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We recently reported that Tva, the host cell receptor for subgroup A avian leukosis and sarcoma viruses,
binds specifically to the subgroup A envelope glycoprotein (Env-A) (J. M. Gilbert, P. Bates, H. E. Varmus, and
J. M. White, J. Virol. 68:5623-5628, 1994). Here we have tested the hypothesis that binding of Tva causes
conformational changes in Env-A that correlate with its conversion from a fusion-inactive to a fusion-active
state. Conformational changes were examined by both a proteolysis and an immunoprecipitation assay. A
temperature-dependent conformational change, demonstrated by the generation of a specific thermolysin
digestion product of the surface (SU) subunit, occurred when a soluble form of Tva (sTva) was incubated with
Env-A. sTva did not induce this conformational change in Env-C or in a noninfectious precursor form of Env-A,
Env-A CL. However sTva did induce the conformational change in Env-A CL that had been pretreated in vitro
to produce the SU and transmembrane (TM) subunits. Moreover, interaction of Tva with Env-A at 25°C, but
not at 4°C, appeared to reveal a previously buried segment of the putative fusion peptide of Env-A. Our results
suggest that binding of Tva to Env-A results in specific conformational changes in the Env-A glycoprotein that

are relevant to the activation of its fusion function.

To infect a cell, a virus must first bind to the cell surface (17,
28). For enveloped viruses, this task is accomplished by trans-
membrane glycoproteins that project from the viral membrane
(21). The next stage in the life cycle of an enveloped virus is
fusion with a cellular membrane. For the well-characterized
influenza virus, fusion occurs with the endosomal membrane in
response to low pH. Biochemical and biophysical studies with
the influenza virus hemagglutinin (HA) have shown that when
the HA protein is exposed to low pH, the protein undergoes
dramatic conformational changes (3, 32). These alterations
transform HA into an active fusion protein. Studies indicate
that the conformation changes occur in two steps (33). In the
first step, the previously buried fusion peptides are exposed; in
the second step, the globular head domains separate substan-
tially from one another (2, 10, 13, 33). The low-pH form of HA
interacts with membranes since it is energetically unfavorable
for the exposed hydrophobic fusion peptides to exist in an
aqueous environment. Interaction of the fusion peptides with
the target membrane initiates membrane fusion (11, 25, 26).

Unlike influenza virus, most retroviruses, including the avian
leukosis and sarcoma viruses (ALSV), enter cells in a pH-
independent fashion (9, 18, 19, 27). Very little is known about
the molecular mechanisms of proteins that mediate fusion at
neutral pH. It is thought that interactions between neutral-pH
fusion glycoproteins and their receptors, perhaps with the aid
of additional fusion factor(s), trigger conformational changes
that convert them to their fusogenic forms (28, 30, 31). By
analogy with HA, such conformational changes would include
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release of the hydrophobic fusion peptides from the interior of
the fusion protein oligomer. Support for the hypothesis of
receptor-induced conformational changes in neutral-pH fusion
proteins has come from studies on the human immunodefi-
ciency virus (HIV), another pH-independent retrovirus. It has
been shown that binding of CD4 to the HIV envelope glyco-
protein (Env) results in changes in the reactivity of Env with
specific monoclonal antibodies (20, 24) as well as changes
proteolytic susceptibility (23). However, the significance of
these CD4-induced changes for the fusion activity of the HIV
Env are not yet clear (15, 24, 28, 31, 35).

Previously it has been demonstrated that Rous sarcoma vi-
rus (RSV), a member of the ALSV family, infects host cells in
a pH-independent fashion (9). It was shown that although the
virus could bind to host cells at 4°C, fusion would occur only at
temperatures greater than 22°C. These studies concluded that
there must be postbinding, temperature-dependent changes in
order for RSV to fuse with host cells.

