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The fusion peptide of the avian sarcoma/leukosis virus (ASLV) envelope protein (Env) is internal, near the
N terminus of its transmembrane (TM) subunit. As for most internal viral fusion peptides, there is a proline
near the center of this sequence. Robson-Garnier structure predictions of the ASLV fusion peptide and
immediate surrounding sequences indicate a region of order (3-sheet), a tight reverse turn containing the
proline, and a second region of order («-helix). Similar motifs (order, turn or loop, order) are predicted for
other internal fusion peptides. In this study, we made and analyzed 12 Env proteins with substitutions for the
central proline of the fusion peptide. Env proteins were expressed in 293T cells and in murine leukemia virus
pseudotyped virions. We found the following. (i) All mutant Envs form trimers, but when the bulky hydrophobic
residues phenylalanine or leucine are substituted for proline, trimerization is weakened. (ii) Surprisingly, the
proline is required for maximal processing of the Env precursor into its surface and TM subunits; the amount
of processing correlates linearly with the propensity of the substituted residue to be found in a reverse turn.
(iii) Nonetheless, proteolytically processed forms of all Envs are preferentially incorporated into pseudotyped
virions. (iv) All Envs bind receptor with affinity greater than or equal to wild-type affinity. (v) Residues that
support high infectivity cluster with proline at intermediate hydrophobicity. Infectivity is not supported by
mutant Envs in which charged residues are substituted for proline, nor is it supported by the trimerization-
defective phenylalanine and leucine mutants. Our findings suggest that the central proline in the ASLV fusion
peptide is important for the formation of the native (metastable) Env structure as well as for membrane

interactions that lead to fusion.

All enveloped viruses enter cells by fusion of their mem-
branes with a target cell membrane. Specialized viral glycop-
roteins mediate this process. For each virus, the fusion-medi-
ating glycoprotein contains a sequence, termed the fusion
peptide, which interacts with and destabilizes the target mem-
brane. Candidate fusion peptides have been identified as hy-
drophobic sequences, approximately 16 to 26 residues in
length, that are conserved within a virus family and that can be
modeled (although they need not exist or function) as an
a-helix with a strongly hydrophobic face (48). In many cases
the identity of the fusion peptide has been confirmed by mu-
tational analysis and/or by cross-linking with photoreactive lip-
ids (14, 27). Although many studies have probed the structure
of synthetic fusion peptides in model membranes (7, 8, 12, 13,
26, 37, 39, 42, 44), the structure of a fusion peptide during an
actual virus-cell fusion event remains uncertain (12, 13, 20).

Avian sarcoma/leukosis virus subtype A (ASLV-A) is a
model retrovirus. The single viral glycoprotein of ASLV-A,
EnvA, and its single target cell receptor appear to be sufficient
to initiate membrane fusion (11, 24, 29). EnvA is composed of
two subunits, gp85 (also known as the surface [SU] subunit)
and gp37 (the transmembrane [TM] subunit) that are joined by
a disulfide bond (31). gp85 provides the receptor binding func-
tion, while gp37 contains the TM domain and an internal,
hydrophobic fusion peptide (30, 31).

Like most retroviruses, ASLV-A fuses at neutral pH, appar-
ently at the cell surface, and receptor binding appears to ini-
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tiate the process (11, 29). This is in contrast to the more
extensively characterized influenza virus, which fuses in re-
sponse to low pH in endosomes. Nonetheless, the fusion mech-
anism of the ASLV EnvA is thought to share steps in common
with that of the influenza virus hemagglutinin (HA). When the
influenza virus HA is exposed to low pH, its fusion peptide is
exposed and binds to the target membrane. These events are
accompanied by major conformational changes in the coiled-
coil core of the HA trimer (5, 6). We have recently proposed
a model for how these conformational changes drive the mem-
brane fusion event (28, 49; http://www.people.Virginia. EDU/
~jagbn/whitelab.html). Like many (but not all) viral fusion
proteins, EnvA is predicted to use a coiled-coil mechanism (6,
45). Therefore, we propose that, once triggered, steps leading
to EnvA mediated fusion will be similar to those used by HA.

