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A general model has been proposed for the fusion mechanisms of class I viral fusion proteins. According to
this model a metastable trimer, anchored in the viral membrane through its transmembrane domain, transits
to a trimeric prehairpin intermediate, anchored at its opposite end in the target membrane through its fusion
peptide. A subsequent refolding event creates a trimer of hairpins (often termed a six-helix bundle) in which
the previously well-separated transmembrane domain and fusion peptide (and their attached membranes) are
brought together, thereby driving membrane fusion. While there is ample biochemical and structural infor-
mation on the trimer-of-hairpins conformation of class I viral fusion proteins, less is known about intermediate
states between native metastable trimers and the final trimer of hairpins. In this study we analyzed confor-
mational states of the transmembrane subunit (TM), the fusion subunit, of the Env glycoprotein of the subtype
A avian sarcoma and leukosis virus (ASLV-A). By analyzing forms of EnvA TM on mildly denaturing sodium
dodecyl sulfate gels we identified five conformational states of EnvA TM. Following interaction of virions with
a soluble form of the ASLV-A receptor at 37°C, the metastable form of EnvA TM (which migrates at 37 kDa)
transits to a 70-kDa and then to a 150-kDa species. Following subsequent exposure to a low pH (or an elevated
temperature or the fusion promoting agent chlorpromazine), an additional set of bands at >150 kDa, and then
a final band at 100 kDa, forms. Both an EnvA C-helix peptide (which inhibits virus fusion and infectivity) and
the fusion-inhibitory agent lysophosphatidylcholine inhibit the formation of the >150- and 100-kDa bands.
Our data are consistent with the 70- and 150-kDa bands representing precursor and fully formed prehairpin
conformations of EnvA TM. Our data are also consistent with the >150-kDa bands representing higher-order
oligomers of EnvA TM and with the 100-kDa band representing the fully formed six-helix bundle. In addition
to resolving fusion-relevant conformational intermediates of EnvA TM, our data are compatible with a model
in which the EnvA protein is activated by its receptor (at neutral pH and a temperature greater than or equal
to room temperature) to form prehairpin conformations of EnvA TM, and in which subsequent exposure to a
low pH is required to stabilize the final six-helix bundle, which drives a later stage of fusion.

The fusion-promoting glycoproteins of orthomyxo-, para-
myxo-, filo-, corona-, and retroviruses are grouped as class I
fusion proteins because their fusion subunits possess a com-
mon postfusion form (12, 19, 20, 57). The structure they have
in common consists of a fusion peptide at or near the N-
terminal end, a central trimeric coiled coil, a chain reversal
segment, a C-terminal region (in many cases a helix) that packs
in the grooves of the central coiled coil, a transmembrane
domain, and a cytoplasmic tail. In the compact postfusion
form, the two hydrophobic elements, the fusion peptide and
the transmembrane domain, lie in close proximity. All class I
fusion proteins start out as metastable trimers on the virus
surface. In only one case, that of the influenza virus hemag-
glutinin (HA), do we know the atomic structure of the com-
plete ectodomain of the metastable trimer (63). Nonetheless, a
common model has emerged for how class I fusion proteins
mediate fusion. In essence, the metastable trimer is anchored

in the viral membrane through its transmembrane domain.
Following a triggering event (interaction with receptors or
exposure to a low endosomal pH), the metastable trimer con-
verts to a prehairpin intermediate in which the newly exposed
fusion peptide binds to the target bilayer. The prehairpin is
envisioned as a straight trimeric coiled-coil rod with the fusion
peptide at one end (in the target membrane) and the trans-
membrane domain at the opposite end (in the viral mem-
brane). Through conformational changes that essentially fold
the prehairpin in half, the two hydrophobic elements (and their
attached bilayers) are brought together to initiate membrane
merger. Support for the common prehairpin intermediate has
come from the use of C-helix peptide inhibitors. C-helix pep-
tides from class I fusion proteins that function at neutral pH
(e.g., those of paramyxoviruses, coronaviruses, and retrovi-
ruses) inhibit fusion and infectivity (6, 18–20, and references
therein). Experiments with C-helix peptide inhibitors at fusion-
arrested states have supplied evidence for prehairpin confor-
mations of human immunodeficiency virus (HIV) Env (44) and
a paramyxovirus F protein (52). For both of these proteins a
prehairpin intermediate has been trapped biochemically by
coimmunoprecipitating the fusion proteins with a cognate
epitope-tagged C-helix peptide during fusion activation (22,
52).
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Our laboratory has been studying the fusion mechanism of a
model retrovirus, the subtype A avian sarcoma/leukosis virus
(ASLV-A). The Env glycoprotein of ASLV-A (EnvA) is pre-
dicted to be a class I fusion protein with structural similarity
between its fusion subunit and those of human T-cell leukemia
virus Env and Ebola virus GP (24, 36). The fusion peptide is
sequestered in the native EnvA trimer but is exposed and binds
to target membranes following interaction with the host cell
receptor Tva (2) at a temperature greater than or equal to
room temperature (T � RT) (26, 28, 29). Our work indicates
that EnvA (on virus particles) can mediate both the target
bilayer binding and lipid-mixing stages of fusion at neutral pH
and T � RT (18, 25, 28). Other work indicates that reverse
transcripts of the virus are not produced if infected cells are
maintained in the continued presence of agents (e.g., bafilo-
mycin) that raise the pH of endosomes (45; S. Matsuyama, L.
Earp, and J. M. White, unpublished data). The latter findings
suggest that a low pH is needed for either a later stage of
fusion or viral uncoating.