The cDNA encoding a receptor for subgroup A ALSV,
denoted Tva (for tumor virus a), was recently cloned (1a, 36)
and shown to be the product of the genetic locus (tva) confer-
ring susceptibility to infection by subgroup A ALSV (1). The
predicted amino acid sequence of Tva indicates that it encodes
a small transmembrane protein in which the extracellular do-
main contains a region that has similarity to the ligand binding
domain of the low density lipoprotein receptor (la). Cells
transfected with tva become susceptible to infection by sub-
group A ALSV. We have recently shown that Tva binds spe-
cifically to the subgroup A envelope glycoprotein, Env-A (7).
Importantly, this specific binding does not disrupt the Env-A
oligomer (6a, 7). In addition, a soluble form of Tva binds to
subgroup A viruses and blocks the ability of subgroup A viruses
to infect susceptible host cells (4). This subgroup specificity
indicates that Tva is the primary virus receptor for subgroup A
ALSVs.

In this study, we investigated whether the interaction be-
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tween Env-A and its receptor, Tva, results in conformational
changes in the Env-A glycoprotein that are related to the
activation of its fusion function. We analyzed conformational
changes by examining differences in proteolytic susceptibility
and anti-fusion peptide antibody reactivity. Our results support
a model in which interaction of Tva with Env-A elicits time-
and temperature-dependent conformational changes that are
relevant to the fusion activity of Env-A.

MATERIALS AND METHODS

Recombinant DNA. The plasmids containing cDNAs encoding either Env-A or
the C subgroup envelope glycoprotein (Env-C) of RSV were subcloned into the
vector pCB6 as described previously (7). The dibasic cleavage site of Env-A was
altered by introducing two amino acid changes as described by Perez and Hunter
for Env-C (amino acids 338 and 340 of the mature surface [SU] subunit; RRKR
to RSKE [22]) by site-directed mutagenesis (14). This construct is referred to as
Env-A CL. The subgroup A receptor, Tva, and the secreted form of Tva, sTva,
are as described in reference 7.

Tissue culture. Stable NIH 3T3 cell lines were established by transfection of
constructs by the CaPO,-DNA coprecipitation method (34) and selection of
Geneticin (Gibco, Grand Island, N.Y.)-resistant colonies as described previously
(7). To induce higher levels of protein expression (7), cells were treated with
sodium butyrate for 16 h: 25 mM for Env-A and Env-C, 10 mM for Tva, and 5
mM for Env-A CL.

Antibodies and reagents. The rabbit polyclonal antisera against the carboxyl-
terminal cytoplasmic tails of Env-A and Env-C are as described previously (7).
Polyclonal antibodies against a synthetic peptide corresponding to the putative
fusion peptide of the ALSV envelope glycoprotein (amino acids 22 to 37 of the
TM domain) were raised in rabbits. Three separate peptides (peptide 2, amino
acids 22 to 30; peptide 3, amino acids 27 to 35; and peptide 4, amino acids 29 to
37) comprising overlapping segments of the fusion peptide sequence were indi-
vidually prepared and coupled to cyanogen bromide-activated Sepharose CL-4B
(Sigma Chemical Company, St. Louis, Mo.) as instructed by the manufacturer.
Anti-fusion peptide antibodies were affinity purified against each of these pep-
tides and are referred to as fusion peptide antibodies 2, 3, and 4 (see Fig. 5A).

Cell surface labeling, immunoprecipitation, and coimmunoprecipitation. Af-
ter overnight induction with sodium butyrate, cells expressing Env-A, Env-A CL,
Env-C, or Tva were labeled with the membrane-impermeant biotinylation re-
agent NHS-LC-biotin (Pierce Chemical Company, Rockford, Ill.), and proteins
were immunoprecipitated (or coimmunoprecipitated) as described previously
(7). Immunoprecipitates were washed and then processed for sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (7) at the indicated
acrylamide concentration or were used for thermolysin digestion assays (see
below). Following electrophoresis, proteins were transferred to nitrocellulose
(Schleicher & Schuell, Keene, N.H.) and probed with streptavidin coupled to
horseradish peroxidase (Pierce) to detect biotinylated proteins. The horseradish
peroxidase signal was detected by enhanced chemiluminescence (Amersham,
Arlington Heights, I1l.) (8). All autoradiographs were scanned with a model
UCI1260 UMAX scanner. The figures were prepared by using the Photoshop and
Canvas programs.

