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The transmembrane subunits of viral envelope proteins are thought to perform all of the functions required
for membrane fusion during entry of enveloped viruses. However, changes in a conserved SPHQ motif near the
N terminus of the receptor binding subunit of a murine leukemia virus (MLV) envelope protein block infection
and induction of cell-cell fusion but not receptor binding. Here we report evidence that a histidine-to-arginine
change at position 8 (H8R) in the SPHQ motif of Moloney MLV blocks infection by arresting virus-cell fusion
at the hemifusion state. In cell-cell fusion assays, H8R envelope protein induced mixing of membrane outer
leaflet lipids but did not lead to content mixing, a finding indicative of fusion pore formation. Kinetic studies
of virus-cell fusion showed that lipid mixing of H8R virus membranes begins much later than for wild-type
virus. The length of the delay in lipid mixing decreased upon addition of two second-site changes that increase
H8R virus infection to 100-fold less than the wild-type virus. Finally, chlorpromazine, dibucaine, and triflu-
operazine, agents that induce pores in an arrested hemifusion state, rescued infection by H8R virus to within
2.5-fold of the level of wild-type virus infection and cell-cell fusion to half that mediated by wild-type envelope
protein. We interpret these results to indicate that fusion progressed to the hemifusion intermediate but fusion
pore formation was inhibited. These results establish that membrane fusion of Moloney MLV occurs via a
hemifusion intermediate. We also interpret these findings as evidence that histidine 8 is a key switch-point
residue between the receptor-induced conformation changes that expose fusion peptide and those that lead to
six-helix bundle formation.

Viral envelope proteins act as a catalyst for fusion of the
viral and host cell membranes during infection by enveloped
viruses (21). Most envelope proteins are synthesized as a single
precursor polypeptide chain that is cleaved into a soluble N-
terminal protein containing the receptor-binding domain and a
C-terminal transmembrane protein. The transmembrane pro-
tein appears to be the catalytic subunit. Mutations that prevent
exposure of the hydrophobic fusion peptide on the N terminus
of influenza A virus hemagglutinin (HA) or lower the hydro-
phobicity of its internal residues abolish membrane outer leaf-
let lipid mixing (15, 20). A point mutation that changes glycine
1 to serine (G1S) at the N terminus of the HA fusion peptide
or replacement of its transmembrane anchor with a glyco-
sylphosphatidylinositol (GPI-HA) anchor allow outer leaflet
mixing but abolish fusion pore formation, arresting fusion at an
intermediate called hemifusion (11, 21, 33).

In retroviral envelope proteins (Env), the association of the
binding subunit (SU) with the transmembrane protein (TM) is
thought to constrain TM to a metastable conformation that is
incompetent for fusion. During infection, the interaction of SU
with its cellular receptor induces conformation changes that
release the constraint so that the fusion peptide is exposed and
new intramolecular interactions of TM domains form the six-
helix bundles that are thought to catalyze viral and cellular
membrane fusion. In contrast to influenza virus HA, replace-

ment of the transmembrane anchor of human immunodefi-
ciency virus type 1 (HIV-1) Env with a GPI anchor did not give
lipid mixing (39). Thus, there is no retroviral Env mutant that
causes a hemifusion intermediate.

The SUs of gammaretroviruses contain a highly conserved
sequence, SPHQ, near their N termini that influences viral
fusion. Replacement or deletion of the histidine at position 8
in the SPHQ motif of ecotropic Moloney murine leukemia
virus (MLV) SU almost completely abolished infection (4, 41).
The altered Env showed no change in receptor binding but lost
the ability to induce cell-cell fusion. H8R does not inhibit
R-peptide cleavage in virions (41), indicating that the defect
was not due to retention of this fusion modulating sequence.
The addition of two second-site changes, glutamine 227 to
arginine (Q227R) and aspartate 243 to tyrosine (D243Y), in-
creased infection by H8R virus to 100-fold less than wild-type
virus, indicating that these changes partially suppress the fu-
sion defect resulting from an H8R change (41).

Here we report evidence that Moloney MLV fusion pro-
ceeds via a hemifusion intermediate and that an H8R change
blocks infection by arresting virus-cell fusion at the hemifusion
state. In cell-cell fusion assays, wild-type Env mediated mixing
of membrane outer leaflet lipids and of cell contents. In con-
trast, an H8R mutant Env mediated outer leaflet lipid mixing
but not content mixing, suggesting that fusion pore formation
was blocked. Kinetic studies of virus-cell fusion showed that
H8R virus lipid mixing is delayed, taking twice as long to begin
as wild-type virus. We interpret the longer delay until lipid
mixing as evidence that the H8R change arrests fusion at the
hemifusion state. In agreement with this interpretation, the
length of the delay was shortened upon addition of the two
second-site changes that increase H8R virus infection. Finally,
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chlorpromazine (CPZ), dibucaine (DB), and trifluoperazine
(TFP), agents that induce pores in an arrested hemifusion
state, restored infection by H8R virus to within 2.5-fold of the
wild-type virus level, indicating that the majority of bound virus
had progressed to the hemifusion intermediate but no further.
CPZ also increased H8R-mediated cell-cell fusion to half that
mediated by wild-type envelope protein. These results estab-
lish that membrane fusion of Moloney MLV proceeds through
a hemifusion intermediate. We also interpret them as evidence
that histidine 8 is a key switch-point residue in the receptor-
induced conformation changes that give six-helix bundle for-
mation after fusion peptide exposure.