For many viral fusion proteins (e.g., the influenza virus HA
and the human immunodeficiency virus Env), the fusion pep-
tide resides at the N terminus of the TM subunit, generated
during processing of the fusion protein precursor (28). For
others, such as the Ebola virus glycoprotein (GP) and the
flavivirus glycoprotein, the fusion peptide is internal, within the
polypeptide chain (28). We have recently confirmed that the
fusion peptide of EnvA is an apolar sequence found 20 resi-
dues from the N terminus of gp37 (30). While N-terminal
fusion peptides have been extensively studied (13), little is
known about the structure or function of internal fusion pep-
tides.

A common feature of internal viral fusion peptides is a
proline at or near their centers (48). Little has yet been done
to delineate the roles of these prolines. We therefore gener-
ated a series of mutant EnvAs with different residues substi-
tuted for this proline (P29 of the TM subunit) and studied the
effects of these mutations on EnvA proteolytic processing,
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delivery to the cell surface, incorporation into murine leuke-
mia virus (MLV) pseudotyped viruses, binding to receptor, and
infectivity. Our data suggest that the central proline is impor-
tant for processing the precursor protein, pr95, into its sub-
units, gp85 and gp37, as well as for virus-cell fusion.

MATERIALS AND METHODS

Structure prediction. Sequences for proteins containing putative or confirmed
internal fusion peptides were obtained as follows. Our ASLV-A Env cDNA was
sequenced in its entirety (S. E. Delos, unpublished results). All other sequences
were obtained from GenBank: Ebola virus GP, U31033; Semliki Forest virus E1
protein (SFV-E1), X74425; vesicular stomatitis virus G protein (VSV-G),
M35207; tick-borne encephalitis virus envelope protein (TBE-E), A02208;
mouse fertilin o, U22056; macaque fertilin «, X79808-9. Each sequence was
subjected to structure prediction using the Robson-Garnier algorithm in the
Genetics Computer Group program package (21).

Mutagenesis. A pCB6 vector containing cDNA for wild-type ASLV EnvA was
used for rapid high-level expression in 293T cells as described previously (30, 35,
46). The mutations P29A, P29D, P29N, P29Q, P29E, P29R, P29S, P29T, P29F,
and P29L were engineered at residue P29 of the gp37 subunit of EnvA as follows.
The sequence between the unique EcoRI and AfII sites within the EnvA gene
was amplified by PCR. A common primer for the 5" end of the fragment,
(5'-GGCAAGGAATTCCC-3'), encompassing the EcoRI site, was used. To
generate random mutants, two bases within the codon for P29 were substituted
with all four possible nucleotides. Hence, the reverse primer, encompassing the
AfI site (underlined) and the mutant codon (X denotes randomly substituted
bases), was 5'-GTCTCTCAATTTCTCTTAAGGCTTGCGCAGCTGCTACCC
CCXXGGCTAAG-3'. The PCR fragments were digested with EcoRI and Af/I1
and substituted for the identical fragment of the parent cDNA, and the mutant
residue was identified by sequence analysis. Two additional mutants, P29G and
P29V, were prepared using a QuickChange mutagenesis kit (Stratagene) accord-
ing to the manufacturer’s instructions. The primers for P29G were 5'-GCATC
TATCCTAGCCGGAGGGGTAGCAGCTGCG-3' (forward) and 5'-CGCAGC
TGCTACCCCTCCGGCTAGGATAGATGC-3" (reverse). Those for P29V
were 5'-GCATCTATCCTAGCCGTAGGGGTAGCAGCTGCG-3' (forward)
and 5'-CGCAGCTGCTACCCCTACGGGTAGGATAGATGC-3" (reverse).
The sequence of the entire EcoRI-AfIII fragment was confirmed after substitu-
tion into the wild-type cDNA in the pCB6 vector.

Reagents for expression and detection of EnvA. 293T and PG950 cells have
been described elsewhere (24). PG950 cells express the ASLV-A receptor, Tva
(23). Cells were maintained in Dulbecco’s modified Eagle’s medium containing
10% supplemented calf serum (HyClone, Ogden, Utah) and 500 mg of Geneticin
per liter, supplemented with 1X glucose, 1X pyruvate, and 1X penicillin-strep-
tomycin (Gibco-BRL). pCB6 plasmids encoding the envelope protein of ASLV
subtype C (EnvC) and the EnvA cleavage-negative mutant Acl have been de-
scribed elsewhere (24). The anti-MLV Gag, anti-Ngp37, and anti-EnvA tail
antibodies have been described elsewhere (30). s47, a functional recombinant
fragment of the ASLV-A receptor, was a gift from R. Peters and D. Agard,
University of California at San Francisco.