As part of our ongoing effort to delineate the precise stage
of ASLV entry that requires a low pH, we have modified and
extended an analysis (45) of conformational intermediates in
the fusion subunit (the transmembrane subunit [TM]) of
EnvA. Our modified approach entailed assessing sequential
effects of a minimal soluble receptor (62) and a low pH on the
EnvA TM found on virus particles. For this analysis we con-
ducted Western blot assays of viral samples prepared under
mildly denaturing conditions. This analysis, in conjunction with
specific fusion-inhibitory (e.g., a potent C-helix peptide inhib-
itor [18]) and fusion-promoting agents, revealed sequential
intermediates in the pathway of fusion that represent prehair-
pin and hairpin forms of EnvA. Our findings are consistent
with a model in which interaction with receptor at neutral pH
activates EnvA to form prehairpin intermediates and in which
a low pH is needed to stabilize a final six-helix bundle (hairpin)
form of EnvA at a later stage of fusion.

MATERIALS AND METHODS

Virus, soluble receptor, and peptide R99. ASLV-A was purified from DF-1
cells chronically infected with RCASBP(A)AP as described previously (18). A
soluble form of the receptor (sTva) was prepared as described previously (62).
Peptide R99 was described previously (18).

Lipids and liposomes. L-�-Phosphatidylcholine (PC; egg; Avanti Polar Lipids),
L-�-phosphatidylethanolamine (PE; egg; Avanti Polar Lipids), sphingomyelin
(Sph; brain; Avanti Polar Lipids), and cholesterol (Chol; Sigma Chemical Co.)
were stored as described previously (28). Lipids (1:1:1:1.5 molar PC-PE-Sph-
Chol ratio) were mixed, dried under N2 gas in a glass tube, and lyophilized
overnight. After addition of buffer (20 mM morpholineethanesulfonic acid, 20
mM HEPES, pH 7.4), the lipid suspension was vortexed, sonicated in a water
bath sonicator, and then extruded 25 times through a 0.1-�m-pore-size Nucle-
pore filter in an Avanti Mini-Extruder. Liposomes (5.6 mM lipid on the basis of
the input lipid) were stored at 4°C and used within 1 week.

Membrane-perturbing reagents. LPC (lysophosphatidylcholine) and CPZ
(chlorpromazine) were purchased from Sigma Chemical Co. Fresh stocks of LPC
and CPZ (25 mM in 20 mM morpholineethanesulfonic acid–20 mM HEPES, pH
7.4) were prepared just before use.

TM oligomer assay. The TM oligomer assay developed by P. Bates and
coworkers was performed as described in reference 45, with minor modifications.
In brief, 2.5 �l of freshly harvested and freshly concentrated ASLV-A and 0.5 �l
(300 ng) of sTva were mixed on ice. After 30 min, 2.5 �l of liposomes was added
on ice. For one-step incubations, samples were warmed to 37°C for 30 min
(unless stated otherwise). For two-step incubations, samples were warmed to
37°C for 30 min (at neutral pH) and then adjusted to pH 5 (unless stated
otherwise) with a predetermined amount of 0.1 M HCl. After 5 min at 37°C, 0.5

�l of 1 M Tris (pH 8.0) was added to neutralize low-pH-treated samples. Samples
were then treated with buffer to yield final concentrations of 0.1% sodium
dodecyl sulfate (SDS), 2% �-mercaptoethanol, and 6% glycerol, incubated for 5
min at 37°C, and then loaded onto SDS–7% polyacrylamide gel electrophoresis
gels. Following electrophoresis, proteins were transferred to nitrocellulose and
probed with a rabbit polyclonal antibody against a peptide corresponding to the
cytoplasmic tail of EnvA (18). Primary antibody was detected with horseradish
peroxidase-conjugated anti-rabbit antibody (Amersham Biosciences).