MATERIALS AND METHODS

Cell-cell fusion assays. In three-color experiments, 100-mm dishes of 80%
confluent human 293 cells were transiently transfected with 40 �g of an R-less
form (34, 35) of wild-type or mutant Moloney MLV Env expression plasmids by
standard calcium phosphate coprecipitation. The next day, each culture was split
into two dishes; one dish was used for quantification of cell surface expression by
using flow cytometry (see below for methods), and the other was used as a source
of effector cells in the fusion assays. The cytoplasmic contents of the effector cells
were labeled with the blue fluorescent dye CMAC CellTracker Blue (Molecular
Probes) as follows: adherent effector cells were washed with serum-free Opti-
MEM (Life Technologies) and then incubated for 40 min at 37°C in 20 �M
CMAC diluted in serum-free OptiMEM, washed again with regular growth
medium (Dulbecco modified Eagle medium and 8% donor calf serum), and
incubated at 37°C for an additional 2 to 3 h. In control experiments, effector cells
were 293 cells transfected with wild-type or mutant influenza A virus HA ex-
pression plasmids (a gift of Judy White). These cells were labeled with CMAC
CellTracker Blue as described above; the cells were then detached, HA activa-
tion was initiated, and interactions with sialic acid receptors on effector cell
surfaces were eliminated by incubating about 1 million detached cells in 1 ml of
10 mg of trypsin (TPCK [tolylsulfonyl phenylalanyl chloromethyl ketone] treated;
Sigma) and 250 mg of neuraminidase (Sigma)/ml at room temperature for 20
min, followed by quenching with regular medium and three washes in phosphate-
buffered saline (PBS).

In most experiments, target cells were a previously described transfectant of
human 293 cells stably expressing the cDNA of the ecotropic MLV receptor (24)
and displaying endogenous sialic acid Lewis receptors for the HA controls. In
some experiments, rat XC sarcoma cells that express endogenous ecotropic MLV
receptor were used as the target cells. The cytoplasmic contents and membrane
outer leaflet lipids of target cells were labeled as follows: adherent target cells
were incubated in regular medium (high-glucose Dulbecco modified Eagle me-
dium and 10% fetal bovine serum) containing 0.5 �M calcein AM (Molecular
Probes) for 20 min at 37°C, washed three times with regular growth medium, and
washed three times with PBS; after which the cells were detached from the plates
by gentle pipetting. Detached cells were washed once with serum-free Opti-
MEM, incubated in sterile siliconized microfuge tubes with serum-free Opti-
MEM containing 4 �M DiI (a red fluorescent, lipid-soluble dye [Molecular
Probes]) in 0.6% dimethyl sulfoxide for 5 min at 37°C, and then shifted to 4°C for
an additional 20 min. Excess dye was removed by three 10-min washes in regular
growth meduim on ice.

Equal numbers of labeled effector and target cells were mixed, applied to
poly-L-lysine (Sigma)-coated plates to promote adherence and incubated on ice
for 30 min to allow cell attachment and binding, after which cells were shifted to
37°C for membrane fusion. In control experiments with HA-expressing effectors,
fusion was activated by adding 2 ml of isotonic solution (pH 4.9; 100 mM NaCl,
2.5 mM CaCl2, 1 mg of glucose/ml, 20 mM succinate) to cell mixtures that were
in 1 ml of regular medium. After 2 min, the acidic solution was replaced by a pH
7.4 solution (110 mM NaCl, 1.5 mM KCl, 2 mM MgCl2, 1 mg of glucose/ml, 20
mM HEPES), and then the cells were shifted to 37°C. After a 30-min incubation
at 37°C, representative fluorescent and phase micrographs of live cells were
captured by using Axiovision imaging software (Zeiss) and a Zeiss Axiocam
digital camera on a Zeiss Axiphot epifluorescent microscope. All images were
collected within 60 min of mixing effector and target cells to obtain data repre-
senting specific, Env-mediated dye transfer. Leakage of calcein AM began to be
observed at 2 h after cells were mixed in negative control effector cells expressing
vector alone or 595* Env, a binding-competent, fusion-defective Env shown to be

blocked before fusion peptide exposure (27). No nonspecific transfer of DiI or
CMAC dyes was observed even after 2 h.