Transfection, induction, and harvesting of cells. 293T cells were transfected
with 10 pg of plasmid DNA by the calcium phosphate method (30). At 28 h
posttransfection (hpt), cells were treated with 10 mM sodium butyrate to induce
Env expression. Cells were harvested at 48 hpt, lysed with a lysis buffer (1%
NP-40, 10 mM HEPES [pH 7.3], 130 mM NaCl) containing freshly added
protease inhibitors (5 pM phenylmethylsulfonyl fluoride, 5 pg of pepstatin A, 10
pg of leupeptin, 20 pg of aprotinin, 50 pg of antipain, 2 mM benzamidine, 50 pg
of soybean trypsin inhibitor, and 2.5 uM iodoacetamide), and pelleted at 4°C for
10 min at high speed in a microcentrifuge to remove insoluble cell debris.
Supernatants were transferred to clean tubes, and fresh aliquots of protease
inhibitors were added.

Biotinylation of s47. One hundred microliters of s47 (0.2 to 0.5 mg/ml) was
incubated on ice with 100 ul of N-hydroxysuccinimide-LC-biotin (2 mg/ml;
Sigma) in phosphate-buffered saline (PBS) for 2 to 4 h, quenched with 50 ul of
1 M glycine, and stored at 4°C. Biotinylated s47 is stable at 4°C for at least 1 to
2 months (Delos, unpublished results).

Sucrose gradients and immunoblots. Cell lysates (200 pl) were layered onto
12-ml 10 to 30% continuous sucrose gradients prepared in octylglucoside buffer
(40 mM n-octylglucoside [Boehringer Mannheim] in 20 mM HEPES [pH 7.3]-
130 mM NaCl) and centrifuged at 275,000 X g for 17 h at 4°C in an SW41 rotor.
Fractions of 0.5 ml were collected from the top, precipitated with CHCl;-meth-
anol, resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer containing reducing agent, resolved on SDS-gels,
transferred to nitrocellulose, and probed with the anti-Ngp37 antibody.

Quantitation of cell surface expression. The amounts of wild-type and mutant
EnvA proteins at the cell surface were determined as follows. Approximately 2 X
10° transiently transfected 293T cells were incubated on ice with the anti-Ngp37
antibody in a total volume of 100 pl of PBS-0.02% azide-2% FCS (fetal calf
serum), washed twice with PBS-0.02% azide, and incubated with fluoresceinated
goat anti-rabbit antibody in PBS-azide-FCS as described previously (30). Cells
were then washed twice, fixed in PBS containing 3% paraformaldehyde, and
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analyzed by fluorescence-activated cell sorting (FACS) at the University of
Virginia Core Facility, using a FACScan flow cytometer (Becton Dickinson
Immunocytometry Systems, San Jose, Calif.). Values from five independent
experiments were averaged.

s47 coimmunoprecipitation. To assay for s47 binding to EnvA, 100-pl aliquots
of cell lysates were mixed with 2 pl of biotinylated s47 and incubated at 4°C for
30 min. The mixture was then precleared with preimmune serum bound to
protein A-agarose beads and immunoprecipitated with the affinity-purified anti-
EnvA tail antibody bound to protein A-agarose beads. Samples were resolved by
SDS-PAGE (15% acrylamide), transferred to nitrocellulose, and probed with
horseradish peroxidase-conjugated streptavidin.

Quantitation of s47 binding to EnvA mutants. To characterize the binding
between s47 and EnvA, approximately 2 X 10° transiently transfected 293T cells
expressing wild-type EnvA were incubated for 30 min on ice with biotinylated s47
in concentrations from 0.1 nM to 1.0 pM in a total volume of 100 pl in PBS-
0.02% azide-2% FCS, washed twice with PBS-0.02% azide, and incubated for 30
min on ice with avidin-Oregon Green 488 (Molecular Probes) in PBS-0.02%
azide-2% FCS. Cells were then washed twice, fixed in PBS containing 3%
paraformaldehyde, and subjected to FACS analysis as described above. K,
represents the concentration of s47 at which the fluorescence was half of the
maximum value: fluorescences, = [(fluorescence,,,, — fluorescence,;,)/2] +
fluorescence,,,;,. Binding curves were also obtained for selected mutant EnvAs.
The remaining mutant EnvAs were examined at saturating concentrations of s47
(100 nM), and their binding values were normalized to those obtained for
wild-type EnvA.