Sucrose gradient centrifugation. For sucrose density gradient centrifugation, a
cell lysate containing biotinylated Env-A CL was loaded onto a 10 to 30% linear
sucrose gradient in N-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES;
Sigma)-buffered saline containing 40 mM octylglucoside and centrifuged in an
SW41 rotor for 17 h at 275,000 X g. The gradient was fractionated and processed
for the detection of Env-A CL protein as described previously (8).

Thermolysin digestion assay. For thermolysin digestion assays, biotinylated
cell lysates containing Env glycoproteins were immunoprecipitated with the
relevant anti-cytoplasmic tail antibodies, washed, and then incubated with 12.5 pl
of sTva (0.25 pg of total protein) or an equal protein concentration of supple-
mented calf serum (determined by modified Lowry assay [16]) in a final volume
of 50 pl of lysis buffer (HEPES-buffered saline containing 1% Nonidet P-40
[Sigma]). Samples were incubated first at 4°C for 30 min and then at 4, 22, or
37°C for the indicated times. Samples were then washed three times in cold lysis
buffer, resuspended in cold lysis buffer containing thermolysin (15 pwg/ml unless
indicated otherwise; Sigma) and 100 pM CaCl,, and digested for 20 min at 4°C.
The reactions were stopped by addition of excess lysis buffer containing 1 mM
EDTA. The samples were then processed for SDS-PAGE as described previ-
ously (7). .

Precleavage of Env-A CL. Cells expressing Env-A CL were biotinylated with
NHS-LC-biotin, lysed, and immunoprecipitated with the anti-Env-A cytoplasmic
tail antibody as described above. The immunobead complexes were washed four
times with cold lysis buffer and then incubated at 4°C with 50 wg of thermolysin
per ml for 60 min. The reaction was quenched by washing the bead complexes
with cold lysis buffer containing 2 mM EDTA.
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FIG. 1. Thermolysin digestion of Env-A and Env-C in the absence and pres-
ence of sTva. Cells expressing Env-A (A) or Env-C (B) were cell surface bioti-
nylated with NHS-LC-biotin, lysed, immunoprecipitated with the appropriate
anti-Env cytoplasmic tail antibodies, and then washed. Samples were incubated
with either bovine serum protein (—; lanes 2, 4, and 6) or sTva (+; lanes 3, 5, and
7) at 4°C for 30 min and then at the indicated temperature for 30 min. At this
time, the samples were digested with thermolysin on ice as described in Materials
and Methods for the thermolysin digestion assay. Samples were subjected to
SDS-PAGE (11% acrylamide) and transferred to nitrocellulose, and biotinylated
proteins were detected by enhanced chemiluminescence as described in Mate-
rials and Methods. The SU and TM subunits and SU* migrate as indicated.
Control, undigested Env-A (A) and Env-C (B) are shown in lanes 1.