RESULTS
Receptor and a low pH sequentially induce different confor-

mational states of EnvA TM. We set out to compare confor-
mational states of the EnvA TM subunit (the fusion subunit)
formed during each step of a two-step protocol (Fig. 1A). In all
cases, freshly prepared ASLV particles were premixed with
sTva, a soluble form of the EnvA receptor (62), on ice for 30
min at neutral pH. After the addition of PC-PE-Sph-Chol
liposomes, samples were incubated at 37°C for 30 min at neu-
tral pH (step 1). The pH was then adjusted to 5.0, and the
mixture was incubated for an additional 5 min at 37°C (step 2).
Samples were then neutralized, mixed with sample buffer to a
final concentration of 0.1% SDS, incubated at 37°C for 5 min,
and analyzed by Western blot assays for forms of the TM
(fusion) subunit. The EnvA TM subunit from starting virions
was present as a 37-kDa band. This band is identical in size to
the monomeric band obtained when virions are boiled with
sample buffer containing 1% SDS. When virions with pre-
bound receptor were incubated at 37°C, bands of 70 and 150
kDa appeared sequentially in a time-dependent manner (Fig.
1B, lanes 5 to 8). A small amount of the 70-kDa band formed
upon warming in the absence of receptor (lanes 3 and 4).
Receptor-induced formation of the 70- and 150-kDa bands
occurred equally well in the absence (lanes 5 to 8) or presence
(lanes 9 to 12) of liposomes and equally well with 1/400 of the
amount of receptor (S. Matsuyama, Z. Chen, and J. M. White,
unpublished data). Moreover, incubation of receptor-bound
virions for longer times (60 to 90 min) at 37°C at neutral pH
did not change the gel pattern seen in lanes 8 and 12 (Mat-
suyama, Chen, and White, unpublished).

We note that although equal amounts of virus were loaded
per lane, the 70- and 150-kDa bands appeared proportionately
more prominent than the 37-kDa band. Although our ability to
detect the 37-kDa band is variable from experiment to exper-
iment, this observation suggests that the cytoplasmic tail
epitope of EnvA TM is hyperreactive in the 70- and 150-kDa
bands in this gel system.

We next exposed virus-receptor-liposome complexes from
step 1 to pH values ranging from 7.4 to 5.0 for 5 min at 37°C
(step 2). After treatment at pHs 5.5 and 5.0 a new EnvA TM
band at 100 kDa and a mixture of bands at �150 kDa were
clearly observed (Fig. 1C, lanes 5 and 6). Smaller amounts of
the 100- and �150-kDa bands were seen in samples treated at
pH 6.5 (lane 3) or 6.0 (lane 4). Bands at 70 and 150 kDa were
still present after the two-step protocol. This may be due, in
part (see Discussion), to the previously noted apparent hyper-
sensitivity of these forms of EnvA TM to the anti-EnvA cyto-
plasmic tail antibody on immunoblots. On the basis of the pH
dependence observed in Fig. 1C, we used pH 5.0 for the
low-pH treatment in subsequent experiments. Liposomes were
present in all subsequent experiments.

To rule out the possibility that any of the higher-molecular-
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weight bands of EnvA TM (70, 150, 100, or �150 kDa) re-
sulted from stable association with internal viral components,
immunoblots of samples treated by either step 1 or the sequen-
tial step 1-step 2 protocol were probed with antibodies against
the matrix and capsid proteins. None of the EnvA species
reacted with anti-matrix or anti-capsid antibodies (data not
shown).

An elevated temperature can mimic the effects of a low pH
at step 2. In the case of influenza virus, an elevated tempera-
ture can substitute for a low pH to trigger fusion-relevant
conformational changes (7, 51). Similarly, an elevated temper-
ature can substitute for the need for the HN protein for SV5-
mediated fusion (47). We therefore asked whether an in-
creased temperature could mimic the effects of a low pH in
step 2. Accordingly, complexes were subjected to the step 1
treatment, followed by incubation for 5 min at increasing tem-
peratures (at pH 7.4). As shown in Fig. 2, the �150-kDa bands
began to form at 42°C and the 100-kDa band began to form at
50°C, suggesting that the �150-kDa bands form prior to the
100-kDa band. The �150- and 100-kDa bands increased in
intensity with increasing temperature.

Effects of peptide R99 on the formation of different confor-
mational states of EnvA TM. Peptide R99 is a synthetic ana-
logue of the EnvA C helix, which inhibits viral infectivity,
virus-cell fusion, and EnvA-mediated cell-cell fusion (18). We
therefore asked whether peptide R99 affects the formation of
any of the higher-molecular-weight forms of EnvA TM. To do
this we performed step 1 and 2 incubations (Fig. 1A) in the
presence or absence of peptide R99. As shown in Fig. 3A (lane
4), peptide R99 did not inhibit the formation of either the 70-
or the 150-kDa band at neutral pH (step 1). However, when
virions were subjected to step 2 of the procedure in the pres-
ence of peptide R99, the �150- and 100-kDa bands did not

form (Fig. 3A, lane 8). Peptide R99 did not inhibit the forma-
tion of the �150- and 100-kDa bands if virions were exposed to
a low pH in step 2 in the absence of receptor (lane 6) or if they
were directly warmed to pH 5.0 in the presence or absence of
receptor (lanes 10 and 12). Hence, receptor activation at neu-
tral pH (T � RT) is a prerequisite for forming the �150- and
100-kDa bands along a pathway that is inhibitable by peptide
R99. The ability of an increased temperature (in lieu of a low
pH) at step 2 to induce formation of the �150 and 100-kDa
bands was also inhibited by peptide R99 (Fig. 3B), albeit ap-
parently less effectively than when a low pH was used in step 2
(Fig. 3A).