Radiolabeling, endoglycosidase F treatment, and quantitation of EnvA pro-
cessing. 293T cells were transfected with cDNA encoding wild-type or mutant
Env as described above. At 26 hpt, cells were washed with PBS and incubated in
Cys- and Met-deficient medium for 2 h. Cells were then labeled overnight at 37°C
with 100 p.Ci of Tran*S-label (Amersham) per plate in Cys- and Met-deficient
medium containing 10 mM sodium butyrate. Cells were harvested, lysed, and
immunoprecipitated with the anti-EnvA tail antibody as described above. Im-
munoprecipitated proteins were eluted from the immunobeads by boiling for 3
min in N-glycosidase F buffer (1% n-octylglucoside-0.2% SDS—-40 mM Tris-HCl
[pH 8.0]-5 mM EDTA to which 1% B-mercaptoethanol was added immediately
before use). The elution was repeated, and the two eluants were pooled. Samples
were then treated with 1 U of N-glycosidaseF (Boehringer Mannheim) for 2 h on
ice. Samples were resolved by SDS-PAGE, and the dried gels were analyzed
using a Molecular Dynamics Phosphorlmager and the ImageQuant program
(Molecular Dynamics). Ratios of the SU to pr95 bands were obtained and
normalized to the ratio for wild-type (P) EnvA.

EnvA incorporation into pseudotyped virions and infectivity assay. EnvA-
bearing MLV pseudotyped virions encoding B-galactosidase were prepared by a
three-plasmid transfection method and concentrated from infected culture su-
pernatants as described elsewhere (30). The assay measures a single-round of
infection because only the B-galactosidase cDNA contains the appropriate signal
for packaging by MLV capsids. Expression of B-galactosidase is used as a mea-
sure of infection. To measure EnvA incorporation, pseudotyped virions were
resuspended in SDS sample buffer; equal amounts were resolved by SDS-PAGE
on two parallel gels, transferred to nitrocellulose, and probed with either an
antibody against MLV Gag (which recognizes the capsid protein present in
virions) or the anti-Ngp37 antibody. Blots were developed by enhanced chemi-
luminescence and scanned on a Molecular Dynamics densitometer, and the
MLV capsid and EnvA bands were quantified using ImageQuant. For each
experiment, the ratio of gp37 to MLV capsid was determined and normalized to
the wild-type ratio. Care was taken to ensure that band intensities were within
the linear range.

Virus from aliquots of the same culture supernatants was titered for infectivity
on PG950 cells as previously described (30). At 48 h postinfection, PG950 cells
were fixed, stained for B-galactosidase, and counted to determine the number of
infected (blue) cells.

RESULTS

Predicted structure of the ASLV Env and other internal
fusion peptides. The fusion-mediating subunit (TM; also re-
ferred to as gp37) of the ASLV-A glycoprotein, EnvA, contains
an internal fusion peptide conserved among all ASLV subtypes
(30). A common feature among many internal fusion peptides,
including that of ASLV Env, is a proline at or near the center
of the sequence (48). The ASLV Env fusion peptide was orig-
inally proposed after examining the EnvA sequence for a hy-
drophobic sequence, conserved among ASLV Envs, that could
be modeled as an a-helix with a strongly hydrophobic face (30).
(This analysis does not require that the fusion peptide exist as
an a-helix either before or during fusion.) To determine pos-
sible structures for the ASLV Env and other internal viral
fusion peptides, we modeled several using the Robson-Garnier
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FIG. 1. Predicted structures for internal fusion peptide regions. Protein se-
quences were subjected to structure prediction using the Robson-Garnier algo-
rithm (21) in the Genetics Computer Group program package as described in
Materials and Methods. b, B-sheet; ., random coil; h, a-helix; t, reverse turn. The
segments of order (a-helix or B-sheet) are indicated by gray boxes; segments of
random coil or reverse turn are indicated by white boxes; prolines are starred.
The crystal structure of TBE-E reveals extension of the ordered sequences within
the fusion peptide region into the predicted turn segment (43). The residues that
actually form the turn are underlined. Fusion peptides, as described in the
literature, are in boldface (ASLV EnvA [30], Ebola virus G2 [Ebola-GP] [19, 32,
44], VSV-G [14, 50, 55], SVF-E1 [33], TBE-E [43], mouse fertilin « [51]; ma-
caque fertilin « [40].)

algorithm (21). We also modeled the candidate fusion peptide
of fertilin « (ADAM 1), a protein postulated to be involved in
sperm-egg fusion (3, 4).

