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The retrovirus avian sarcoma and leukosis virus (ASLV) enters cells via pH-independent membrane fusion.
This reaction is catalyzed by the viral glycoprotein Env, composed of a membrane-distal subunit, SU, and a
membrane-anchored subunit, TM. Previous mutational analysis of a variable region, central within the SU
subunit, indicates that this region constitutes part of the receptor-binding domain for subgroup A envelope
(EnvA) and furthermore that basic residues (R210, R213, R223, R224, and K227) within this region are critical
determinants of efficient ASLV infection. Substitutions of these basic residues exert effects on both receptor
binding and postbinding events in EnvA-mediated entry. In this study, we performed biochemical analysis of
the EnvA protein from three of the receptor-binding domain mutants (R213A/K227A, R213A/R223A/R224A,
and R213S) to define the role of this domain in early molecular events in the entry pathway. Protease sensitivity
assays demonstrated that receptor binding was sufficient to trigger conformational changes in the SU subunit
of mutants R213A/K227A and R213S similar to those in the wild-type EnvA, while R213A/R223A/R224A was
constitutively sensitive to protease. In contrast, all three receptor-binding domain mutants disrupted receptor-
triggered conversion of EnvA to an active, membrane-binding conformation as assessed by liposome flotation
assays. Our results demonstrate that mutations in the receptor-binding site can dissociate receptor-triggered
conformational changes in the SU subunit from membrane binding. Furthermore, they suggest that commu-
nication between the receptor-binding subunit, SU, and the fusogenic subunit, TM, is crucial for efficient
activation of the fusogenic state of EnvA. Analysis of these mutants continues earlier observations that binding
to the cellular receptor provides the trigger for efficient activation of this pH-independent viral envelope

protein.

Viral envelope glycoproteins play two critical roles in the
entry of viruses into cells. They attach the virus to the cell
surface through specific interactions with the host cell recep-
tor, and they catalyze fusion of the viral and host cell mem-
branes. The fusogenic capacity of these proteins is tightly reg-
ulated. Exposure to the appropriate environmental signals
triggers the activation of the glycoproteins, converting them
from the native, nonfusogenic state to an active, fusogenic
state. Upon activation, the viral glycoproteins undergo struc-
tural rearrangements leading to exposure of the hydrophobic
fusion peptide (6, 22, 57) and insertion into the host cell mem-
brane (11, 27, 46, 47), beginning the process of membrane
mixing. Viral glycoproteins can be categorized based on the
nature of the activation signal. Glycoproteins of pH-dependent
viruses, such as the hemagluttinin of influenza virus (HA) or
the G protein of vesicular stomatitis virus, are activated by the
low-pH environment of the endosome encountered following
receptor-mediated endocytosis (6, 37, 55). In contrast, the gly-
coproteins of viruses such as avian sarcoma and leukosis virus
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(ASLV) and the human immunodeficiency virus (HIV) are
fusion active at neutral pH (24, 35, 36, 48). The molecular
mechanisms of pH-independent virus entry are poorly under-
stood; however, current models for this class of viruses and
recent supporting evidence suggest that activation is mediated
by the interactions of the viral glycoprotein and the cellular
receptor(s) (11, 26, 27).

The envelope glycoprotein of ASLV, EnvA, and its cellular
receptor, Tva, provide an amenable and informative model
system for elucidating early molecular events in pH-indepen-
dent virus entry. EnvA, like numerous viral glycoproteins, is
produced as an inactive precursor that is proteolytically pro-
cessed into two subunits, the surface (SU) subunit and the
transmembrane (TM) subunit (31, 39). These subunits are
covalently bound and form stable trimers (17). The SU subunit
of EnvA is responsible for the initial, high-affinity interaction
between ASLV and Tva on the surfaces of host cells (2, 4, 5, 14,
15, 59), while the TM subunit is believed to mediate the fuso-
genic activity of the protein. Receptor binding induces confor-
mational changes in EnvA and converts it to an activated,
membrane-binding state (11, 22, 27). The receptor-triggered
activation of EnvA is cooperative and appears to require bind-
ing of multiple receptor molecules by the trimeric EnvA pro-
tein (11). Once activated, the TM subunit of EnvA is believed
to be tethered to two apposing membranes, the viral mem-
brane through the membrane-spanning domain and the target
cell membrane, most likely through the hydrophobic fusion
peptide. It appears that during or immediately following acti-
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Relative
213 23224 227 Binding Infectivity
wt QVGR QYRC CGNA RSPR GLPE IQCT RRGG K 100% 100%
M20 A A 14% 7%
M21 A AA 11% 5%
M28 S 91% 5%

FIG. 1. Mutations within the RBD of EnvA. The sequence of the hr2 domain in the wild-type protein (wt) is aligned with the sequences of selected mutants, with
the relative binding and infectivity of these mutants, as described previously (42), listed to the right. Basic residues conserved in ASLV (A) are in boldface.

vation, the SU subunit releases the receptor (11, 27), perhaps
allowing for lateral mobility of the membrane-bound TM sub-
unit within the plane of the membrane(s) and subsequent
formation of a multimeric fusion pore. Although Tva is nec-
essary for EnvA activation, it remains to be determined how
receptor binding triggers this process.