In some experiments, effector cells expressed wild-type and mutant Env con-
taining R-peptide, and target cells were receptor positive rat XC cells (ATCC
CCL-165). In these experiments, the membrane outer leaflets of effector cells
expressing Env containing R-peptide were labeled with the lipid-soluble, fluo-
rescent dye R-18 (octadecylrhodamine-B; Molecular Probes), and the cytoplas-
mic contents of target cells were labeled with green fluorescent CellTracker
Green (Molecular Probes) as follows: cells were detached by using 0.02% EDTA,
incubated with 0.1 mg of R-18/ml for 15 min at room temperature, washed to
remove unincorporated dye, and immediately applied to adherent target cells
whose cytoplasm was labeled with 7 �M CellTracker Green CMFDA (Molecular
Probes) according to the manufacturer’s instructions, and the cell mixture was
incubated at 37°C. In other experiments, effector cell contents were labeled with
calcein AM, and target cell contents were labeled with CellTracker Orange
(Molecular Probes). Representative images were captured at between 30 and 60
min after effector cells were applied to the target cells. Nonspecific, spontaneous
transfer of R-18 began to be observed after a 90-min incubation of the samples
containing control pcDNA3 vector expressing effector cells mixed with target
cells.

Fluorescence-activated cell sorting analysis of Env expression on effector cells.
Negative control (untransfected) human 293 and transfected effector cells were
detached from culture dishes with 0.02% EDTA and incubated with polyclonal
goat anti-Rauscher SU (serum ID 80S000018; Quality Biotech, Inc.) that cross-
reacts with the surface or SU subunit of Moloney MLV Env, in the presence of
0.02% sodium azide to prevent internalization of immune complexes, for 1 h at
4°C. Cells were washed thrice, incubated with mouse anti-goat conjugated to
fluorescein isothiocyanate for an additional hour on ice, and then washed thrice
to remove unbound antibodies, and the mean fluorescence intensity of 5,000 cells
was measured by flow cytometry.

Kinetics of virus-cell fusion. Infectious virions were precipitated from virus-
containing supernatants in 50% ammonium sulfate, solubilized in 10 mM Tris
(pH 8.0)–1 mM EDTA–100 mM NaCl, and purified by size-exclusion chroma-
tography on Sepharose 4B (Sigma) columns essentially as described by C. Cepko
(3). Fractions containing virus were identified as those exhibiting an absorbance
ratio (260 nm/280 nm) of ca. 1.0 to 1.1 (1) and concentrated further on Cen-
triPlus-100 devices (Millipore). The reverse transcriptase activity in 10 �l of each
concentrated virus preparation was used to adjust the volume of the stock to
achieve comparable particle concentrations prior to labeling with R-18. Typi-
cally, the wild-type adjusted stock contained 107 infection-forming units (IFU)/
ml. Viruses were labeled with R-18 as described for HIV-1 (37) with the follow-
ing modifications: 50 �l of adjusted virus stocks were mixed with 50 �l of 20 �g
of R-18/ml, and then unincorporated R-18 was removed by size-exclusion chro-
matography. Viruses exhibiting a 5- to 10-fold increase in mean fluorescence
intensity after incubation in 0.2% Triton X-100 were used immediately for
virus-cell fusion experiments. A total of 106 receptor-positive XC or mouse NIH
3T3 cells were incubated in the absence or presence of R-18-labeled virus and 5
�g of Polybrene/ml for 1 h at 0°C and then washed twice to remove unbound
virus. Nonspecific virus adsorption and spontaneous R-18 transfer from virus to
cell membranes was quantified by incubating each virus with receptor-negative
293 cells. Virus-cell complexes and negative control cells were placed in separate
wells of a white 96-well fluorimetry plate (Costar) on ice, and then plates were
quickly warmed to 37°C and the relative fluorescence intensity (RFI) was mea-
sured at equal intervals at 37°C in a plate-reading fluorimeter (550-nm excitation
and 585-nm emission; HTS 7000 Bioassay Reader with incubator [Perkin-
Elmer]). At the end of kinetics measurements, complete dequenching was
achieved by addition of Triton X-100, and the RFI measured was taken to be
F100%. As a measure of virus-cell fusion, the percent increase in dequenching at
time point t was calculated for each sample as described by Blumenthal et al. (9),
except that the RFI of negative control 293 cells incubated with virus was
subtracted at each time point.

Effect of membrane-curving agents on infection and cell-cell fusion. Env
pseudotypes of Moloney MLVs were produced by transient transfection of a
prepackaging cell line, H1 BAG, as described previously (41). Fresh stock solu-
tions of 200 mM CPZ, 1 M DB, and 50 mM oleic acid in ethanol and of 50 mM
TFP in PBS were prepared for each experiment. Cell culture medium lacking
sodium bicarbonate was prepared from powdered medium with 50 mM BES
(Sigma) adjusted to pH 6.0, 6.5, 7.0, or 7.5. Quadruplicate wells of XC cells were
exposed to 10-fold serial dilutions of wild-type or H8R virus with 20 �g of
Polybrene (Sigma/ml) for 1 h at 37°C and then washed and incubated with each
agent in BES-buffered medium at the indicated pH for 1 min (CPZ, DB, or TFP)
or 5 min (oleic acid). Cells were quickly washed, returned to drug-free medium
at the same pH, and scored for �-galactosidase activity transduced by virus
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infection as previously described (41). In experiments with murine NIH 3T3 cells
as host, 0.3 mM CPZ was applied to cells for 5 min.