In Fig. 1, we present the modeling. We refer to each of these
sequences as the fusion peptide region. We show the predic-
tion for the ASLV Env fusion peptide region, the subject of
this study. We present the analysis for the fusion peptide re-
gion of Ebola virus GP because the structure of its fusion-
mediating subunit has been predicted to be highly similar to
that of ASLV Env (19), because it has been subjected to
mutational analysis (32), and because its interaction with phos-
phatidylinositol-containing liposomes has been studied (44).
We also analyzed the fusion peptide regions of VSV-G and
SFV-E1 because they have been characterized by mutational
analysis (18, 33, 50, 55), and, for VSV-G, by photo-cross-
linking to target membrane lipids (14). We analyzed the fusion
peptide region of TBE-E because the structure of the TBE-E
ectodomain has been solved (43) and because the identity of
the fusion peptide has been confirmed by mutational analysis
(F. Heinz, personal communication). As seen in Fig. 1, each of
these internal viral fusion peptide regions can be modeled as a
segment of order (a-helix or B-sheet), a central segment of
turn or random coil, and finally a second segment of order,
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FIG. 2. Expression of mutant EnvAs. 293T cells were transfected with pCB6-
EnvA DNA, induced, harvested, and lysed as described in Materials and Meth-
ods. Samples were resolved by SDS-PAGE and processed for Western blot
analysis with the anti-Ngp37 antibody. Both the uncleaved pr95 (upper band)
and cleaved gp37 (lower band) are indicated.

suggesting that these peptides may adopt a bent or turn struc-
ture either before, during, or after fusion. The prediction of an
order-turn-order motif is consistent with the structure of the
fusion peptide region of the TBE-E glycoprotein in its native,
likely metastable state (43), with the exception that the struc-
ture conforms to a B-strand-turn—B-strand motif instead of the
predicted B-strand—turn—a-helix motif. The candidate internal
fusion peptide regions from a variety of species of fertilin «
also conform to the order-turn-order motif (Fig. 1; C. Rea,
S. E. Delos, and J. M. White, unpublished results).

The central segments of the ASLV-A Env and the mouse
fertilin o (candidate) fusion peptide regions contain four res-
idues and would therefore be expected to form a tight turn.
The longer central turn segments of the Ebola virus GP,
VSV-G, SFV-E1, TBE-E, and macaque fertilin o fusion pep-
tides might form more complex turn structures as is seen for
the TBE-E fusion peptide (43). We refer to the loop or turn
region within internal fusion peptide regions as the “turn” to
distinguish this subregion from the overall predicted “loop”
composed of the entire order-turn-order motif of the fusion
peptide region.

Expression, trimerization, and processing of mutant EnvAs.
We predict that the central prolines seen in many, but not all,
internal fusion peptides (e.g., five out of the seven shown in
Fig. 1) are important for fusion. As a first test of this hypoth-
esis, we generated a series of mutants in which we substituted
12 different residues for the P at the center of the EnvA fusion
peptide. We first examined the expression of each mutant
EnvA by immunoblot analysis of cell lysates using an antibody
against the N terminus of gp37, anti-Ngp37 (30). This antibody
recognizes both the precursor, pr95, and the processed TM
subunit, gp37. As can be seen in Fig. 2, all mutants were
expressed to high levels. Each mutant was processed, although
the amount of processing appeared to vary from mutant to
mutant (see below).

Mature EnvA is a trimer of SU and TM subunits that are
generated from the precursor, pr95, by proteolytic processing.
Since trimerization is required for EnvA to exit the endoplas-
mic reticulum (15), and since proteolytic processing of pr95 is
required to produce an Env that can mediate fusion and in-
fection (24), we next examined whether mutant EnvAs form
trimers and quantitated their extent of processing. As shown in
Fig. 3, wild-type EnvA (P), which forms proteolytically pro-
cessed trimers (25), sedimented in fractions 9 to 11 near the
center of a sucrose gradient. All mutant EnvAs also formed
proteolytically processed trimers, as evidenced by positive blot-
ting material in fractions 9 to 11. However, for EnvAs with the
bulky hydrophobic residues L and F in place of P, a significant
amount of protein was found in lighter fractions, suggesting
that for these mutant Envs, the trimer interface was weakened.
A significant amount of degraded protein (lower bands on the
blot) was also observed for F and L. Some aggregated material
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FIG. 3. Trimerization of mutant EnvAs. Cell lysates were prepared as de-
scribed for Fig. 2 and subjected to sucrose density centrifugation as described in
Materials and Methods. Fractions of 500 ul were collected and processed for
Western blot analysis with the anti-Ngp37 antibody. The gp37 band is shown.
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was seen for N, E, and L. In these experiments, no attempt was
made to normalize the amount of material placed on the gra-
dient, nor were the ECL exposures identical. Thus, no conclu-
sions regarding the relative expression levels of the mutants
can be drawn from these data.