Genetic and mutational analyses have partially defined the
receptor-binding domain (RBD) within EnvA. Receptor spec-
ificity maps to two small, highly variable domains, hrl and hr2,
within the SU subunit (4, 5, 14, 15). Comparison of the se-
quences of the five major subgroups of ASLV reveals six con-
served basic residues within the hr2 domain of subgroup A
viruses. Mutational analysis of these residues indicates that five
of the six basic residues (R210, R213, R223, R224, and K227)
are critical for efficient EnvA-mediated entry (42). Two phe-
notypically distinct classes of RBD mutants were identified
previously. The first class includes mutants impaired in the
ability to mediate entry and to bind receptor, exemplified by
the R213A/K227A (M20) and R213A/R223A/R224A (M21)
mutants. A second class, represented by R213S (M28), is com-
petent to bind receptor but is defective for infection, suggest-
ing that this class represents a block in the entry pathway after
receptor binding (Fig. 1). In order to determine how the re-
ceptor-binding site participates in the activation of pH-inde-
pendent viral glycoproteins, we biochemically characterized
the effects of mutations in the RBD on Tva-triggered activa-
tion of ASLV EnvA. We identified receptor-triggered confor-
mational changes in EnvA by examining changes in the pro-
tease sensitivity of SU upon Tva binding and used a liposome
association assay to analyze conversion of TM to a hydropho-
bic, membrane-binding conformation. Our analysis of these
mutants appears to establish a sequence of events during re-
ceptor-triggered activation, with receptor-triggered conforma-
tional changes in SU preceding changes in TM. Mutations in
the RBD physically and temporally uncoupled Tva-induced
conformational changes in SU from fusogenic changes in TM,
indicating that residues in the receptor-binding site of SU are
crucial for transmitting an appropriate activation signal to TM.
These results strengthen a model whereby the RBD is inti-
mately involved in controlling the fusogenic activity of pH-
independent viral glycoproteins and indicate that cross talk
between the envelope subunits (SU and TM) is critical for
efficient receptor-triggered activation.

MATERIALS AND METHODS

Protein production. The plasmids pCB6 envA PI and pCB6 hr2 mutant envA
have been described previously (23, 42). A fragment encoding a nine-amino-acid
epitope tag from the myc gene was inserted at the amino terminus of env4 PI and
designated myc-EnvA PI (18). To generate mutant constructs encoding a glycosyl
phosphatidylinositol (PI)-linked form of EnvA (EnvA PI), Xbal/EcoRI frag-
ments encoding the mutant hr2 domains were subcloned into pCB6myc-envA Pl
vectors. These constructs were designated pCB6 m20 PI, pCB6 m2I PI, etc.,
denoting their PI linkage. Stable NIH 3T3 cell lines were established by CaPO,
transfection (58) and selection with G418 (300 wg/ml; Gibco-BRL). NIH 3T3
cells stably expressing wild-type EnvA PI were generously supplied by J. White

of the University of Virginia. Soluble EnvA PI protein was produced as described
previously, with modifications (11). Cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% bovine calf serum, penicillin (100
U/ml), streptomycin (100 pg/ml), and 300 pg of G418/ml. Subconfluent T150
flasks were induced with sodium butyrate (25 mM) for 16 h. The cells were
incubated with serum-free Dulbecco’s modified Eagle’s medium for 1 h prior to
harvest and then were washed twice with 2X phosphate-buffered saline (PBS)
and one time with Ca®>"- and Mg *-free PBS. PI-linked protein was released in
Ca®*- and Mg?*-free PBS plus protease inhibitors (aprotinin, leupeptin, pep-
statin, and phenylmethyl sulfonyl fluoride [Sigma] with 50 mU of PI-phospho-
lipase C (PLC) (Bochringer Mannheim Biochemica) at 37°C for 60 min. The
supernatants were clarified by centrifugation, and samples were concentrated
approximately 5-fold to 15-fold with a 100K Macrosep centrifugal concentrator
(Filtron). The samples were stored at 4°C. The amounts of soluble envelope
proteins were standardized within twofold of wild-type EnvA PI by quantitative
Western blot analysis with rabbit anti-SU serum and '>I-protein A and by
phosphorimaging. Soluble Tva (sTva) was produced in insect cells (Spodoptera
frugiperda) and purified from cellular supernatants with a nickel affinity chroma-
tography column (2). The proteins were stored at 4°C and diluted to the appro-
priate concentrations in Ca®"- and Mg**-free PBS.

Analysis of oligomeric state. PI-PLC-released protein was layered on a 10 to
30% sucrose gradient in PBS containing Triton X-114 (0.1%). Samples were
centrifuged in an SW41 rotor (Beckman) at 41,000 rpm for 17 h at 4°C. Gradients
were fractionated in 500-pl samples, and proteins were precipitated with trichlo-
roacetic acid as described previously (11) followed by analysis by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.

Protease sensitivity assay. Mutant and wild-type EnvA PI proteins were in-
cubated with or without excess sTva (500 ng) in a total reaction volume of 50 .l
of Ca®"- and Mg>"-free PBS at 4°C for 15 min, shifted to 37°C for 15 min, and
then returned to 4°C. Samples were incubated on ice for 30 min in the presence
of thermolysin (75 ng/pl; Boehringer Mannheim Biochemica) and CaCl, (2
mM). The reactions were immediately terminated by the addition of Laemmli
sample buffer, heated to 95°C for 10 min, and then analyzed by SDS-PAGE and
Western blotting.