RESULTS AND DISCUSSION

sTva induces a specific thermolysin digestion product in
Env-A but not in Env-C. To address whether the binding of
Tva induces any conformation changes in Env-A, we per-
formed a series of proteolysis studies. Differences in proteo-
lytic susceptibility have been used to demonstrate conforma-
tional changes in a variety of proteins (5, 6). For example, the
low-pH form of HA differs from native HA in susceptibility to
digestion with trypsin, thermolysin, and proteinase K (5, 29).
For experiments with Env, biotinylated Env-A and Env-C were
immunoprecipitated from cell lysates with the appropriate an-
ti-cytoplasmic tail antibodies. The washed precipitates were
then incubated with either sTva or an equal amount of bovine
serum protein, as a negative control, for 30 min at 4°C to allow
binding of Env-A to sTva. Previous experiments showed that
with this amount of sTva, complete binding to Env-A occurs
within 10 min at 4°C (data not shown). Following binding,
samples were incubated for an additional 30 min at the indi-
cated temperature, placed on ice, and then digested with the
protease thermolysin. A specific proteolytic fragment was pro-
duced in samples of Env-A (Fig. 1A, lanes 3, 5, and 7) but not
of Env-C (Fig. 1B, lanes 3, 5, and 7). No proteolysis occurred
in the absence of sTva (Fig. 1A and B, lanes 2, 4, and 6), and
no proteolysis occurred when Env-A and sTva were incubated
in the absence of thermolysin (data not shown). The cleavage
product clearly results from the digestion of the SU (~80-kDa)
subunit of Env-A, since the observed mobility of the band (~50
kDa) is greater than the that of TM (~37-kDa) subunit. Ac-
cordingly, we refer to this cleavage product as SU*. The ex-
pected corresponding fragment, ~32 kDa, is not seen. Upon
examination of the material released from the immunobead
complexes during the thermolysin digestion assay, a 32-kDa
band, SU**, is detected (not shown). The production of SU*
was substantially greater in Env-A samples that had been in-
cubated with sTva at 37°C than in samples incubated at 22 or
4°C (Fig. 1A, lanes 3, 5, and 7). When incubations were per-
formed with two- to fivefold-lower concentrations of sTva,
correspondingly less SU* was produced (data not shown). Di-
gestions performed with either higher or lower concentrations
of thermolysin (0.15 to 45 pg/ml) did not result in the produc-
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FIG. 2. Time course of SU* production. Biotinylated Env-A was immuno-
precipitated and washed as described in Materials and Methods. Samples were
then incubated with either bovine serum protein (lanes 1 to 6) or sTva (lanes 7
to 12) at 4°C for 30 min and then at 37°C for the indicated times. Samples were
digested with thermolysin on ice as described in Materials and Methods, sub-
jected to SDS-PAGE (11% acrylamide), and transferred to nitrocellulose, and
biotinylated proteins were detected as described in the legend to Fig. 1. The SU
and TM subunits and SU* migrate as indicated.

tion of either more SU* or any additional sTva-specific bands.
At the highest concentration of thermolysin tested (45 pg/ml),
nonspecific, sTva-independent digestion of the SU subunit was
observed (data not shown).

Time dependence of SU* formation. To examine the time
dependence of SU* formation, biotinylated Env-A was immu-
noprecipitated with anti-Env-A cytoplasmic tail antibodies,
washed, and then incubated with either sTva (Fig. 2, lanes 7 to
12) or bovine serum protein (Fig. 2, lanes 1 to 6) at 4°C for 30
min. Samples were then incubated at 37°C for times ranging
from 0 to 60 min. The samples were then placed on ice and
digested with thermolysin for 20 min. When Env-A was incu-
bated with sTva at 37°C, SU* was produced in a time-depen-
dent fashion. SU* was visible within 5 min of incubation at
37°C and reached an apparent maximum within 45 min (Fig. 2,
lanes 8 and 11, respectively). SU* was not detected when
Env-A was incubated with bovine serum protein rather than
sTva (Fig. 2, lanes 1 to 6). The levels of SU* produced when
Env-A was incubated with sTva at either 4 or 22°C for 30 min
before digestion with thermolysin (Fig. 1A, lanes 3 and 5)
seemed to be lower than the levels seen when Env-A was
incubated with sTva for S min at 37°C (Fig. 2, lane 8). Thus, the
sTva-induced conformational change in Env-A appears to oc-
cur more rapidly at 37°C than at temperatures less than or
equal to 22°C. This result correlates well with our previous
finding that fusion of RSV (a member of the ALSV family)
with chicken embryo fibroblasts occurs only at temperatures
greater than 22°C (9). Thus, our results indicate that the extent
of the observed conformational change in Env-A (production
of SU*) is significantly greater under conditions that are per-
missive for viral fusion.