To determine the effect of CPZ on cell-cell fusion, mixtures of CMAC Cell-
Tracker Blue labeled effector cells expressing wild-type or mutant Moloney MLV
Env or influenza A virus HA were prepared and mixed with DiI and calcein
AM-labeled 293 cells expressing the ecotropic MLV receptor cDNA as described
above. Fluorescence and phase micrographs were captured by using a �10
immersible objective lens after an initial 30-min incubation at 37°C, and then the
medium was replaced with 0.4 mM CPZ. After 1 min, the CPZ was removed, the
cells were incubated in fresh BES-buffered medium at 37°C for an additional 30
min, and a second set of fluorescence micrographs were captured.

RESULTS

H8R Env mediated outer leaflet lipid mixing, but no content
mixing was observed in cell-cell fusion. Initially, we sought to
determine whether H8R Env mediates outer leaflet lipid mix-
ing and fusion pore formation. Our hypothesis was that H8R
prevented the conformation change that exposes fusion pep-
tide and, since the loss of fusion peptide exposure results in a
loss of detectable mixing in other enveloped viruses (20, 21),
H8R Env was not expected to produce lipid mixing. As in the
study of Melikyan et al. (27) on Moloney Env cell fusion,
wild-type and mutant Env were expressed as C-terminal trun-
cations that lack R-peptide (R-less). The cell surface expres-
sion of Env was quantified on parallel cultures of effector cells
by using flow cytometry and an anti-SU antiserum (Table 1).
The mean fluorescence intensities of H8R- and 595* Env-
expressing cells were comparable to that of wild-type Env ef-
fector cells (Table 1), indicating that effector cells displayed
comparable levels of Env.

The cytoplasmic contents of Env-expressing 293 effectors
were labeled with CMAC Blue, and ecotropic MLV receptor-
expressing 293 target cells contents were labeled with calcein
AM. Both dyes become fluorescent upon hydrolysis by ester-
ases in the cell cytoplasm and rapidly convert into dye-protein
adducts that do not readily leak out of the cell. In addition, the
membrane of target cells was labeled with DiI, a red fluoresc-
ing lipid-soluble dye. Labeled effector and target cells were
mixed and then applied to culture dishes coated with poly-L-
lysine to promote adherence so that cells lay in a single focal
plane for image capture. This incubation was performed on ice
to restrict membrane fluidity. After attachment, cell mixtures
were then rapidly warmed to 37°C. In studies of HIV cell-cell
fusion, short incubation on ice prior to incubation at 37°C did
not affect the kinetics of membrane fusion (39). Since fusion by
Moloney MLV Env is not induced by low pH, we relied on the
normal events to initiate cell-cell fusion.

The micrographs shown in Fig. 1 present close-up views that
illustrate representative events from each sample. Effector
cells are identified by blue fluorescence in their cytoplasm,
whereas target cells have green fluorescent cytoplasmic con-
tent. Fusion events between the wild-type Moloney Env (WT)
effector cells and target cells typically became evident by 15
min after a shift to 37°C and rapidly progressed to syncytia by
20 min after the shift. Transfer of red fluorescence from the
target cell membrane to the effector cell and reciprocal trans-
fer of green and blue fluorescent cytoplasm indicated that
membrane lipids mixed and that a conduit for cell content
mixing was established (Fig. 1). These results are similar to
those previously reported by Melikyan et al. (27) for wild-type
R-less Moloney MLV Env-induced cell-cell fusion.

H8R Env-positive effector cells also showed membrane lipid
mixing with target cells, but it typically began after 25 to 30
min. There was no transfer of cytoplasmic content dye, and no
syncytia formed, indicating that the lipid mixing was not ac-
companied by fusion pore formation (Fig. 1). These observa-
tions suggested that an H8R change caused a hemifusion phe-
notype. Samples of target cells mixed with negative control
effectors expressing Env mutant 595* were also observed. Env
mutant 595* is a binding-competent, fusion-defective Env
shown to be blocked before lipid mixing, presumably because
fusion peptide does not become exposed (27). Lipid mixing
was rare, and no content mixing was observed in these samples
even though there were numerous cell pairs with extensive
cell-cell contacts (Fig. 1). After 2 h, nonspecific leakage of
green fluorescing cytoplasm began to be observed. No nonspe-
cific transfer of DiI or CMAC CellTracker Blue was observed.