Lipids. Phosphatidylcholine from eggs and cholesterol were purchased from
Sigma Biochemicals. Lipids were stored under argon at —80°C as 100-mg/ml
stock solutions in chloroform.

Preparation of liposomes. Liposomes were produced by a modification of the
protocol described previously (32). Briefly, phosphatidylcholine (13 pmol) and
cholesterol (6.5 pmol) in chloroform were mixed at a 2:1 molar ratio and dried
under argon in a round-bottom glass flask. Glass beads and absolute ethyl
alcohol (preheated to 52°C) were added with vortexing. The lipids were dried to
a thin film by heating them to 52°C under a vacuum. Liposomes were generated
by the addition of 0.5 ml of Ca®>*- and Mg?*-free PBS (preheated to 52°C) with
vigorous mixing. The liposomes were sonicated for 60 s in a water bath sonicator
(Heat Systems).

Liposome-binding assays. The liposome-binding assay was a modification of
the protocol described previously (11). EnvA PI was incubated with the indicated
amount of sTva in a final volume of 40 pl of Ca**- and Mg?*-free PBS on ice for
15 min. Liposomes (40 pl; preequilibrated to the indicated temperature) were
added to the samples and incubated for an additional 15 min (unless otherwise
indicated). Samples were placed on ice, and 73% (wt/vol) sucrose in PBS was
added to the protein-liposome mixture to bring it to 50% sucrose. The samples
were overlaid with 150 pl of 40% sucrose and 300 pl of 25% sucrose in a 700-.l
Ultra-clear (Beckman) centrifuge tube. After centrifugation at 269,000 X g for
3 h at 4°C in a SWS50 rotor, seven 100-pl fractions were drawn from the air-fluid
interface. Proteins were precipitated from the fractions with the addition of an
equal volume of Triton lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM Tris
[pH 8.0], 5 mM EDTA), casein (50 ng/pl), and trichloroacetic acid to 10%
(wt/vol). The samples were incubated on ice for 30 min, pelleted, and washed
twice with ice-cold acetone. The dried pellets were resuspended in Triton lysis
buffer and then subjected to SDS-PAGE and Western blot analysis.

Detection of proteins. Western blots were probed with polyclonal rabbit anti-
sera against SU generously provided by T. Matthews of Duke University. Rabbit
antibodies were detected by incubation with goat anti-rabbit secondary antibod-
ies conjugated to horseradish peroxidase from Boehringer Mannheim Bio-
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FIG. 2. Protease sensitivity of SU in the absence and presence of sTva.
Soluble EnvA PI was incubated with (+) or without (—) excess sTva and sub-
jected to thermolysin digestion before analysis by SDS-PAGE. The western blot
was probed with antiserum against SU, which was detected by ECL. The SU
subunit and proteolytic product, SU™™ migrated as indicated on the left, and
molecular weight markers are on the right. The uncleaved form of EnvA PI
(Clv™ PI) was included as a size reference. wt, wild-type.

chemica. Horseradish peroxidase was identified by enhanced chemiluminescence
(ECL) as instructed by the manufacturer (Pierce) and the blots were exposed to
X-ray film. Alternatively, primary antibody was detected with '**I-protein A (0.1
wCi/ul; Dupont) and quantitated with a PhosphorImager and ImageQuant soft-
ware (Molecular Dynamics).

RESULTS

Generation of aqueous, trimeric RBD mutant protein. To
evaluate the effects of RBD mutations on postbinding events in
Tva-triggered activation, including membrane association, wa-
ter-soluble forms of the RBD mutants were generated by re-
placing the proteinaceous membrane anchor of TM with the
glycosyl PI signal of decay-accelerating factor. Mutants from
two phenotypic classes of RBD mutations were chosen for this
biochemical analysis. The first class of mutants exhibits defects
in both receptor binding and viral entry (M20 and M21),
whereas the second class is defective for entry but retains
wild-type receptor-binding activity (M28) (Fig. 1) (42). These
mutations were cloned into an EnvA Pl-expressing plasmid
and were given designations with the suffix PI. NIH 3T3 lines
stably expressing these RBD envelope proteins were gener-
ated, and the PI-linked proteins were released from the cell
surface with PI-PLC. Clarified and concentrated PI-PLC-re-
leased supernatants were evaluated by SDS-PAGE and West-
ern blotting with polyclonal antiserum against the SU subunit
of EnvA. The three EnvA RBD mutants had mobilities on
reducing SDS-PAGE similar to that of wild-type EnvA PI (Fig.
2, lanes 1, 4, 7, and 10). The mobilities of the three RBD
mutants compared to that of the uncleaved form of EnvA PI
suggested that the proteins released from the cell surface were
fully cleaved and processed (Fig. 2, lane 13). This is consistent
with previous observations that these RBD mutations do not
appear to alter the processing or cleavage of EnvA (42). The
oligomeric status of the RBD mutant EnvA PI glycoproteins
was also evaluated by sucrose density gradient analysis (Fig. 3).
This analysis demonstrated that, similar to wild-type EnvA PI,
the majority of the mutant aqueous protein migrated to a
position in the gradient consistent with an oligomeric structure
(Fig. 3, fractions 11 and 13) as determined previously for the
trimeric ASLV (A) envelope protein (17, 23). A minimal
amount of protein was detected in fractions 15 and 17 for M20
PI. This spread of M20 PI within the gradient may reflect
dissociation of the protein during ultracentrifugation. We have
occasionally observed similar patterns of migration of wild-
type EnvA PI (data not shown). From this, it appears that
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mutations in the RBD have no appreciable effect on the pro-
cessing, cleavage, or stability of the EnvA PI trimer.