FIG. 1. Sequential formation of distinct EnvA TM conformational states. (A) Schematic of the procedure used to generate various confor-
mational states of EnvA TM. Unless stated otherwise, virions (ASLV-A) were incubated on ice for 30 min in the presence of receptor (sTva).
Liposomes were then added, and the samples were warmed to 37°C at neutral pH for 30 min (step 1). As indicated (step 2), the pH was adjusted
to 5.0 for 5 min. Low-pH-treated samples were then reneutralized and processed to visualize EnvA TM as described in Materials and Methods.
(B) Virions were subjected to step 1 conditions in the absence of either receptor or liposomes (lanes 1 to 4), with receptor only (lanes 5 to 8), or
with receptor and liposomes (lanes 9 to 12) for the indicated times at 37°C and then processed as described above. (C) Receptor-bound
virion-liposome complexes from step 1 (panel B, lane 12) were exposed to the indicated pH during step 2 and then processed as described above.
The values on the left and right of panels B and C are molecular sizes in kilodaltons.

FIG. 2. Effects of an increased temperature, in lieu of a low pH, at
step 2 on conformational states of EnvA TM. Virions (lane 1) were
treated to step 1 conditions (lane 2) and then to the indicated tem-
perature (instead of a low pH) at step 2 (lanes 3 to 10). Lane 11 is a
sample of virions treated to the two-step protocol. Samples were pro-
cessed to visualize EnvA TM as described in the legend to Fig. 1. The
values on the right are molecular sizes in kilodaltons.
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The experiments described in Fig. 3A and B were performed
with 50 �g of peptide R99 per ml, a concentration that com-
pletely inhibits the lipid-mixing activity of ASLV-A particles
(18). However, as shown in Fig. 3C, concentrations of peptide
R99 as low as 0.78 �g/ml inhibited the formation of the �150-
and 100-kDa bands. We next asked if we could define a point
in the protocol at which the �150- and 100-kDa bands become
refractory to peptide R99. As shown in Fig. 3D, peptide R99
inhibited the formation of the �150- and 100-kDa bands if it
was added either before step 1 (warming of virus-receptor
complexes at neutral pH) (lane 2) or before step 2 (subsequent
incubation at a low pH) (lane 3). If peptide R99 was added
after the low-pH incubation step (lane 4), formation of the
�150- and 100-kDa bands was not inhibited.

Effects of fusion modulators on different conformational
states of EnvA TM. Agents that affect membrane curvature can
inhibit or promote membrane fusion (9). We therefore tested
the effects of a fusion-inhibiting and a fusion-promoting agent
on the formation of the various EnvA TM conformational
states. LPC is a lipid analogue that inhibits membrane merger
in many systems (9, 10, 33). Virions were treated by the two-
step method (Fig. 1A) in the presence of increasing concen-
trations of LPC. As shown in Fig. 4A, with concentrations of
LPC of �0.25 mM, formation of the 150-, �150-, and 100-kDa
bands was increasingly inhibited and the amount of the 37-kDa
band increased. When the same experiment was performed in
the presence of peptide R99 (lanes 7 to 12), the 150-kDa band,
but not the �150- and 100-kDa bands, was protected (compare

lanes 11 and 12 with lanes 5 and 6). Hence, LPC inhibits the
formation of the 150-, �150-, and 100-kDa bands produced
during the two-step protocol. Of these, the 150-kDa species is
protected from LPC inhibition by peptide R99.

We next tested the effects of LPC during step 1 of the
two-step protocol (Fig. 1A). As shown above (for example, Fig.
1B), incubation of receptor-bound virions at neutral pH and
37°C leads to the formation of 70- and 150-kDa bands (Fig. 4B,
lane 1). Formation of the 150-kDa band at neutral pH (i.e.,
during step 1) was inhibited by LPC (Fig. 4B, lane 2). Also,
peptide R99 protected the 150-kDa band from inhibition by
LPC during step 1 (Fig. 4B, lane 4 versus lane 2). Collectively,
the results in Fig. 4A and B suggest that LPC has two effects in
this system (see below and Discussion).

We next sought to determine when LPC had to be added to
have its inhibitory effects. As shown in Fig. 4C, if LPC was
added before step 1, the �150- and 100-kDa bands did not
form and less of the 150-kDa band formed (Fig. 4C, compare
lane 2 with lane 1). If LPC was added after step 1 but before
step 2, more of the 150-kDa band formed but formation of the
�150- and 100-kDa bands was still inhibited (Fig. 4C, lane 3).
Adding LPC after step 2 had no effect on any of the EnvA TM
bands (Fig. 4C, lane 4). If peptide R99 was present continually
(lanes 5 to 8), LPC, added before step 1 or before step 2,
inhibited the formation of the �150- and 100-kDa bands but
did not inhibit the formation of the 150-kDa band (Fig. 4C,
lanes 6 and 7). If peptide R99 was added either before step 1
or before step 2, in the continual presence of LPC (lanes 9 to