Comparison of H8R with the previously characterized G1S
mutant of influenza virus HA mutant. Qiao et al. (33) con-
cluded that the G1S HA mutant arrests cell-cell fusion at the
hemifusion state based on three findings from cell-cell fusion
assays: (i) lipid dye transferred but content dye does not; (ii)
confirmation of that finding by using electrophysical measure-
ments; and (iii) the membrane-curving agent CPZ induced
redistribution of content dye, indicating complete fusion. We
compared the characteristics of H8R Env and G1S HA by
using the first and last of these assays. The G1V HA mutant
(glycine 1 to valine), which shows no appreciable hemifusion or
fusion activity (33), and HA that had not been activated by
trypsin cleavage were used as negative controls.

Figure 1 shows close-up views of representative cell pairs for
the wild-type and mutant HA control samples. Table 2 shows
values of the percentage of hemifused and fused cell pairs
calculated from quantification of the number of cell pairs
showing hemifusion (scored as lipid dye transfer in the absence
of content dye transfer) and fusion (scored as lipid and content
dye transfer). At least 250 cell pairs were scored from low-
magnification micrographs of each sample. Moloney MLV Env
or activated influenza virus HA did not show hemifusion, but
full fusion was abundant (Table 2). In contrast, H8R Moloney
Env gave 8% hemifusion, and G1S HA gave 20% hemifusion
(Table 2).

Lipid mixing is delayed for H8R virus. To quantify lipid
mixing during virus-cell membrane fusion, we used a fluores-
cence-dequenching assay based on the incorporation of a flu-
orescent probe, R-18, into the membrane outer leaflet of intact
virions in amounts great enough to self-quench (9). R-18-

TABLE 1. Cell surface expression of Env protein

Env protein % Cells
expressing Enva

Relative surface
expressionb

WT 47 100
H8R 37 114
595* 37 98

a Values shown for percent cells expressing Env are the percentage of total
cells analyzed that showed fluorescence above that of negative control parental
293 cells incubated with primary and secondary antibodies.

b Relative surface expression was calculated as 100 times the ratio of the mean
fluorescence intensity of H8R- or 595*-expressing cells to the mean fluorescence
intensity of wild-type Env-expressing cells.
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FIG. 1. The H8R envelope protein mediates lipid mixing but not fusion pore formation. The cytoplasm of receptor-negative human 293 cells
transiently transfected with Moloney Env R-less, histidine 8-changed-to-arginine (H8R Env) R-less, negative control 595* Env, influenza virus HA,
glycine 1-changed-to-serine HA (G1S HA), or glycine 1-changed-to-valine HA (G1V HA) expression plasmids was labeled with CMAC Cell-
Tracker Blue, and the cytoplasm of target human 293 cells stably expressing ecotropic MLV receptor was labeled with calcein AM. In addition,
the membrane lipids of target cells were labeled with DiI. Equal numbers of fluorescently labeled effector and target cells were mixed, applied to
poly-L-lysine-coated plates to promote adherence, and incubated on ice for 30 min to allow cell attachment and binding, after which cells were
shifted to 37°C for membrane fusion. Control wild-type and mutant HA-expressing effector cells were activated prior to mixing, and fusion was
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labeled virus was incubated with target cells (NIH 3T3 and XC
cells) at 4°C to allow virus binding but not membrane fusion. If
outer leaflet mixing between viral and cell membranes occurs
after shifting to 37°C, the R-18 is diluted, producing in an
increase in the RFI called dequenching. Since the RFI is mea-
sured in arbitrary units, the extent of lipid mixing was deter-
mined by calculating the percent of total fluorescence released
as described by Blumenthal et al. (9), with the following mod-
ification: R-18 transfer resulting from nonspecific virus bind-
ing, as well as from nonspecific transfer, i.e., nonfusion (31,
38), was quantified by using receptor-negative 293 cells incu-
bated with each labeled virus. The RFI value of this control at
each time point was subtracted from the RFI of the virus plus
receptor-positive cell samples for the same time point prior to
the calculation of the percent dequenching.

No increase in fluorescence dequenching occurred during
the first few minutes after shifting wild-type Moloney MLV-
cell complexes to 37°C, indicating that little if any fusion events
were completed immediately (Fig. 2). This initial lag was fol-
lowed by a steady increase, reaching a maximum on both target
cell types typically after 3 h. Others have reported that HIV,
influenza virus, paramyxovirus SV5, Rous sarcoma virus, ve-
sicular stomatitis virus, and bovine leukemia virus showed max-
imal R-18 dequenching in comparable times after a shift to
37°C (5, 6, 16, 21, 32, 37, 40).

H8R virus also exhibited an increase in fluorescence, in
agreement with the outer leaflet mixing observed in the cell-
cell fusion assays. However, the initial increase occurred after
a lag period of twice that observed with wild-type virus (Fig. 2).
The triple mutant containing an H8R substitution and the two
second-site suppressor mutations exhibited an intermediate lag
time.