Effects of RBD mutations on receptor-induced structural
rearrangements in EnvA. In the native, nonfusogenic confor-
mation, EnvA is relatively insensitive to digestion with the
protease thermolysin. Receptor binding induces conforma-
tional changes in EnvA, exposing previously inaccessible pro-
tease sites and rendering the SU subunit thermolysin sensitive
(22). This enhanced thermolysin sensitivity results in the for-
mation of a proteolyzed fragment of SU, called SU™™, that
can be detected by Western blot analysis with polyclonal anti-
serum against SU. To assess whether receptor binding was
capable of inducing conformational changes in the RBD mu-
tants, protease sensitivity assays were performed. Soluble
EnvA PI was incubated with or without excess soluble receptor
(sTva) at 37°C for 15 min and then treated with thermolysin
prior to analysis by SDS-PAGE and Western blotting. Similar
to wild-type EnvA PI, two other RBD mutants, M20 PI and
M28 PI, exhibited enhanced sensitivity to thermolysin in the
presence of sTva (Fig. 2). The resulting proteolytic products
had mobilities comparable to that of wild-type SU™™, indi-
cating that the structural alterations induced in M20 PI and
M28 PI were similar to those observed in the SU subunit of
wild-type EnvA following receptor binding. These results sug-
gested that these two mutants bound receptor sufficiently and
were competent to undergo receptor-induced conformational
rearrangements in SU. We occasionally observed minimal pro-
teolytic cleavage of M20 PI in the absence of sTva (Fig. 2, lane
5). However, this mutant demonstrated a clear increase in
sensitivity to thermolysin following the addition of receptor
(Fig. 2, lanes 5 and 6), consistent with sTva-triggered confor-
mational changes. Thus, under conditions where receptor was
not limiting, mutant M20 was competent to undergo structural
rearrangements, suggesting that despite quantitative differ-
ences in its ability to bind Tva, it can respond appropriately to
receptor binding. This is in contrast to the behavior of M21 PI,
which was sensitive to thermolysin independent of sTva and
did not demonstrate an appreciable increase in sensitivity fol-
lowing the addition of receptor (Fig. 2, lanes 8 and 9). This
inherent increased sensitivity to protease and unresponsive-
ness to sTva suggested that M21 PI was in an unstable or open
conformation or that it existed in a “preactivated” form that no
longer required receptor binding.

Bottom Top
135 7 9111315171921
wt PI -
M20 PI .o
M21 PI e
M28 PI ™

FIG. 3. Sucrose density centrifugation analysis of PI-PLC-released envelope
proteins. Wild-type (wt) and RBD mutant proteins were subjected to ultracen-
trifugation on a 10 to 30% sucrose gradient as described in Materials and
Methods. Odd-numbered fractions were precipitated and analyzed by SDS-
12.5% PAGE, followed by Western blotting with antiserum against the SU
subunit and detection by ECL.
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FIG. 4. Conversion of RBD mutants to an active conformation. Liposome
flotation assays were performed on wild-type (wt) and RBD mutant EnvA PI
proteins in the presence (+) or absence (—) of excess sTva. EnvA PI, with and
without sTva, and liposomes were incubated at 37°C for 15 min before ultracen-
trifugation. The fractions were collected, acid precipitated, and analyzed by
Western blotting with antiserum against SU detected by ECL, as described in
Materials and Methods. B, M, and T denote the bottom, middle, and top
fractions, respectively. Greater that 90% of the liposomes recovered are within
the top fraction (data not shown).

Lane 2 3

Effects of RBD mutations on conversion of EnvA to a fuso-
genic state. In addition to the structural alterations in the SU
subunit detected by protease digestion, Tva binding also in-
duces conformational changes in the TM subunit of EnvA that
expose the previously buried hydrophobic fusion peptide do-
main (22) and convert the protein to an activated, membrane-
binding state (11, 27). Receptor-triggered activation is de-
tected in vitro by a liposome flotation assay. In the native state,
EnvA PI is water soluble and does not bind a target liposomal
membrane. However, when activated by receptor binding,
EnvA forms a stable protein-membrane complex, presumably
by insertion of the hydrophobic fusion peptide of TM into the
liposome membrane. The buoyancy of the liposomes causes
this complex to float to the top of a sucrose step gradient
during ultracentrifugation, while the inactive protein remains
at the bottom of the gradient. Thus, receptor-triggered activa-
tion of EnvA is detectable as a shift in position in the step
gradient from the bottom to the top, liposome-containing frac-
tion. In order to determine whether Tva binding could convert
the RBD mutants to an active, membrane-binding conforma-
tion, liposome flotation assays were performed with excess
sTva. As described previously, wild-type EnvA PI was activated
by receptor binding and colocalized with liposomes in the
presence of receptor (11, 27). In contrast, none of the three
RBD mutants colocalized with liposomes under comparable
conditions (Fig. 4, lanes 9, 12, and 15). Experiments utilizing a
Myc epitope-tagged form of wild-type EnvA PI showed that,
similar to the untagged EnvA PI, this protein was able to
efficiently associate with liposomes, indicating that the amino-
terminal tag present on the RBD mutants was not responsible
for their failure to convert to a liposome-binding state (data
not shown). Therefore, the apparent inability of the RBD
mutants to bind liposomes suggests a defect in their conversion
to a membrane-binding state by sTva.

