the
highest levels of EBFP yielded approximately fivefold higher
levels of fusion than those expressing low levels. In contrast,
for the wild-type Env, the difference in fusion efficiencies be-
tween cells expressing high and low levels of EGFP was less
than twofold. This argues strongly that higher expression levels
can partially complement the defects in the fusion competency
in mutants.

DISCUSSION

Development of a novel three-color fusion assay based on
transient expression. In this study, we have evaluated in more
detail the fusion process mediated by five SIV mutant Env
proteins with truncations in the MSD or the cytoplasmic tail.
To facilitate these studies, we have developed a novel three-
color fusion assay that allows the analysis of transiently trans-
fected cells. Previous dye marker-based studies of fusion phe-
notypes had used stable cell lines expressing the proteins of
interest (31). In that approach, effector cell lines were labeled

with the dye CMAC (7-amino-4-chloromethylcoumarin),
which is quite immobile and serves as a marker for effector
cells, and then target cells were loaded with lipid dye and
aqueous dyes (31). One advantage of using stable cell lines is
that it permits the use of a homogenous cell population with
relatively equivalent expression levels of proteins of interest.
However, some viral proteins are quite cytotoxic, making it
difficult to establish stable cell lines expressing them, and for
studies of multiple mutant proteins, the establishment of cell
lines for each can be time consuming. In contrast, the three-
color fluorescence assay described here, which is based on
transient expression of the fusogenic protein, provides an ef-
ficient approach to analyze multiple mutants as well as glyco-
proteins that are cytopathic and are therefore hard to study in
stable cell lines. The coexpression of a fluorescence protein
from the same plasmid as the glycoprotein provides a powerful
tool to identify effector cells and avoids the nonspecific labeling
of effector cells with fluorescence dyes.

In addition, previous studies on membrane fusion, either
with fluorescence microscopy or electrophysiology, are limited
to the analysis of a small number of fusion events. We have
successfully applied the dual-expression system for flow cyto-
metric analyses on a population scale in order to obtain quan-

FIG. 8. Modulation of fusion efficiency by expression level. COS-1 cells were transfected as described in the legend to Fig. 3. Target
CCR5-MAGI cells were labeled with calcein-AM as described in Materials and Methods. Cells were coincubated for 1.5 h and then subjected to
flow cytometric analysis. (A) Definition of low (R2), medium (R3), and high (R4) expression levels for EBFP-positive cells. (B) Separation of fused
calcein-AM-labeled cells from nonfused cells for quantitation of fusion efficiency in an R3-gated EBFP-expressing population. M1 defines the
gating parameter for quantitating calcein-AM-positive cells. (C) Fusion efficiency of each mutant normalized to wild-type (WT) Env-mediated
fusion at each of the three expression levels. (D) Percentages of fusion mediated by cells gated into high and medium expression levels were
normalized to that of the low-expression-level-gated cells for the wild type and for each mutant.
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titative data. Moreover, reporter gene assays can measure en-
zyme activities only several hours after coincubation of cells,
while the flow cytometric approach described here allows the
examination of early fusion events mediated on a population
scale.

MSD truncation mutants show decreased fusogenicity but
are not blocked at a hemifusion intermediate stage. We have
demonstrated that the fusion efficiencies of different SIV TM
mutants decrease in parallel with the truncation of the C ter-
minus of the MSD. Since all these mutants can mediate com-
plete cell-cell fusion, albeit with various efficiencies, it appears
that none of the C-terminal amino acids removed are critical
for this process. The fact that we were unable to detect a
mutant that mediated primarily a hemifusion intermediate
contrasts with results of studies on the influenza virus HA (1)
and the paramyxovirus SV5 F protein (2). In the case of influ-
enza HA MSD truncation mutants, complete fusion was ob-
served until the MSD was shortened to a length of 16 amino
acids (�11). For this mutant, content mixing was reduced to
20% of that of the wild type even though lipid mixing remained
at 100%. Truncation of an additional amino acid (�12) re-
duced complete fusion to 5% of that of the wild type without
affecting lipid mixing. In our studies of the SIV truncation
mutants, flow cytometric analyses of fusion with target cells
labeled with either calcein-AM (contents) or FAST-DiI (lipid)
yielded equivalent results (compare Fig. 4 and 8), arguing that
for each of the mutants, lipid transfer and content mixing were
affected equivalently. This conclusion was supported by micro-
scopic analyses of the triple-labeled cell mixtures, in which we
were unable to observe evidence of cells arrested at the hemi-
fusion state.

There are significant differences between the fusion assays
described here and those for the influenza virus HA and SV5
F proteins. For SIV Env-mediated fusion, lipid merging occurs
between two monolayer cells, while that described for HA and
SV5 F involves monolayer cells and labeled erythrocytes. It is
conceivable that the structure of the cytoskeleton and the lipid
compositions in monolayer cells impose different constraints
on the fusion process. It has been demonstrated in several
cases that the lipid composition of the membrane can alter
fusion capability (9, 16, 17, 27, 36–38), and the involvement of
the cytoskeleton in the fusion process has also been demon-
strated by Frey et al. (15), who showed that cytochalasins B and
D, which disrupt microfilaments, could reduce gp120-CD4-
specific fusion. It is interesting that in studies of murine leu-
kemia virus Env truncation mutants, where 293T and NIH3T3
cells were used as effector and target cells, no hemifusion was
found for any of the mutants, including one, Env595*, with
truncation extending into the C terminus of the MSD (28).
HIV-1 and SIV Env proteins also differ from HA when the
MSD is replaced by a GPI anchor. GPI-linked HA mediates
hemifusion, while GPI-linked Env proteins are unable to me-
diate either fusion or hemifusion in the assays described here
(reference 41 and our unpublished results).