Expression and characterization of Env-A CL. To substan-
tiate that the digestion product, SU*, was the result of a fusion-
related conformational change and not simply due to a binding
interaction between Env-A and sTva at elevated temperatures,
we created an uncleaved form of Env-A similar to that de-
scribed by Perez and Hunter for Env-C (22). This form of
Env-A, Env-A CL, has two of the four amino acids within its
dibasic cleavage site changed such that the processing in vivo
from the precursor form, Pr95, to the mature disulfide-bonded
subunits, SU and TM, is markedly diminished (Fig. 3A). Sim-
ilar to Env-A, Env-A CL is expressed at the cell surface as a
trimer (Fig. 3B) when examined by sucrose gradient density
centrifugation (8). Like Env-A, Env-A CL is also capable of
binding Tva, as demonstrated by a coimmunoprecipitation as-
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FIG. 3. (A) Cell surface expression. Cell surface-biotinylated Env-A (lane 1)
or Env-A CL (lane 2) was immunoprecipitated and washed as described for Fig.
2. Samples were subjected to SDS-PAGE (9% acrylamide) and transferred to
nitrocellulose, and biotinylated proteins were detected as described in the legend
to Fig. 1. The uncleaved molecule, Env-A CL (A), and the SU and TM
subunits migrate as indicated. (B) Sucrose density centrifugation. Biotinylated
Env-A CL was subjected to sucrose density centrifugation on a 10 to 30% linear
sucrose gradient containing 40 mM octylglucoside. Fractions were collected,
immunoprecipitated, subjected to SDS-PAGE (9% acrylamide), and transferred
to nitrocellulose. Biotinylated proteins were detected as described in the legend
to Fig. 1. Env-A CL migrates as indicated, with the peak in fraction 13. This is
very similar to the migration of the wild-type Env-A transmembrane glycoprotein
(8). Lane 1 contains the lightest fraction; lane 23 contains the heaviest fraction.
(C) Interaction with Tva. Cells expressing either Tva or parental NIH 3T3 cells
were cell surface biotinylated and lysed. Unlabeled lysates of cells expressing
Env-A CL were mixed with lysates of either biotinylated Tva-expressing cells
(lane 1) or NIH 3T3 cells (lane 2) and then immunoprecipitated with anti-Env-A
cytoplasmic tail antibodies. Samples were subjected to SDS-PAGE (9% acryl-
amide) and transferred to nitrocellulose, and biotinylated proteins were detected
as described in the legend to Fig. 1. Tva migrates as two major heterogeneous
bands (7), as indicated. The Env A cytoplasmic tail antibody does not precipitate
Tva in the absence of Env A protein (not shown).

say (Fig. 3C). However, when the Env-A CL mutant was in-
corporated into virions, the particles produced were 4 orders of
magnitude less infectious than virions with Env-A. Therefore,
the Env-A CL mutant is transported to the cell surface as an
oligomer (8) and can bind to the ALSV receptor, but Env-A
CL cannot undergo subsequent steps that are necessary for
genome penetration.

sTva does not induce a conformational change in the Env-A
precursor, Env-A CL. Since Env-A CL is able to bind Tva but
cannot infect cells, we predicted that Env-A CL is defective in
postbinding, fusion-related conformational changes. To test
this hypothesis, biotinylated Env-A CL was immunoprecipi-
tated with anti-Env-A cytoplasmic tail antibodies and then
washed. Following incubation with either sTva or control bo-
vine serum protein for 30 min at 4°C, to allow binding, the
samples were incubated at 4, 22, or 37°C for 30 min. Samples
were then digested with thermolysin for 20 min on ice. No SU*
was detected in any of the samples (Fig. 4A), although a band
that ran at approximately 85 kDa was seen in all samples (see
below). These results suggest that the production of SU* in
Env-A is not simply the result of binding of sTva at 37°C, since
both Env-A and Env-A CL bind sTva. Therefore, the appear-
ance of SU* is indicative of a postbinding conformational
change that does not occur in the uncleaved, noninfectious
precursor, Env-A CL.