FIG. 3. Effects of peptide R99 on conformational states of EnvA TM. (A) Virions were incubated under step 1 conditions (lanes 1 to 4) or
under step 1 and then step 2 conditions (lanes 5 to 8) or directly warmed at pH 5 (lanes 9 to 12) in the absence (lanes 1, 2, 5, 6, 9, and 10) or
presence (lanes 3, 4, 7, 8, 11, and 12) of receptor and in the absence (odd-numbered lanes) or presence (even-numbered lanes) of peptide R99
(50 �g/ml). Liposomes were present in all samples. (B) Receptor-bound virion-liposome complexes that had been subjected to step 1 conditions
were treated to increasing temperatures (in lieu of a low pH) at step 2 in the absence (odd-numbered lanes) or presence (even-numbered lanes)
of peptide R99 (50 �g/ml). (C) Receptor-bound virion-liposome complexes were subjected to the two-step protocol in the presence of the indicated
amount of peptide R99. (D) Peptide R99 (50 �g/ml) was added to samples before step 1 (lane 2), after step 1 but before step 2 (lane 3), or after
step 2 (lane 4). Lane 1 contains a sample subjected to the two-step protocol in the absence of peptide R99. Samples were processed to visualize
EnvA TM as described in the legend to Fig. 1. The values on the left or right are molecular sizes in kilodaltons.
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12), the 150-kDa band was protected (Fig. 4C, lanes 10 and
11). If added after step 2, peptide R99 was no longer able to
protect the 150-kDa band (Fig. 4C, lane 12).

We next assessed the effects of CPZ, a reagent that pro-
motes membrane fusion (38, 42), on the formation of the
higher-molecular-weight forms of EnvA TM. In particular we
asked if CPZ could promote the formation of the �150- and
100-kDa bands at neutral pH. Indeed, as shown in Fig. 5A,
CPZ induced the formation of the �150- and 100-kDa bands
at neutral pH. As with increasing temperature in lieu of a low
pH at step 2 (Fig. 2), the �150-kDa bands appeared to form
first (Fig. 5A, lanes 2 to 5) and then to chase into the 100-kDa
band as the CPZ concentration was increased (Fig. 5A, lane 6
compared to lane 5). Interestingly, the presence of CPZ could
overcome the inhibitory effect of peptide R99 on the formation
of the �150- and 100-kDa bands (Fig. 5B, lanes 3 to 5; see
Discussion). As expected, CPZ did not affect the formation of
the 70- or 150-kDa bands at neutral pH (Fig. 5A), nor did it
affect the formation of any of the higher-molecular-weight
bands formed during the two-step protocol (not shown).

Stability of EnvA TM conformational states. We tested the
stability of the conformational states of EnvA TM when sub-
jected to an elevated temperature, SDS, and urea. As shown in
Fig. 6A, the 70- and 150-kDa bands were stable at 80°C in 0.1%
SDS (lanes 1 to 5) and only modestly diminished after boiling
(lane 6). The �150- and 100-kDa bands were less stable at an
elevated temperature in 0.1% SDS, with loss beginning at
65°C. All of the higher-molecular-weight forms of EnvA TM
were resistant to SDS at concentrations at least as high as 2%

when samples were incubated at 37°C (Fig. 6B, lanes 1 to 5).
When samples were boiled in 0.1% SDS, the �150- and 100-
kDa bands were not observed (Fig. 6B, lane 6). The 70- and
150-kDa bands were observed in samples boiled in 0.1% SDS
(Fig. 6B, lane 6) but not in samples boiled in higher concen-
trations of SDS (Fig. 6B, lanes 7 to 10). As with increasing
temperature (Fig. 6A), loss of the higher-molecular-weight

FIG. 4. Effects of LPC on conformational states of EnvA TM. (A) Receptor-bound virions were mixed with liposomes, the indicated amount
of LPC was added in the absence (lanes 1 to 6) or presence (lanes 7 to 12) of peptide R99, and mixtures were then subjected to the two-step
protocol. (B) Receptor-bound virions were subjected to step 1 only (lanes 1 to 4) or the two-step protocol (lanes 5 to 8); reaction mixtures
contained no inhibitors (lanes 1 and 5), LPC (lanes 2, 4, 6, and 8), or peptide R99 (lanes 3, 4, 7, and 8). (C) LPC was added to the
virion-receptor-liposome mixtures at the stages indicated in the absence (lanes 1 to 4) or continual presence of peptide R99 (lanes 5 to 8).
Alternatively, R99 was added to the mixture at the indicated stage in the continual presence of LPC (lanes 9 to 12). Samples were then processed
as described in the legend to Fig. 1. The values on the left are molecular sizes in kilodaltons.

FIG. 5. Effects of CPZ on conformational states of EnvA TM.
(A) Receptor-bound virions were mixed with liposomes, the indicated
amount of CPZ was added, and the mixtures were then incubated
under step 1 conditions. (B) Samples were subjected to the two-step
protocol in the presence (lanes 2 to 5) or absence (lane 1) of peptide
R99 and in the presence (lanes 3 to 5) or absence (lanes 1 and 2) of the
indicated concentration of CPZ. Samples were then processed as de-
scribed in the legend to Fig. 1. Lanes 1 and 2 were not adjacent in the
original gel. The values on the left or right are molecular sizes in
kilodaltons.
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forms of EnvA TM was accompanied by appearance of the
37-kDa monomer band. All of the higher-molecular-weight
forms of EnvA TM were stable in up to at least 4 M urea at
37°C (Fig. 6C).