It is also possible that the process of fusion pore formation
by the SIV Env might be different from that of viruses found to
efficiently mediate hemifusion intermediates. Melikyan et al.
(29) found that HIV Env-induced fusion pores did not flicker
and rapidly enlarged after formation. The fusion pores formed
by murine leukemia virus TM proteins (28) and by HIV-1 TM

proteins (29) are 7 and 16 nm in diameter, respectively, and are
thus much larger than those of HA (3 nm) but similar in size
to those of gp64 of baculovirus (35) and E1/E2 of Semliki
Forest virus (25). It is likely then that the SIV TM will also
form large fusion pores, and it is possible that with these
retroviral fusion proteins the transition from a transient hemi-
fusion intermediate to an open fusion pore would occur more
rapidly. Nevertheless, hemifusion intermediates were observed
with HIV-1 Env under conditions in which limiting doses of a
peptide fusion inhibitor were present (31), and so it is likely
that progression to a fusion pore involves such an intermedi-
ate.

The most attractive possibility to explain the differences
between the results we have obtained here and those obtained
with HA is the topological differences between the MSDs of
these two proteins. In the case of the hemifusing HA trunca-
tion mutants, �11 and �12, Armstrong et al. postulated that
the shortened MSD might be unable to completely span the
membrane bilayer and thus might be defective in resolving the
hemifusion intermediate into a fusion pore (1). Consistent with
this hypothesis, the addition of HA cytoplasmic domain se-
quences or even of a single arginine residue to the C terminus
of the �12 mutant resulted in a protein that mediated complete
fusion. A model has been proposed for the SIV MSD in which
the basic amino acids at residues 164 and 180, which flank a
14-amino-acid hydrophobic region, would be embedded in the
bilayer with their charged side chains extending into the polar
head groups (46). By this model, truncation of residues 189 to
185 would affect membrane-proximal residues rather than
those critical to anchoring the protein in the membrane. Based
on the observations with HA, and because each truncation
mutant would still span the membrane, we might predict that
each would retain the ability to resolve any hemifusion inter-
mediates that formed. Nevertheless, this conclusion is compli-
cated somewhat by the results obtained with SV5 F protein
C-terminal truncation mutants (2). In this case, although the
exact boundaries of the MSD are not known, the truncations
were predicted to merely shorten the cytoplasmic domain of
the glycoprotein. The longest (�19) terminated immediately
before a (predicted) membrane-proximal lysine, but in this
case the mutant mediated efficient lipid mixing in the absence
of content mixing. Based on this example, we might have pre-
dicted the SIV TM mutants with more extensive truncations to
mediate hemifusion.

What role then do the residues between 185 and 191 in the
SIV TM protein play in the process of membrane fusion? One
possibility is that these amino acids facilitate either directly or
indirectly the TM-TM interactions that are necessary for the
formation of higher-order oligomers assembled to form the
fusion pore. For HA, Blumenthal et al. (5) calculated that six
trimers must assemble to form an active fusion pore, and Bentz
has recently proposed that this number could be eight or
higher (3). Similarly, Kuhmann et al. (24) have proposed that
for HIV-1 entry, multiple coreceptors are required, which
would suggest the participation of multiple Env proteins in the
fusion process. The concentration dependence exhibited by
each of the truncation mutants is also consistent with ineffi-
cient assembly of higher-order multimeric structures, since it is
possible that only under conditions of high Env density can
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sufficient numbers of functionally competent Env trimers as-
semble into a nascent fusion complex.

Residues proximal to the membrane could also be involved
in the expansion of fusion pores. All the mutants described
here have reduced levels of fusogenicity in terms of the size
and efficiency of syncytia formation. In addition, cases of small-
fusion-pore formation were identified for these mutants, espe-
cially between syncytia and neighboring target cells, while none
were identified for COS-1 cells expressing wild-type Env or
EBFP only. This strongly suggests that the expansion of fusion
pores was impaired to different degrees for these mutants.
Cells expressing HIV TM proteins with mutations in the tryp-
tophan-rich, N-terminal membrane-proximal region were also
reported to show formation of small fusion pores in the ab-
sence of complete cell fusion (32). Thus it is possible that the
membrane-proximal region of the cytoplasmic tail is also in-
volved in the interaction with membranes or in the destabili-
zation of membranes through interaction with cellular factors
when the fusion pore enlarges.

This is not the only viral membrane protein system in which
mutants of fusion proteins allow fusion pore formation but
interfere with the expansion of the fusion pore. Kozerski et al.
(23) have shown that chimeric HA proteins with the cytoplas-
mic tail of the CD4 molecule were strongly impaired in medi-
ating fusion pore expansion but that membrane lipid merging
and fusion pore formation were similar to those of wild-type
HA. Interestingly, the GPI-anchored HA protein (26) and an
SV5 F mutant protein with a 19-amino-acid truncation in the
cytoplasmic tail (12) were recently found to mediate fusion
pore formation but reduce the expansion of fusion pores. In
contrast, earlier observations had suggested that these mutants
arrested fusion at the hemifusion stage (2, 21, 30).

The expansion of fusion pores is a critical step in the fusion
process that allows the release of nucleocapsids during viral
entry and enables the full exchange of contents in cell-cell
fusion. The identification of small-fusion-pore formation by
our assay system suggests that this fluorescence assay system
may provide a powerful tool to further analyze the detailed
process of HIV-mediated membrane fusion and the cellular
and viral factors involved.
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