Membrane-bound EnvA PI is protease sensitive. To deter-
mine the relationship between induction of a the protease-
sensitive structure in SU and the active, membrane-binding
conformation of EnvA PI and to further clarify the discrepant
behavior of M20 PI and M28 PI in the two assays described
above (i.e., their ability to undergo Tva-induced conforma-
tional changes and their failure to bind membranes), thermo-
lysin sensitivity assays were performed on the wild-type EnvA
PI isolated from the liposomes at the tops of the gradients. As
with the aqueous protein, the SU subunit of membrane-bound
EnvA PI was sensitive to thermolysin and the proteolytic prod-
uct had a mobility on SDS-PAGE comparable to that of
Su'term (Fig. 5). The fact that EnvA PI that is associated with
target membranes is thermolysin sensitive strongly suggests
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that the forms of envelope biochemically identified in the two
assays above do not represent distinct populations of EnvA PI.
Furthermore, this result indicates that the protease sensitivity
and liposome-binding assays reflect coincident or sequential
receptor-induced changes in the structure of EnvA PI. Thus,
the ability of the M20 PI and M28 PI RBD mutants to undergo
conformational changes in SU while failing to bind membranes
is most consistent with the TM subunit failing to acquire a
fusogenic, membrane-binding conformation.

Thermal profile of membrane association. Fusion of ASLV
with cells and the conversion of wild-type EnvA PI to the
active, liposome-binding form are temperature dependent and
are inefficient at temperatures below 20°C (11, 24, 27). This
suggests that, in addition to receptor binding, a thermody-
namic barrier must be overcome during the transition of EnvA
to a membrane-binding state. Therefore, we postulated that
the block to activation observed with the RBD mutants may
represent an alteration in this thermodynamic barrier. To ad-
dress this question, we performed liposome flotation assays at
temperatures ranging from 25 to 55°C (Fig. 6). In the presence
of sTva, wild-type EnvA PI was converted to the membrane-
binding conformation throughout the temperature range eval-
uated with no appreciable increase at temperatures above
37°C. In contrast, mutants M21 PI and M28 PI were not de-
tectable in the top of the gradient and thus failed to associate
with liposomal membranes at any of the temperatures tested.
The inability to overcome the block to activation with increas-
ing energy suggested that these RBD mutations are unlikely to
act by stabilizing an intermediate structure in the entry path-
way. Minimal amounts of M20 PI (less than 10%) were de-
tected in the liposome-containing top fraction when the West-
ern blots were exposed for a prolonged time (Fig. 6, lanes 6, 9,
and 12), indicating that M20 PI is inefficiently converted to the
active conformation. No increase in conversion of M20 PI to
the liposome-associated form was seen at elevated tempera-
tures, suggesting that, similar to the M21 PI and M28 PI mu-
tants, increasing energy was unable to alleviate the block and
that the inefficient activation was likely not caused by an alter-
ation in the thermodynamic barrier.

Kinetics of membrane association. We hypothesized that
the observed block to membrane insertion seen with M20 PI,
M21 PI, and M28 PI might represent changes in the rate of
sTva-induced activation of the glycoproteins. Previous analysis
indicated that the temperature-dependent, receptor-triggered

Liposomes +
Thermolysin - + +

sTva + + -

sU ﬂ-

SUtherm

FIG. 5. Membrane-bound wild-type EnvA PI is sensitive to protease. A li-
posome flotation assay was performed as described in Materials and Methods.
The top 100-pl fractions were subjected to thermolysin digestion. Soluble EnvA
PI proteins with (+) and without (—) sTva were treated with thermolysin in
parallel. The products were analyzed by reducing SDS-PAGE, and Western blots
were probed with antiserum against SU detected by ECL. The SU subunit and
the proteolytic product, SU™®™ migrated as indicated on the left. The distortion
of the SU™™ band in the lanes containing liposomes is the result of lipids
remaining in the sample.
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Temperature 37 25 37 45 50 55
sTva (500ng) - + + + + +

Fraction BMT BMT BMT BMT BMT BMT

wt PI

M20 PI

131415

101112

Lane 123 456 789 161718

FIG. 6. Thermodynamic profiles of sTva-triggered activation. EnvA PI was
prebound to sTva (500 ng) (+) by incubation at 4°C. Liposomes preequilibrated
to the indicated temperatures were added, and the samples were shifted to these
temperatures for an additional 15 min. Flotation and SDS-PAGE-Western blot-
ting determined the extent of binding of EnvA PI to the liposomes. The blots of
gradient fractions were probed with antiserum against SU and 1'*-protein A
detected by phosphorimaging. B, bottom fraction; M, middle fraction; T, top
fraction; wt, wild-type; —, no sTva.