DISCUSSION

In this study we identified a series of conformational states
of the EnvA TM (fusion) subunit that arise sequentially fol-
lowing interaction with receptor at neutral pH (step 1) and
then exposure to a low pH (step 2). To do this we analyzed
virus samples prepared for SDS gels with sample buffer con-
taining 0.1% SDS and warmed to 37°C. In native virions the
EnvA TM subunit appeared as a 37-kDa band. Following in-
teraction with soluble receptor at neutral pH and 37°C, a
70-kDa band and then a 150-kDa form appeared (Fig. 1B).
Following subsequent exposure to a pH of �6.0, a group of
bands at �150 kDa and then a 100-kDa band formed (Fig. 1C).
A C-helix peptide that inhibits virus-cell fusion, EnvA-medi-
ated cell-cell fusion, and virus infection (18) inhibits the for-
mation of the �150- and 100-kDa bands. The �150- and 100-
kDa bands can form at neutral pH if, following receptor
activation (at neutral pH), samples are treated at an elevated
temperature (e.g., 50°C) or with the fusion-promoting agent
CPZ. LPC, a fusion-inhibitory lipid analogue, inhibits the for-
mation of the �150- and 100-kDa bands. The opposing effects
of CPZ and LPC suggest that virus-liposome fusion occurs in
this system. The promoting effect of CPZ and the inhibitory
effects of LPC and peptide R99 also indicate that the �150-
and 100-kDa bands are relevant to virus fusion. The conditions
that generate the higher-molecular-weight forms of EnvA and
their temporal relationships are depicted in Fig. 7A.

Model for steps of fusion mediated by distinct conforma-
tional states of EnvA TM. We suggest that the 70- and 150-kDa
bands that form following incubation with receptor at 37°C
represent, respectively, intermediate and then fully formed
EnvA TM prehairpins (drawings b and c in Fig. 7B). Several
observations support this hypothesis. For one, the C-helix an-
alogue peptide R99 does not inhibit the formation of either
band. In fact, peptide R99 stabilizes the 150-kDa band in the
presence of LPC (discussed below). These observations are
consistent with our prior finding that peptide R99 does not
inhibit the fusion peptide-mediated association of EnvA with

target membranes (18). Further support that the 150-kDa band
represents the target membrane binding prehairpin is that we
have recently observed (Z. Chen and J. M. White, unpublished
data) that the receptor concentration needed to form the 150-
kDa band (in step 1) is the same as that needed to induce
ASLV particles to bind to target membranes (18).

As stated above, LPC (added either before step 1 or before
step 2) inhibits the formation of the �150- and 100-kDa bands,
consistent with an inhibition of fusion. An initially surprising

FIG. 6. Stability of EnvA TM oligomers. Virus samples treated to the two-step protocol were either warmed at the indicated temperature in
sample buffer containing 0.1% SDS for 5 min (A), incubated in sample buffer containing the indicated amount of SDS at either 37°C (lanes 1 to
5) or 100°C (lanes 6 to 10) for 5 min (B), or incubated in the indicated amount of urea at 37°C for 5 min (C). Samples were then electrophoresed
and subjected to Western blotting as described in Materials and Methods. The values on the left are molecular sizes in kilodaltons. RT, room
temperature.

FIG. 7. Working model of the roles of distinct conformational
states of EnvA TM in distinct steps of fusion. (A) Conformational
states (apparent molecular masses in kilodaltons) of Env A TM de-
tected on mildly denaturing SDS gels and the conditions that promote
or inhibit their formation. (B) Model of what the distinct conforma-
tions may look like and how they may mediate distinct stages of fusion.
The TM subunit of starting virions migrates as a 37-kDa band (drawing
a). (In drawing a, the SU subunits, which hold the TM subunit in its
metastable state, are shown as gray ovals. For clarity, the SU subunits,
which have presumably moved out of the way, are not shown in sub-
sequent drawings.) Incubation of virions with soluble receptor at neu-
tral pH and 37°C (step 1) results in the sequential formation of two
new bands of 70 and 150 kDa (drawings b and c). We propose that the
150-kDa band represents the fully formed prehairpin conformation of
EnvA TM. The 70-kDa band may be a prehairpin precursor. Upon
exposure to a low pH (or an increased temperature or CPZ; step 2), a
set of �150-kDa bands and then a 100-kDa band form (drawings e and
f). Peptide R99 inhibits the formation of the �150- and 100-kDa
bands. LPC inhibits the formation of the 150-, �150-, and 100-kDa
bands. We propose that LPC inhibits the formation of the �150- and
100-kDa bands because it inhibits fusion. We propose that LPC inhib-
its the formation of the 150-kDa band owing to interaction with the
exposed fusion peptide (see text). A distinct conformational state cor-
responding to the peptide R99-inhibitable lipid-mixing stage of fusion
(drawing d) has not been detected in our gel system. Hence we des-
ignate it L for lipid mixing (see text). (The arrows are not meant to
imply irreversibility.) R, receptor.
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finding was that when LPC was added to virion-receptor-lipo-
some mixtures before step 1, formation of the 150-kDa band
was also inhibited (Fig. 4). Our hypothesis to explain this
secondary effect of LPC is as follows. Evidence has been pre-
sented that LPC can bind to exposed fusion peptides and
inhibit their association with target membranes (27, 58). If
LPC binds to the exposed EnvA fusion peptide (14, 26, 28), it
may sterically inhibit coiled-coil formation in the N-terminal
end of the prehairpin (gray part of protein in drawing b of Fig.
7B). As noted above, peptide R99 can overcome the LPC block
to forming the 150-kDa band (Fig. 4). This result suggests that
the affinity of peptide R99 for the N-helix coiled coil is greater
than the affinity of LPC for the fusion peptide. For these
reasons, we propose that the C-helix analogue peptide R99 can
not only bind to the N-terminal end of the fully formed pre-
hairpin (drawing c in Fig. 7B) but also stabilize the prehairpin
conformation.