Production of SU* from thermolysin preactivated Env-A
CL. During the course of these experiments, we noted that
incubation of Env-A CL with 15 pg of thermolysin per ml for
30 min at 4°C (in the absence or presence of sTva; Fig. 4A)
resulted in partial cleavage of Env-A CL to a lower-molecular-



VoL. 69, 1995

A. B.
4°C 22°C  37°C
sTva O - + - + - + sTva -+
1 2 4 6 7 1 2 3 4 5
<+—Ir95 ... - <—ros

- ..‘. ‘<—SU

. . v

FIG. 4. Thermolysin digestion of Env-A CL in the absence and presence of
sTva. (A) Untreated Env-A CL. Cells expressing Env-A CL were cell surface
biotinylated, lysed, immunoprecipitated, and washed. Samples were incubated
with either bovine serum protein (—; lanes 2 to 6) or sTva (+; lanes 3 to 7) at 4°C
for 30 min and then at 4, 22, or 37°C for 30 min and subsequently digested with
thermolysin on ice as described in Materials and Methods. Samples were sub-
jected to SDS-PAGE (11% acrylamide) and transferred to nitrocellulose, and
biotinylated proteins were detected as described in the legend to Fig. 1. The
uncleaved precursor and SU subunit migrate as indicated. Control, undigested
Env-A CL is shown in lane 1. (B) Thermolysin-pretreated Env-A CL. Biotiny-
lated Env-A CL was immunoprecipitated, washed, and then-precleaved by treat-
ment with 50 pg of thermolysin per ml for 60 min on ice. After addition of
EDTA, samples were washed extensively and incubated with either bovine serum
protein (—; lane 4) or sTva (+; lane 5) at 4°C for 30 min and then at 37°C for 30
min. Samples were then digested with thermolysin on ice for 20 min as described
in Materials and Methods. Samples were subjected to SDS-PAGE (11% acryl-
amide) and transferred to nitrocellulose, and biotinylated proteins were detected
as described in the legend to Fig. 1. The uncleaved precursor, Pr95, the SU and
TM subunits, and SU* migrate as indicated. A nonspecific breakdown product of
SU, which migrates at approximately 70 kDa, is seen in Env-A CL samples
preactivated with thermolysin. The intensity of the 70-kDa band varies from one
preparation to another. Control Env-A, undigested Env-A CL, and thermolysin-
preactivated Env-A CL are shown in lanes 1, 2, and 3, respectively.

weight form that comigrated with SU. This was not unexpected
for two reasons: (i) the SU/TM cleavage site must be exposed
in the precursor form of the molecule, and (ii) at either side of
the native cleavage site, there are residues that fit the speci-
ficity of thermolysin. Furthermore, a band corresponding ap-
proximately to the size of the TM subunit is observed on longer
exposures. Env-A CL could also be cleaved to SU and TM with
trypsin (22), but the amount of protein recovered was lower
than in digestions performed with thermolysin. In subsequent
experiments, we found that treatment of Env-A CL with higher
concentrations of thermolysin (50 pg/ml at 4°C, in the absence
of sTva) resulted in greater cleavage of Env-A CL. Three
bands were seen in all samples of thermolysin-activated Env-A
CL: the uncleaved Env-A CL, one that comigrated with SU,
and one that migrated slightly faster than TM (Fig. 4B, lanes 1
and 3). If thermolysin cleaves Env-A CL at a site more carboxyl
proximal to the native cleavage site, the predicted molecular
weight of TM would be decreased. The concomitant increase
in molecular weight to SU would not be detected under our
SDS-PAGE conditions. We next examined whether, like
Env-A, thermolysin-activated Env-A CL could undergo a con-
formational change upon interaction with sTva. Biotinylated
Env-A CL was immunoprecipitated, washed, and then treated
at 4°C with 50 pg of thermolysin per ml to precleave Env-A CL
to its mature form. The thermolysin digestion was quenched by
the addition of EDTA, and following extensive washing, the
samples were incubated with or without sTva at 37°C and then
processed as described above. When thermolysin-activated
Env-A CL was incubated in the presence of sTva at 37°C, SU*
was detected (Fig. 4B, lane 5). No SU* was produced when