Normally, outer leaflet lipid mixing is restricted to the fusion
site until after fusion pores open and stabilize (10, 29, 42).
Thus, the lipid mixing observed in wild-type virus fusion may

represent continuity of the outer leaflets after fusion was com-
pleted. The low level of H8R virus lipid mixing immediately
after the delay might represent completion of a few successful
fusion events since it correlates with the low level of infection
consistently observed for H8R virus in XC cells (41). The
increase in the percentage of bound virus that mixed lipids
during the initial period when the second-site mutations are
added to Env is consistent with this interpretation. We do not
know what the increase in H8R virus dequenching represents
at later times. We cannot rule out that the high levels of
dequenching at late times represents spontaneous R-18 trans-
fer.

H8R cell pairs fuse when exposed to CPZ, an agent that
induces fusion pore formation in hemifusion intermediates.
We next compared the effect of the membrane-curving agent
CPZ on H8R and G1S HA cell-cell fusion by using the three-
color cell fusion assay. CPZ is a lipid analog that partitions
preferentially into the inner leaflet (36) and induces curvature
that favors pore formation in a membrane bilayer (18). Brief
exposure to CPZ induces holes in the hemifusion intermediate
captured by GPI-anchored HA (26) but did not induce cell-cell
fusion with the Moloney MLV mutant 595* (27). H8R cell
fusion increased 10-fold after exposure to CPZ, and G1S HA
fusion increased 3-fold (Table 2). Similar fold increases were
observed in a replicate experiment. For comparison to pub-
lished quantification of G1S HA and GPI-HA mutants, Fig. 3
shows the percent full fusion, a parameter defined by Qiao et
al. (33) and calculated as the percentage of lipid dye transfer
events that also showed content dye transfer.

Rescue of H8R virus infection by CPZ and similar agents.
DB and TFP are lipid analogs of CPZ that also prefer the inner
leaflet (36), induce curvature favorable to pore formation (18)
and fusion by GPI-anchored HA (26). Oleic acid induces cur-
vature that promotes the formation of a hemifusion interme-
diate but is unable to relieve the block to GPI-HA fusion (10,
19, 26). We sought to determine whether any of these agents
could rescue H8R virus infection. Since prolonged exposure is
toxic to cells, the agents were briefly added to virus-cell com-
plexes formed after a 1-h incubation.

Oleic acid did not increase the infectivity of H8R virus (Fig.
4A). In contrast, brief exposure to CPZ enhanced H8R virus
infection in a concentration-dependent manner. CPZ at 0.2
mM increased infection from �100 to �500 IFU/ml on aver-
age, whereas 0.4 mM CPZ increased it to an average of 20-fold
less than wild-type virus infection. In two of four independent
titrations, the higher concentrations of CPZ increased H8R
infection to within 2.5-fold less than wild-type (wild-type and
H8R virus titers were 4 � 105 and 2 � 104, 105 and 4 � 104, 105

and 4 � 104, and 4 � 105 and 2 � 104, respectively). No
infection was detected in cells exposed to virions lacking Env,
indicating that the increase was dependent on interaction with
the receptor. The lowest concentration of DB was as effective

TABLE 2. Quantification of cell-cell fusion

Env protein

% Fusiona

No CPZ 0.4 mM CPZ

Hemifusion Fusion Hemifusion Fusion

Moloney MLV 0 53 0 63
Influenza HA 0 31 0 34
H8R Moloney 8 3 0 29
G1S HA 20 4 21 13
595* Moloney 4 5 9 11
G1V HA 4 4 4 3
HA, no trypsin 3 2 4 4

a Values shown are the percent hemifusion or fusion calculated as the number
of cell pairs showing hemifusion or fusion/total number of cell pairs � 100, where
hemifusion was defined as lipid mixing in the absence of content mixing and
fusion was defined as lipid and content mixing.

initiated by a brief exposure to low pH as described in Materials and Methods. Representative micrographs of live cells were captured after 30 min.
Fluorescent images of Env-expressing effectors (blue) and receptor-positive target cells (red and green) are shown on the left side of each panel
and are merged with a phase-contrast image on the right side. Below each set is a panel of the merged fluorescence images. Arrows point to
example effector cells paired with target cells.
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at relieving the block to H8R virus entry as was CPZ, whereas
TFP was slightly less effective (Fig. 4B). At an acidic pH CPZ
becomes protonated and is unable to relieve a block to fusion
pore formation (26). When virus-cell complexes were treated
with CPZ at pH 7.5, the average titer of H8R virus was 10-fold
less than the average of wild-type virus, but at pH 7.0 it was
100-fold less, and at pH 6.5 and 6.0 it was 200-fold less (Fig.
4C). The CPZ-induced increase in H8R virus infection corre-

lated with an increase in cell-cell fusion when XC were the
target cells (Fig. 4D).

CPZ also rescued H8R infection of NIH 3T3 cells, causing
an increase from none to 600 IFU/ml (Fig. 5). In the NIH 3T3
experiments, 0.3 mM CPZ was applied to cells for 5 min (Fig.
5) because a 1-min exposure to 0.4 mM CPZ caused the fibro-
blasts to detach from the culture plate, whereas a 1-min expo-
sure to 0.3 mM CPZ was not toxic but resulted in very little
increase in H8R infection. In XC cells in which fusion appears
to occur at the cell surface, a brief pulse of CPZ would be
expected to give the agent immediate access to virus-receptor
complexes. However, in NIH 3T3, virus-receptor complexes
should be internalized and thus out of immediate access. We
reasoned that a longer exposure might give the opportunity for
recycling membrane vesicles to bring the CPZ into the intra-
cellular compartments. The observed increase is consistent
with this notion, but alternative explanations are also possible.