When ASLV particles activated by receptor at neutral pH
are subsequently exposed to a low pH, a temperature of
�50°C, or CPZ, a 100-kDa band forms. We propose that the
100-kDa band represents the final fully formed EnvA TM
hairpin, its six-helix bundle (Fig. 7B, drawing f). This proposal
is supported by the observations that the 100-kDa band is the
last species formed under any of the post receptor activation
conditions that we have explored (a low pH, an elevated tem-
perature, or treatment with CPZ) and that formation of the
100-kDa band is inhibited by the C-helix analogue peptide
R99. Interestingly, CPZ is able to drive the formation of the
100-kDa band in the presence of R99 (at the concentration of
R99 tested; Fig. 5B). Importantly, peptide R99 does not inhibit
the formation of the 100-kDa band if receptor-bound virions
(produced and maintained at 4°C) are directly warmed to 37°C
at pH 5 or if virions are subjected to the two-step protocol in
the absence of receptor (Fig. 3A). These findings, coupled with
the need for sequential activation by receptor at neutral pH,
followed by a low-pH shock to overcome the block to reverse
transcript production imposed by bafilomycin (45) (Mat-
suyama and White, unpublished), suggest that receptor activa-
tion at neutral pH (and T � RT) is needed to keep EnvA on
a productive fusion pathway. We further propose that conver-
sion to the 100-kDa form mediates the final stage of fusion,
fusion pore enlargement (drawing f in Fig. 7B; see below).

A set of bands at �150 kDa appear to be intermediates on
the pathway between the 150-kDa band (proposed prehairpin)
and the 100-kDa band (proposed final six-helix bundle). This is
evident when either CPZ (Fig. 5A) or an elevated temperature
(Fig. 2) is used to drive conformational changes that occur post
receptor activation. We suggest that the �150-kDa bands me-
diate the opening of small fusion pores (Fig. 7B, drawing e).
The �150-kDa species may be analogous to higher-order oli-
gomers that form transiently during baculovirus gp64-medi-
ated fusion (40). Formation of higher-order oligomers has
been proposed for many viral fusion systems (4, 13, 16, 39, 40).
Upon fusion pore expansion, the higher-order transient oli-
gomers may disperse and transform into unitary six-helix bun-
dles. The transition of the �150-kDa bands to the 100-kDa
band may drive conversion from small, labile fusion pores to
large, robust fusion pores, as has recently been described for
HIV Env (35, 37).

All of the higher-molecular-weight forms of EnvA TM are

stable in at least 2% SDS at 37°C (Fig. 6B, lanes 1 to 5) and in
at least 4 M urea at 37°C (Fig. 6C). We were surprised, how-
ever, to find that the 70- and 150-kDa bands appear to be more
stable than the �150- and 100-kDa bands if gel samples are
prepared at �80°C in 0.1% SDS. Six-helix bundle cores (lack-
ing transmembrane domains and fusion peptides) are highly
stable at elevated temperatures in aqueous solutions. How-
ever, to our knowledge, there have not been studies comparing
the stability of prehairpin and hairpin conformations of intact
class I viral fusion proteins in SDS. The apparent persistence
of the prehairpin forms of EnvA TM (70- and 150-kDa bands)
on SDS gels of low-pH-treated samples (which may be exag-
gerated by the apparent hyperreactivity of the 70- and 150-kDa
bands on our immunoblots; see Results) may indicate that not
all EnvA TM prehairpins convert to hairpin conformations.
Remaining prehairpins may help buttress fusion pores, as has
recently been modeled for HIV Env (37).