As mentioned above, the amount of processing appeared to
differ among the mutant EnvAs. Because processing is a piv-
otal event for the function of EnvA, we quantitated the amount
of processing for each mutant as described in Materials and
Methods. We then analyzed the processing data as a function
of the relative hydrophobicity, side chain volume, and pre-
ferred structure (a-helix, B-sheet, or reverse turn) of the mu-
tant residue (10). Of the parameters examined, the extent of
processing correlated only with the probability that the mutant
residue be found in a reverse turn (Table 1). A plot of the
extent of processing as a function of the reverse turn proba-
bility of the mutant residue is shown in Fig. 4. Surprisingly, the
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TABLE 1. Reverse turn propensity and processing of
proline mutants

Reverse turn [SUJ/[pr95]

Mutant propensity” (mean = SE)®
P 1.91 2.10 = 0.23
G 1.64 1.66 * 0.03
D 1.41 1.28 = 0.05
S 1.33 1.34 £ 0.12
N 1.28 125 +0.12
T 1.03 1.19 = 0.01
E 1.00 1.13 = 0.08
Q 0.97 1.15 £ 0.24
R 0.88 1.12 = 0.04
A 0.78 0.74 = 0.02
L 0.59 0.21 = 0.02
F 0.58 0.42 = 0.05
v 0.47 0.93 +0.23

“ From reference 10.
> Determined as described in Materials and Methods.

ability of a given mutant EnvA to be processed into SU (gp85)
and TM (gp37) subunits correlated linearly with the reverse
turn probability. The two data points that fell below the line
were for F and L, the mutants that are defective in trimeriza-
tion (Fig. 3). The fact that wild-type EnvA (P) is processed
better than any of the mutants suggests that a major reason for
the conservation of proline at residue 29 of the TM subunit is
for optimal processing of the precursor, pr95, into SU and TM
subunits, an event that is required to enable EnvA to mediate
infectivity (24). We expect that this processing event is a rate-
limiting step in the ASLV life cycle. However, in the MLV
pseudotyping system used below, high levels of protein are
expressed and processed ASLV Envs are preferentially incor-
porated. Hence, with the MLV pseudotyping system, the pro-

25

SU/pr95

" i + 0

2 1.5 1

Reverse turn propensity

FIG. 4. Processing of mutant EnvAs into SU (gp85) and TM (gp37) subunits.
Cells expressing wild-type and mutant EnvAs were radiolabeled with Tran®>S-
label, lysed, subjected to immunoprecipitation using the anti-EnvA tail antibody,
and treated with N-glycosidase F. Proteins were resolved by SDS-PAGE, visu-
alized using a PhosphorImager, and quantified using ImageQuant. The data were
subjected to linear regression analysis and fit best to the linear equation y =
0.81x + 0.33 with > = 0.84. The data (triangles) represent the ratio of gp85 to
unprocessed pr95. The solid line represents the linear least squares fit of the
data. The two points significantly below the line are for the poorly trimerized F
and L mutants.
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FIG. 5. Incorporation of mutant EnvAs into MLV-pseudotyped virions.
EnvA-MLV pseudotyped virions were prepared and concentrated as described
in Materials and Methods. Virions were diluted into SDS sample buffer, resolved
by SDS-PAGE, transferred to nitrocellulose, and probed with the anti-Ngp37
antibody. Parallel blots were probed with an antibody recognizing MLV capsid

(gp30).

cessing defects are overcome and subsequent EnvA-mediated
events can be examined.