DISCUSSION

We conclude that the failure to resolve the hemifusion state
into stable fusion pores is the primary cause of the loss of H8R
virus infection. In cell-cell fusion assays, H8R Env-target cell
pairs mixed their lipids but not cell contents, a finding consis-
tent with the formation of a hemifusion intermediate that does
not proceed to stable fusion pore formation. In addition, the
kinetics of H8R-mediated lipid mixing differed from those of
the wild type; the onset of virus-cell lipid mixing occurred
much later than in wild-type virus-cell complexes. We propose
that the lipid of H8R virus was delayed in merging with that of
the cell because fusion was arrested at the hemifusion state.

In agreement with this interpretation, the delay in lipid mix-
ing was reduced upon addition of the two second-site changes
that increase H8R virus infection by 10,000-fold. The rescue of
H8R virus infection by the membrane-curving agents CPZ,
DB, and TFP also strongly supports this interpretation. These
agents elevated H8R infection in a range of 5 to 40% of wild

FIG. 2. Lipid mixing is delayed with H8R virus. The membrane lipid of purified virions containing either wild-type Env or mutant Env were
labeled to self-quenching levels with R-18, incubated at 4°C with receptor-positive cells (NIH 3T3 or XC) or cells lacking receptor (293) for 1 h,
and then shifted to 37°C, and the RFI was monitored continuously. The data are representative of two independent experiments. Colors: blue,
wild-type virus; magenta, H8R virus; purple, triple-mutant H8R QR DY virus; cyan, double-mutant QR DY virus.

FIG. 3. Stability of the hemifusion intermediates caused by H8R
Moloney Env and G1S HA. Cell-cell fusion assays were performed as
described in the legend to Fig. 1 except that, after the initial set of
micrographs were captured, effector-target cell mixtures were briefly
exposed to CPZ and incubated an additional 30 min, and then a second
set of micrographs were captured. The total number of cell pairs, the
number of cell pairs showing lipid dye transfer alone, and the number
of pairs showing lipid and content dye transfer were counted from the
micrographs, with a total of at least 250 cell pairs scored for each
sample. Values shown are the percent full fusion as defined in Qiao et
al. (33) and calculated as follows: (the number of fully fused cell
pairs/total number of cell pairs showing lipid transfer) � 100. The
identity of the envelope protein expressed on the effector cells is
indicated below the horizontal axis. Bars: u, no CPZ; ■ , 0.4 mM CPZ.
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type, a finding consistent with many particles having reached
the hemifusion intermediate. The increase in infection corre-
lated with an increase in H8R Env mediated cell-cell fusion
when CPZ was added. Although the effect of CPZ on infection
by influenza virus hemifusion mutants has not been reported,
CPZ was shown to induce 20 to 25% of HA hemifusion mu-
tant-expressing cells to fuse (2, 10), with levels as high as 60%
reported (26) at the concentration of CPZ at which we ob-
served the greatest H8R MLV infection and the increase in
G1S HA cell fusion. Our observations are also consistent with
the possibility that H8R Env opens pores that are very small or
unstable. Others have observed transient pore formation not
accompanied by sustained pore opening (28) or pore enlarge-
ment (25). Detailed conductance measurements will be impor-
tant for determining whether this is the case.

To our knowledge this is the first evidence that gammaret-
roviral Env-mediated fusion involves a hemifusion intermedi-
ate and the first mutation in a retroviral Env shown to cause

hemifusion. Previous attempts to capture retroviral hemifusion
with an Env mutant were inconclusive. Unlike the hemifusion
observed with GPI-anchored influenza virus HA, GPI-an-
chored HIV Env did not give outer leaflet merging with sus-
ceptible CD4� lymphocytes (39).

Qiao et al. (33) compared the stability of the hemifusion
diaphragm in G1S HA and GPI-HA by calculating the percent
full fusion after exposure to 0.4 mM CPZ. These authors de-
fined the percent full fusion as the percentage of total lipid
transfer events that also showed content dye transfer; thus, the
more stable the intermediate, the less CPZ should destabilize
it to give full fusion. Since both HA mutants showed 40% full
fusion, Qiao et al. concluded that the stability of their hemi-
fusion diaphragms was comparable (33). In our studies, full
fusion occurred in 38% of G1S HA lipid transfer events,
whereas 100% of H8R lipid transfer events represented full
fusion (Fig. 3), suggesting that H8R hemifusion intermediates
are less stable than G1S HA intermediates.