RECEPTOR-INDUCED CONFORMATIONAL CHANGES IN Env-A 7413

A. B.
1 2 3 4
RSV Fusion Peptide:
22 37
IFASILAPGVAAAQAL ;
#2 SHow
o8

N ——

88

- .-
Tva '
&

1] m———— ——

FIG. 5. Reactivity of Env with anti-fusion peptide antibodies. (A) Sequence
of the putative fusion peptide of Env and constituent peptides. Amino acid
sequences of the putative fusion peptide of RSV Env (amino acids 22 to 37 of the
TM subunit) and the peptides used for antibody purification. (B) Tva and Env-A
coimmunoprecipitate with anti-fusion peptide 4 antibody at 25°C but not at 4°C.
Cells expressing Tva were cell surface biotinylated and mixed with unlabeled
lysates of cells expressing Env-A (lanes 1 and 2) or Env-C (lanes 3 and 4).
Samples were incubated at either 4°C (lanes 1 and 3) or 25°C (lanes 2 and 4) for
60 min and then immunoprecipitated with anti-fusion peptide antibody 4 as
described in Materials and Methods. Samples were then subjected to SDS-
PAGE (9% acrylamide) and transferred to nitrocellulose, and biotinylated pro-
teins were detected as described in the legend to Fig. 1. Tva migrates as two
major heterogeneous bands, as indicated. The higher-molecular-weight bands in
lanes 3 and 4 are nonspecific. If biotinylated lysates from NIH 3T3 cells are
mixed with unlabeled Env-C lysates and immunoprecipitated with either peptide
4 antibodies or anti-Env-C cytoplasmic tail antibodies, these same bands are
precipitated (data not shown).

activated Env-A CL was incubated without sTva (Fig. 4B, lane
4). Minimal SU* was produced in samples incubated with sTva
at 4 or 22°C (data not shown). An additional band (~70 kDa)
was seen in samples treated with or without sTva. The occur-
rence and intensity of this non-sTva-specific digestion product
varied in different experiments. Our results indicate that the
Env-A CL molecule can be activated in vitro and that it can
subsequently undergo an sTva-induced conformational change
similar to that of its wild-type counterpart. These results imply
that Env must first be processed to its mature form in order to
undergo a Tva-induced conformational change in the SU sub-
unit.

Studies with antibodies against the putative fusion peptide.
RSV binds to the host cell surface at 4°C but fuses only when
the temperature is raised above 22°C (9). We hypothesize that
while some Tva-induced structural rearrangements in Env may
occur at 4°C, the transformation of Env to its fusogenic form,
with exposed fusion peptides, can be completed only at tem-
peratures above 22°C. In the case of influenza virus HA, the
apolar fusion peptides are sequestered in the interior of the
trimer until conformational changes are initiated by exposure
to low pH (3, 10, 13, 33). By analogy, we examined whether the
putative fusion peptide of Env-A is exposed following interac-
tion with Tva at temperatures greater than 22°C. For this
purpose we generated anti-peptide antibodies against the pu-
tative fusion peptide of RSV, amino acids 22 to 37 of the TM
subunit (12) (Fig. SA). This sequence is absolutely conserved
between Env-A and Env-C. The anti-fusion peptide antibodies
were then affinity purified, separately, against three distinct but
overlapping peptides that span the length of the fusion peptide
region (Fig. 5A). The resulting antibodies were tested for the
ability to immunoprecipitate Env-A or Env-C in the absence
and presence of 0.1% SDS. If, as postulated, segments of the
fusion peptides are buried in the native structure, then anti-
bodies to these epitopes should immunoprecipitate Env-A or
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Env-C only following SDS denaturation. Antibodies purified
against peptide 2 reacted with native Env since they immuno-
precipitated Env-A and Env-C in the absence of SDS. Anti-
bodies purified against peptide 3 did not immunoprecipitate
Env-A or Env-C under any conditions examined. In contrast,
antibodies purified against peptide 4 precipitated Env-A and
Env-C but only in the presence of SDS (data not shown).
These results indicated that the anti-peptide 4 antibodies
react with an epitope that is buried in the native Env oli-
gomer.