Incorporation of mutant EnvAs into pseudotyped virions.
We use single-cycle infectivity of MLV pseudotype virions as a
measure of the ability of mutant EnvAs to mediate virus-cell
fusion (30, 35, 46). We first assessed the relative ability of each
mutant EnvA to be incorporated into MLV pseudotyped viri-
ons as described in Materials and Methods. As shown in Fig. 5,
all mutant EnvAs were incorporated into pseudotyped virions.
Importantly, with the exception of the genetically engineered
cleavage site mutant, Acl (24), the proteolytically processed
form of each EnvA was selectively incorporated (compare the
density of pr95 to that of gp37 in Fig. 5 with that in Fig. 2).
Furthermore, in this overexpression system, most mutant
EnvAs were incorporated into the pseudotyped virions to sim-
ilar levels as wild-type EnvA (Fig. 5 and Table 2). Even for the
F and L mutants, those impaired in trimerization and process-
ing, a significant amount of processed EnvA was incorporated

TABLE 2. Cell surface expression, virion incorporation, and
receptor binding of proline mutants®

Relative Relative Relative s47

Mutant cell surface virion saturation bKL()l .for S?\Z[

expression incorporation binding inding (nM)
R 0.7x0.1 0.7x0.3 09 =0.1 ND
D 09 +0.1 12*0.1 1204 ND
E 09 =0.1 09=0.2 1.0 0.2 ND
N 0.8 0.0 14+03 09 =0.3 ND
Q 1.0 0.1 21x0.3 09 =0.1 ND
S 09 +0.1 1.0 1.0 =05 14
T 0.8 +0.1 1.0x03 0.8 +0.1 5
P 1.0 1.0 1.0 17
G 1.1 =01 0.8 x0.1 12200 10
A 0.7+0.1 0.8+0.2 0.5 0.0 7
A% 14 =01 1.1 0.1 0.7+0.0 16
L 0.8 0.0 0.4 09 +0.1 ND
F 0.7+0.0 0.6 02=0.1 2
Acl 1.3+02 1.0x03 ND ND
HA ND ND ND ND

“ Data were obtained and normalized to that for wild-type EnvA (P) as de-
scribed in Materials and Methods. They are presented in order of increasing
residue hydrophobicity. (Hydrophobicity tables from different sources rank res-
idues differently, both in order and by extent of hydrophobic nature. We present
our data in an order of increasing hydrophobicity representing the consensus
ordering from the tables in reference 16, 10, 34, and 17. When plotted versus
hydrophobicity for each of the four individual hydrophobicity scales, a similar
correlation between high infectivity and intermediate hydrophobicity was ob-
tained [data not shown].) All values are reported as fractions of the P values *
standard error of the mean. Because values were normalized to wild type for
each experiment, the error in P is embedded in the values for the other errors.
Where no errors are given for relative virion incorporation (other than P), a
single blot was quantitated. Otherwise, results were averaged from two to five
independent experiments. ND, not determined.
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FIG. 6. Coimmunoprecipitation of s47 with mutant EnvAs. Lysates of EnvA-
expressing cells were prepared as described for Fig. 2 and incubated with bio-
tinylated s47 for 30 min at 4°C. The mixtures were then immunoprecipitated with
the anti-EnvA tail antibody (anti-EnvC tail antibody for EnvC, the Env protein
of ASLV, Prague C, used as a negative control), resolved by SDS-PAGE, trans-
ferred to nitrocellulose, and probed with horseradish peroxidase-conjugated
streptavidin.

into pseudotyped virions. For reasons that are not apparent,
the Q mutant was consistently incorporated to a greater extent
than the others; the Q mutant does not exhibit increased ex-
pression at the cell surface (Table 2). Because of the incorpo-
ration of approximately wild-type levels of processed forms of
all mutant EnvAs, we can use single-cycle infection of MLV-
pseudotyped virions bearing these mutant EnvAs to score their
relative ability to support infectivity.

Binding to s47. To determine whether mutation of the cen-
tral P of the fusion peptide of gp37 affected the ability of the
gp85 subunit to bind receptor, we assessed the ability of each
mutant to bind s47, a soluble, recombinant form of Tva (the
cellular receptor for ASLV-A) (29, 54). We recently showed
that s47 is able to bind EnvA and trigger fusion-activating
conformational changes in EnvA (29). We used two assays to
quantitate s47 binding to the EnvA: coimmunoprecipitation of
s47 with EnvA and, more rigorously, a FACS-based binding
assay. We first showed that s47 could be immunoprecipitated
with each mutant EnvA. Lysates from cells expressing wild-
type or mutant EnvA proteins were incubated with biotinylated
s47 and immunoprecipitated with the anti-EnvA tail antibody.
SDS-gels of the immunoprecipitates were then probed with
horseradish peroxidase-conjugated streptavidin. As seen in
Fig. 6, biotinylated s47 was coimmunoprecipitated with wild-
type EnvA, with the cleavage-deficient mutant Acl, and with
each of the P29X mutants, suggesting that mutations at P29 do
not impair receptor binding.