FIG. 4. CPZ, DB, and TFP rescued infection by H8R virus. XC cells were exposed to 10-fold serial dilutions of H8R or wild-type virus for 1 h
at 37°C and then washed and incubated briefly with the membrane-curving agents or with the solvent ethanol alone in BES-buffered medium at
the indicated pH. Cells were scored 48 h later for virus infection, and the titers were calculated from the endpoint dilutions. The values shown are
averages from two independent experiments of each type. No infection was detected in cells exposed to virions lacking Env (data not shown).
(A) Dose response to CPZ and oleic acid. For comparison, wild-type virus was titrated for 0.2, 0.4, and 0.5 mM CPZ and for 10 and 50 �M oleic
acid at pH 7.5. (B) DB and TFP also rescue H8R virus infection. (C) pH dependence of rescue by CPZ. For comparison, wild-type virus was titrated
under all conditions. Bars (A and C): ■ , H8R virus; u, wild-type Moloney MLV. (D) Effect of CPZ on cell-cell fusion with XC target cells. Cell-cell
fusion assays were performed as described in the legend to Fig. 3, except that XC cells were used as target cells. The values shown were calculated
as follows: (number of cell pairs showing lipid and content dye transfer/the total number of cell pairs) � 100. Bars: , no CPZ; ■ , 0.4 mM CPZ.
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Histidine 8 appears to be involved in a common step of the
membrane fusion mechanism of gammaretroviruses. A histi-
dine in the sequence Ser/Asn-Pro-His-Gln is conserved near
the N terminus of Env (8). The histidines at position 5 of the
amphotropic MLV Env and position 8 of gibbon ape leukemia
virus Env are critical for virus infection (13, 23; Z. Qian and
L. M. Albritton, unpublished data). In addition, exposure to
CPZ, or placing substitutions corresponding to the second-site
mutations in Moloney MLV in the amphotropic Env, rescues

infection by amphotropic MLV carrying a histidine 5-to-argi-
nine change (Qian and Albritton, unpublished), suggesting
that this change also arrests fusion at the hemifusion state.
Moreover, the first 234 residues of the Moloney MLV binding
subunit can be replaced with the corresponding region of am-
photropic Env without loss of infection, although the receptor
used for virus entry does change (8). Lastly, addition of the
purified binding fragment from amphotropic MLV resulted in
infection of Moloney MLV virus carrying a deletion of histi-
dine 8 (H8del) but only if the cells displayed both the Moloney
MLV and amphotropic virus receptors (7, 23).

How does the H8R substitution arrest fusion in the hemifu-
sion state? Reducing the numbers of exposed fusion peptides
induces a hemifusion phenotype (10). Thus, one possibility is
that H8R does not prevent fusion peptide exposure but de-
creases or delays it. Alternatively, substitution of H8 may pre-
vent or delay six-helix bundle formation, the step thought to
catalyze fusion pore formation, by preventing dissociation of
SU from TM. For example, dissociation of gp120 from HIV-1
particles was induced by incubation with a soluble form of
CD4, the high-affinity receptor for HIV Env, suggesting that
receptor interaction leads to SU dissociation (17, 30). How-
ever, HIV fusion requires a second interaction of gp120 with a
coreceptor molecule (14), and cell-cell fusion is not inhibited
by soluble CD4 (12). Thus, membrane fusion may involve
dissociation of SU after fusion peptide exposure to remove a
physical constraint to six-helix bundle formation (Fig. 6). We
favor this possibility as the principal defect in H8R infection,
while decreased or delayed fusion peptide exposure may be a
less-significant contributing factor. We further propose that
residue 8 is one of the key switch-points for the conformation
changes that dissociate the SU-receptor complexes from TM
whose fusion peptides have intercalated in the host cell mem-
brane.

FIG. 5. CPZ rescued H8R virus infection of NIH 3T3 cells. Qua-
druplicate wells of NIH 3T3 cells were exposed to serial 10-fold dilu-
tions of wild-type Moloney MLV or H8R Env psuedotype virus stock
for 1 h at 37°C, after which fresh medium containing 0.3 mM CPZ was
applied for 5 min at 37°C, followed by rapid washes with regular
culture medium. Cells were scored 48 h later for virus transduction of
�-galactosidase activity. Titers were calculated from the endpoint di-
lutions.

FIG. 6. Schematic representation of a model for the block to membrane fusion in an H8R mutant. Receptor binding induces conformation
changes that expose the fusion peptide on the N terminus of TM. Membrane fusion begins with local joining of the outer leaflets of juxtaposed
membranes (22). As the outer leaflets merge, the inner leaflets remain separate, forming an intermediate called hemifusion that does not allow
mixing of the contents of the fusing compartments. Additional conformation changes involve the conserved N-terminal histidine. These changes
lead to dissociation of SU from TM, removing the physical constraint on six-helix bundle formation. Hairpin formation merges the inner membrane
leaflets to complete fusion and open pores between the virion interior and the host cell cytoplasm. RBD, receptor-binding domain of SU; CTD,
carboxy-terminal domain of SU.
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