Coimmunoprecipitation of Tva with anti-fusion peptide 4
antibody. To examine whether the cryptic peptide 4 epitope is
exposed upon binding of Tva to Env-A, we performed a coim-
munoprecipitation assay. Cell lysates containing biotinylated
Tva were mixed with lysates from an equal number of unbioti-
nylated Env-A- or Env-C-expressing cells and then incubated
for 1 h at either 4 or 25°C. The samples were then immuno-
precipitated with affinity-purified anti-peptide 4 antibodies and
analyzed for the presence of coimmunoprecipitated, biotiny-
lated Tva. Tva was detected in precipitates that had been
incubated with Env-A at 25°C but not at 4°C (Fig. 5B, lanes 1
and 2). Antibodies to peptide 4 did not coimmunoprecipitate
Tva in the samples incubated with Env-C at either 4 or 25°C for
1 h (Fig. 5B, lanes 3 and 4). Tva, itself, is not immunoprecipi-
tated by antibodies to peptide 4 (data not shown). We have
previously demonstrated that Env-A forms a discrete and sta-
ble subgroup-specific complex with Tva at 4°C (7). The finding
that the peptide 4 epitope is not exposed when the Env-A-Tva
complex is formed at 4°C (Fig. 5B, lane 1) but is exposed when
the complex is incubated at 25°C (Fig. 5B, lane 2) indicates that
the accessibility of the peptide 4 epitope, a segment of the
candidate RSV Env fusion peptide, correlates with the acqui-
sition of fusion competence at temperatures greater than 22°C
9).

Summary. The best-characterized fusion glycoprotein, the
influenza virus HA, functions at low pH (reviewed in reference
32). Fusion-inducing conformational changes in HA include
the release of the hydrophobic fusion peptides from the trimer
interface (3, 10, 13, 33). Many other viruses, including most
retroviruses, fuse at neutral pH (9, 18, 19, 27). We and others
have hypothesized that an interaction between a retroviral Env
glycoprotein and its host cell receptor triggers structural
changes necessary to induce fusion (28, 30, 31), but such a
mechanism has not yet been demonstrated unequivocally in
any case. We have previously documented a specific biochem-
ical interaction between Env-A and its receptor, Tva (7). The
Env-A in this complex remains oligomeric and intact (7); there
is no shedding of the SU subunit as is seen upon binding of
soluble CD4 to the Env glycoproteins of certain strains of HIV
(24). In this study, we provide the first evidence that the inter-
action between Tva and Env-A at fusion-permissive tempera-
tures induces specific conformational changes in both subunits
of Env-A: a conformational change in the SU subunit was
detected by the generation of a specific proteolytic digestion
product, SU*; a conformational change in the TM subunit was
detected as the exposure of a -segment of the putative fusion
peptide. Collectively, our results indicate that binding of the
subgroup A receptor, Tva, to Env-A results in conformational
changes in Env-A that are relevant to its fusion function. Since
sTva alone is sufficient to cause these observed changes in
Env-A, additional host factors may not be required to elicit
fusion-inducing conformational changes in the ALSV Env gly-
coprotein.
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