activation of wild-type EnvA PI occurs rapidly when receptor is
in excess and plateaus within 5 min (11, 27). In order to de-
termine whether these RBD mutants were kinetically delayed
compared to wild-type EnvA PI, we performed liposome flo-
tation assays with increasing incubation periods at 37°C (Fig.
7). M20 PI was found in the liposome-containing top fraction
of the gradient at the 3-h time point (Fig. 7, lane 9). At the
early time points of 15 and 90 min, membrane association of
M20 PI was only detectable when the Western blots were
overexposed (data not shown). Receptor-triggered activation
of M20 PI, therefore, was relatively inefficient and demon-
strated delayed kinetics compared to the wild type, which had
reached a plateau within 15 min (Fig. 7, lane 3). In contrast,
M21 PI and M28 PI were not found in the top fraction after a
3-h incubation with liposomes and excess receptor, indicating
that they failed to be activated by sTva within this period (Fig.
7, lane 15). The failure of M21 PI to associate with the mem-
brane, despite extended incubations and increased energy, is
less consistent with the protein existing in a “presprung,” active
conformation. Rather, these results favor the hypothesis that
this triple mutation (R213A/R223A/R224A) destabilizes the
SU protein, resulting in constitutive sensitivity to thermolysin,

Time (min) 15 90 180 180 180
sTva + + + - +
BMT BMT BMT BM BMT

lemuz

M2SPI g

wt PI .. .. ® ~
morill B . - i

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

FIG. 7. Kinetics of sTva-triggered activation. EnvA PI was incubated in the
absence (—) or presence (+) of sTva (500 ng) and liposomes at 37°C for the
length of time indicated, shifted to 4°C, and immediately processed on sucrose
step gradients as described in Materials and Methods. Following flotation, the
extent of binding of EnvA PI to the liposomes was determined by SDS-PAGE,
and Western blots were probed with antiserum against SU detected by ECL. B,
bottom fraction; M, middle fraction; T, top fraction; wt, wild-type; —, no sTva.
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but does not lead to TM activation. The inability to detect
membrane association of M28 PI despite prolonged incubation
is consistent with a model in which there is a physical block
during the conversion of the protein to an active state. An
alternative and compatible interpretation would be that this
mutation severely retarded the rate of conversion of the TM
subunit to the membrane-binding conformation beyond the
180 min tested. This analysis suggests that the signal for acti-
vation was not transmitted appropriately from the SU subunit
of M28 PI to the TM subunit.

DISCUSSION

Entry into a host cell is a critical initiating event in the
infectious cycle of a virus. Our understanding of this event is
crucial both for future hopes of developing therapeutics to
block the entry of viral pathogens and for the ability to exploit
viruses as vectors for targeted gene delivery. It is clear that
enveloped viruses have evolved to use a variety of host mole-
cules to mediate their attachment to the cell and use different
physical clues to activate the fusogenic capacities of their gly-
coproteins. Despite these differences, there is ever-growing
evidence that many viral glycoproteins from highly divergent
viruses share common architectural and structural motifs (8,
19, 21, 52-54, 56), suggesting that these viruses may exploit
common mechanisms to mediate membrane fusion. EnvA, the
envelope glycoprotein of ASLV, a prototypical retrovirus, con-
tains many of these motifs (21, 56). Thus, our increased ap-
preciation of the dynamic interactions and structural changes
that occur during EnvA-mediated entry may have implications
for our understanding of entry by other retroviruses, such as
HIV.

Here, we examined the effects of mutations within the RBD
on early events in ASLV entry to delineate the role of the RBD
in receptor-triggered activation of EnvA. Mutations within the
RBD do not appear to disrupt the global structure or oligo-
meric status of EnvA. Previous analysis of these three RBD
mutants had demonstrated that they are processed and incor-
porated into viral particles similarly to wild-type EnvA (42),
indicating that there are no gross disruptions in the overall
structure of the glycoprotein. Density gradient centrifugation
demonstrates that all three mutants sediment at a position
comparable to that of wild-type EnvA PI, indicating that these
mutations did not alter the formation or stability of the glyco-
protein trimer. Therefore, the biochemical and functional
properties of these RBD mutants do not appear to be due to
altered stability of the glycoprotein oligomer, and as might be
expected, the RBD does not appear to play a role in EnvA
oligomerization.

The abilities of the RBD mutants to respond to receptor
binding appropriately, inducing structural rearrangements in
the SU and TM subunits, were variable and did not correlate
with the abilities of the proteins to bind receptor. Both M20 PI
and M28 PI demonstrated enhanced sensitivity to protease in
the presence of high levels of sTva (Table 1), consistent with
receptor-induced structural rearrangements within the SU sub-
units of these envelope proteins. There were no detectable
differences in the rate or thermal profile of Tva-induced pro-
tease sensitivity for M20 PI or M28 PI compared to those of
wild-type EnvA PI (data not shown.) These two RBD mutants,
therefore, were competent to undergo the initial structural
changes in SU induced by Tva binding.

In contrast, biochemical analysis of M21 PI established that
this mutant was sensitive to proteolytic digestion independent
of Tva binding, suggesting an alteration in the native structure
of SU. This phenotype initially suggested the possibility that
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TABLE 1. Phenotypes of RBD mutants

Receptor-  Receptor-

Relative . . Relative
Name Mutation binding g;i‘%zig r;régmggrr;se infectivity

(%) sensitivity” association” (%)
wt¢ 100 + + 100
M20 R213A/K227A 14 + Delayed® 7
M21 R213A/R223A/R234A 11 —d — 5
M28 R213S 91 + - 5

“ From reference 42.

b+, present; —, absent.