We have observed that ASLV particles can reach the lipid-
mixing stage of fusion with target cells at neutral pH (drawing
d in Fig. 7B) and that lipid mixing, but not target bilayer
association, can be inhibited by peptide R99 (18). However, we
have not visualized an EnvA TM species (on an SDS gel) that
is inhibited by peptide R99 and that forms following interac-
tion with receptor at neutral pH and T � RT. We therefore
propose that there is a species, designated L in Fig. 7A, that
mediates the lipid-mixing stage of virus-cell fusion. Species L
(for lipid mixing) could be one or more of the �150-kDa
species that are unstable in 0.1% SDS without prior treatment
with a low pH, CPZ, or an elevated temperature. Alternatively,
lipid-mixing species L could be a distinct conformation of
EnvA TM, such as that depicted in drawing d of Fig. 7B (which
is not stable in 0.1% SDS). As drawn, the C helices in species
L make trimeric contacts with each other (perhaps as in the
metastable trimer). Such trimeric contacts would have to be
broken so that the three C helices could pack individually into
the grooves of the N-terminal end of the coiled coil (as in
drawings e and f). Breaking of such trimeric contacts, and
transiting to a symmetric conformation such as that shown in
drawing e, could be an energy-requiring step that may be
facilitated by a low pH, an elevated temperature, or CPZ.
Multiple sequences within the C helix (23, 41), within the
disulfide-bonded chain reversal region (36, 54), within the
transmembrane (35, 59) and juxtamembrane (53) regions, and
within the cytoplasmic tail (see below), could influence the
d-to-e transition.

Physiological relevance of the two-step fusion process. We
have previously shown that receptor activation can cause
ASLV to reach the lipid-mixing stage of virus-cell fusion
(drawing d in Fig. 7B) at neutral pH (18). The data presented
here are consistent with a need for subsequent exposure to a
low pH, presumably after endocytosis, to complete the fusion
process (15, 45, 46). Several important questions remain re-
garding this novel two-step fusion process. First, although it is
likely, it is still unclear if a low pH is the true cellular trigger for
the second step of fusion. The strongest evidence of a need for
a low pH is that the continued presence of 10 nM bafilomycin,
an inhibitor of the endosomal H�-ATPase, blocks the produc-
tion of reverse transcripts from incoming ASLV-A particles
(Matsuyama, Earp, and White, unpublished). However, in ad-
dition to its effect on endosomal acidification, bafilomycin can
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interfere with membrane trafficking events, such as movement
from early to late endosomes (3, 11).

A second important question is why a virus would have
evolved to interrupt its fusion process midstream (i.e., at the
lipid-mixing stage). Perhaps ASLV evolved the two-step mech-
anism to deliver viral cores to a specific location in the target
cell, for example, below the cortical cytoskeleton and close to
the nucleus (32), as a means to increase the efficiency of re-
verse transcription or subsequent steps of replication. Other
receptor-activated viruses (e.g., HIV) appear to have evolved
specific proteins (e.g., Nef) to accomplish this topological task
(8, 61). A need for a low pH for virus-cell fusion may also have
evolved as a mechanism to prevent extensive cell-cell fusion of
infected EnvA expressing cells at neutral pH. In the case of
murine retroviruses, syncytium formation is inhibited by the
presence of an extended cytoplasmic tail sequence that is pro-
teolytically processed by the viral protease, during viral bud-
ding, to activate virus-cell fusion activity (1, 5, 34, 43, 49, 60).
Interestingly, the fusion activity of a paramyxovirus F protein
that has a long cytoplasmic tail was recently shown to be
activated either by experimental truncation of the cytoplasmic
tail or by exposure to a low pH (55). In both cases, specific
sequence motifs within the cytoplasmic tail appear to influence
the fusion phenotype (34, 56, 60). The cytoplasmic tails of
other class I viral fusion proteins also seem to modulate late
stages of fusion (17, 19, 21, 30, 31).

A third important question is whether this two-step fusion
process is unique to avian retroviruses or whether it is used by
other viruses. It has recently been shown that two other retro-
viruses, foamy virus (48) and mouse mammary tumor virus
(MMTV) (50), show reduced infectivity in the presence of
lysosomotropic agents. The receptor for foamy virus is not
known, but the receptor for MMTV is the transferrin receptor
(50), whose trafficking pathway through low-pH endosomes
has been extensively characterized. It will be interesting to
determine if interaction between transferrin receptor and
MMTV Env, at the cell surface at neutral pH, induces confor-
mational changes in MMTV Env that are prerequisites for
subsequent low-pH-induced conformational changes that me-
diate later stages of fusion.

In conclusion, the results of our study have led to a model
(Fig. 7) in which receptor and a low pH act sequentially to
form distinct conformations of EnvA that mediate specific
stages of fusion. To our knowledge, this represents the first
biochemical identification of a series of distinct prehairpin and
hairpin conformations for a class I viral fusion protein. The
major significances of this study are (i) that it lends support to
the notion that avian retroviruses use a novel two-step fusion
process (45) and (ii) that it provides a framework for future
investigations. With this framework in hand, one can evaluate
the precise mechanistic role of a low pH in ASLV-A fusion and
entry. Furthermore, our studies suggest that ASLV-A will be
an ideal model virus with which to independently study the
molecular mechanisms of early and late stages of fusion.
Lastly, one should be able to use similar biochemical ap-
proaches to test whether other viruses use this novel two-step
fusion process, i.e., receptor activation at neutral pH followed
by a low-pH completion step.
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