¢ wt, wild type.

 Sensitivity to thermolysin was independent of sTva.
¢ Membrane association was delayed.

the protein no longer required Tva in order to undergo struc-
tural rearrangements and existed in a preactivated state. How-
ever, analysis by liposome flotation assays demonstrated that
M21 PI failed to bind the target membrane despite prolonged
incubation with or without excess receptor (data not shown).
The inability of M21 PI to associate with liposomes favors the
hypothesis that the basic residues at positions 223 and 224
(Table 1) played a role in stabilizing the structure of SU or of
EnvA as a whole. This is consistent with previous mutagenesis
studies, which indicated that mutations at only positions 223
and 224 of SU had negligible effects on receptor binding but
appeared to accentuate the effects of mutations at residues 213
and 227 (42). These results suggested that residues 223 and 224
participate in receptor binding by maintaining the tertiary
structure of the RBD and/or by directly stabilizing the inter-
actions with receptor. The constitutive sensitivity of M21 PI to
thermolysin, coupled with the inability of this mutant to form
a complex with target membranes, is consistent with these
mutations destabilizing the structure of SU. Analysis of the
protease-sensitive phenotype of additional mutants containing
alterations at residues 223 and 224 is required to confirm this
hypothesis.

The pH-dependent glycoprotein of influenza, HA, can be
converted to a fusogenic structure at neutral pH through de-
stabilization of the protein with heat or chemicals, supporting
a “metastable model” for the native conformation of the fusion
protein (7, 43). The recent work of Carr et al. suggests that low
pH is not a specific requirement for fusion activity and that
activation of HA involves general destabilization of the native,
metastable conformation and conversion to a more thermody-
namically stable, active state (7). Receptor-induced changes in
EnvA are biochemically distinct from the changes induced by
general destabilization. M21 PI appears to represent a desta-
bilized form of the SU subunit of EnvA PI, yet under all
conditions analyzed this protein was unable to convert to an
active, membrane-binding state. Unlike the effects of mutant
M21 PI on protease sensitivity, heat destabilization of wild-
type EnvA PI does not result in the formation of SU™®™ in
protease sensitivity assays. Rather, a smaller proteolytic prod-
uct of approximately 19 kDa is formed when EnvA PI is ex-
posed to temperatures greater than 50°C (data not shown). In
the absence of sTva, this heat-destabilized EnvA PI protein
does not bind liposomal membranes to an appreciable degree
(unpublished data), further suggesting that it is not in an active
conformation. While the native state of EnvA may also repre-
sent a metastable conformation, destabilization through mu-
tagenesis or with heat appears insufficient for conversion to an
active conformation. Coupled with the findings for M21 PI,
these results suggest that specific interactions with the viral
receptor are required for activation of EnvA, and this may
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represent another distinction between the activation of pH-
independent and pH-dependent glycoproteins.

While mutants M20 PI and M28 PI exhibited wild-type re-
sponses to sTva binding in protease sensitivity assays, the mu-
tants demonstrated minimal or no detectable conversion to a
membrane-binding conformation in liposome flotation assays.
Membrane association is mediated through the TM subunit
(27); therefore, these results suggest that the mutants M20 PI
and M28 PI are blocked at a step or steps prior to exposure of
hydrophobic regions within TM. The observed block to acti-
vation was not alleviated by increasing the temperature of the
reaction, suggesting it was not a result of alterations in the
thermodynamic activation profile of EnvA and could not be
overcome by destabilizing the protein. The inefficient and slow
rate of membrane binding seen with M20 PI indicates that this
mutant dissociates Tva-triggered conformational changes in
SU from changes in TM. The decreased sTva-binding capacity
of M20 PI may contribute in part to the observed delay in
membrane association. However, the significant increase in the
sensitivity of SU to protease suggests that sTva binding is
sufficiently avid to induce a relatively rapid conformational
change in M20 PI. We cannot formally exclude the possibility
that suboptimal binding is sufficient for the initial conforma-
tional changes in SU while wild-type receptor-binding affinity is
necessary for acquisition of a fusogenic state. However, it is
clear from studies of retroviral envelope proteins that high-
affinity binding is not a prerequisite for viral entry. There are
numerous examples of mutations within ASLV, murine leuke-
mia virus, and HIV envelope proteins that diminish their ca-
pacities to bind their respective host cell receptors, yet these
mutations have no demonstrable effects on envelope-mediated
membrane fusion or infection (33, 42, 50). Therefore, we favor
a model in which the RBD of ASLV envelope is intimately
involved in transducing the activation signal from the receptor-
binding site to the TM subunit.

The requirement for an intact RBD during the activation of
EnvA is more dramatically illustrated by biochemical analysis
of mutant M28 PI. Despite the ability of M28 PI to efficiently
bind to sTva and undergo conformational rearrangements, this
RDB mutant failed to bind to target membranes under any
circumstances tested. In vitro, M28 PI demonstrates a com-
plete uncoupling of receptor-triggered changes in the SU and
TM subunits, again supporting the role of the RBD in trans-
duction of the activation signal to the fusogenic TM subunit.
The biochemical properties of M28 PI suggest that a basic
residue at position 213 of SU is critical for transmission of the
activation signal to TM. Thus, these two RBD mutants, M20
and M28, clearly demonstrate dissociation of the Tva-induced
changes in the receptor-binding subunit from changes in the
fusogenic subunit and confirm an essential role of the RBD for
full activation of this pH-independent virus.

Acquisition of protease sensitivity and membrane associa-
tion represent changes on the same pathway (Fig. 5); there-
fore, identification of mutants that uncouple these events fa-
vors a sequential model in which receptor binding induces
changes in the structure of SU prior to membrane binding via
TM (Fig. 8). The sequential nature of the activation of EnvA
is analogous, in part, to the early events believed to occur when
the glycoprotein of HIV type 1 (HIV-1) interacts with the host
cell. For HIV-1, the SU subunit (gp120) initially binds the
primary receptor, CD4 (1, 34), leading to structural changes
that enable the glycoprotein to utilize a coreceptor molecule,
CXCR4 or CCRS (9, 12, 13, 16, 20). Similar to sTva-triggered
changes in EnvA, CD4 binding exposes cryptic protease sites in
gp120 (44). However, CD4-induced changes, which also in-
clude structural rearrangements within SU and frequently
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FIG. 8. Model of early events in EnvA-mediated entry. Through the RBD in SU, trimeric EnvA binds multiple Tva molecules on the surfaces of avian cells (a).
This binding triggers structural rearrangements in the SU subunit, which likely include lateral dissociation of the globular head groups (curved arrows) (b). This
precedes transformation of EnvA to an active state, which occurs following exposure of the fusion peptide domain and insertion into the host cell membrane (c).
Mutations in the RBD disrupt the conversion of EnvA to an active state (slashed arrow) by uncoupling receptor-triggered changes in SU and TM, resulting in a block

in the entry pathway after the formation of an early intermediate (b).

shedding of this subunit (3, 25, 38, 45), are insufficient for virus
entry (34). Secondary conformational changes are required for
the glycoprotein to expose hydrophobic residues and acquire a
fusogenic potential, and these changes occur following core-
ceptor binding (29). In contrast to HIV-1 Env, EnvA requires
a single cellular receptor, Tva, to achieve an active conforma-
tion. Here, we have demonstrated that mutations within the
RBD are able to dissociate the first Tva-induced changes in SU
from the secondary changes needed to insert into the target
cell membrane (Fig. 8). The dissociation of early steps in the
activation pathway supports a role for the RBD in coupling the
activation signal induced by receptor binding from the SU to
the TM subunit. This suggests that communication between
the two subunits may be critical for efficient receptor-triggered
activation of pH-independent viral entry.

The functional defect defined by the RBD mutant M28
suggests that there is cross talk between the SU and TM sub-
units during receptor-triggered activation of EnvA, with the
RBD in SU playing a central role in coupling the activation
signal. It appears that mutations in the viral envelope proteins
which produce phenotypes similar to that of M28 (i.e., thus
mainten wild-type receptor binding yet are defective for entry)
are very rare. Obvious exceptions are the HIV-1 gp120 mu-
tants, which maintain wild-type CD4 binding but have a re-
stricted cellular tropism, likely representing changes in the
interaction of gp120 with the coreceptor molecules (CXCR4
and CCRY) (10). Nonetheless, there is indirect evidence of
communication between the RBD within gp120 and the TM
subunit of HIV-1, gp41. Resistance to neutralization by anti-
bodies to the CD4-binding site maps to a single substitution in
gp4l (582 A/T) (30, 40, 41, 50). This substitution dramatically
reduces the ability of antibodies to bind the CD4-binding site
within gp120 compared to their ability to bind that of the
parental virus, HXB2 (49). The neutralization-resistant mu-
tant, HXB2thr582, has a greater propensity to form syncytia in
tissue culture than HXB2, suggesting that the mutant envelope
protein may be more fusogenic (49). This indicates that the
TM subunit of HIV can modulate the structure of the recep-
tor-binding site; moreover, it suggests that interactions be-
tween the receptor-binding site in gp120 and the TM subunit
are functionally important for initiating HIV entry into cells.
Analysis of M28 PI demonstrates the first biochemical charac-
terization of a receptor-binding site mutant which uncouples
these early events in viral entry and further supports the im-
portance of functional interactions between the receptor-bind-
ing site in SU and the TM subunit during pH-independent
retrovirus entry.

Membrane fusion is an important and ubiquitous cellular

process that plays a role in diverse biological events ranging
from fertilization to neurotransmission. Protein-protein inter-
actions appear to play a critical role in the regulation of vesicle
fusion (28, 51). Recent work by Weber et al. suggests that
interactions between two proteins, vesicle SNARE and target
SNARE, are sufficient to mediate membrane fusion in vitro
and, thus, that these SNARE proteins represent a minimal
machinery of intracellular vesicle fusion (51). The regulation of
protein fusogenicity by specific protein-protein interactions
may therefore represent a common means of modulating
membrane fusion. The interactions between EnvA and Tva
represent a simple viral model of a protein-regulated fusion
machine. Thus, a detailed understanding of this system may
further our understanding of virus entry, as well as cellular
membrane fusion in general.
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