To examine the receptor binding ability of each mutant
EnvA in more detail, we used a FACS-based assay similar to
that described by Young and coworkers (56). Binding of dif-
ferent amounts of s47 to cells expressing wild-type EnvA was
measured as described in Materials and Methods. From the
average of three experiments, we calculated a K, of 17 = 2 nM
for wild-type EnvA. The binding of s47 to cells expressing each
mutant EnvA was then measured at saturating concentrations
of s47. The results are presented in Table 2. For most mutant
EnvAs, s47 binding was close to wild-type binding and varia-
tions correlated with differences in surface expression. How-
ever, mutants A, V, and F appeared to bind s47 less well than
wild-type EnvA. To further assess the ability of these mutants
to bind s47, binding curves were obtained. In each case, al-
though less s47 was bound at saturating concentrations, the
measured affinity was greater than or equal to wild-type affinity
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FIG. 7. Infectivity of mutant EnvAs. EnvA-MLYV pseudotyped virions encod-
ing B-galactosidase were prepared as for Fig. 4. Serial dilutions of pseudotyped
viral supernatants were added to Tva-expressing NIH 3T3(PG950) cells, incu-
bated at 37°C for 48 h, and assayed for B-galactosidase as described in Materials
and Methods. Data from at least three independent experiments were averaged
and are presented as a function of increasing hydrophobicity of the mutant
residue. Ranking of relative hydrophobicity is described in the footnote to Table
2. Error bars represent standard error of the mean.

(Table 2). Thus, mutations at P29 of the TM subunit of EnvA
do not impair receptor binding.

Infectivity of mutant EnvAs. MLV-pseudotyped virions, pre-
pared as described above, were titered for infectivity on PG950
cells, cells that stably express Tva, the EnvA receptor. The
results are presented in Fig. 7. The infectivity data correlated
best with the hydrophobicity of the substituted residue; no
correlation was seen if the data were plotted as a function of
preferred structure (reverse turn, a-helix, or B-sheet) or with
the side chain volume of the substituted residue (not shown).
As seen in Fig. 7, residues of intermediate hydrophobicity (Q,
S, T, P, G, and A) appeared to function best. Both residues of
high (e.g., V) and low (e.g., R) hydrophobicity were impaired
by 1 to 2 logs in their ability to support infection. The acidic
residues, D and E, showed even greater defects, being im-
paired by 3 logs. The data approximate a bell-shaped curve
centered about T. The unexpectedly high level of infection
supported by Q is likely the consequence of its heightened
incorporation into virions (see above and Table 2). The low
levels of infection seen for F and L may be a consequence of
both their lower level of incorporation into virions and their
relative hydrophobicity. We observed a similar correlation be-
tween the hydrophobicity of the substituted residue and the
ability of the corresponding EnvA to support cell-cell fusion
(Delos and White, unpublished results).

DISCUSSION

A common feature of many internal fusion peptides is a
proline at or near their centers (48). The work reported here
represents the first comprehensive study of the roles of a cen-
tral proline within an internal fusion peptide. We generated 12
mutations at P29 within the fusion peptide of the TM subunit
of the ASLV-A envelope protein, EnvA, and examined their
effects on EnvA proteolytic processing, trimerization, cell sur-
face expression, receptor binding, virion incorporation, and
infectivity. We found the following. With the exception of the
bulky hydrophobic residues F and L, all mutant EnvAs were
proteolytically processed, trimerized, and efficiently expressed
at the cell surface. Processing correlated linearly with the re-
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verse turn probability of the mutant residue. P, the wild-type
residue, has the highest reverse turn probability, and wild-type
EnvA was the best processed. All mutant EnvAs were incor-
porated into MLV pseudotyped virions and bound the
ASLV-A receptor, Tva, with high affinity. For all mutants, the
processed form of EnvA was preferentially incorporated. In-
fectivity of the pseudotyped particles approximated a bell-
shaped pattern as a function of residue hydrophobicity; the
optimal residues for infectivity are, like proline, of moderate
hydrophobicity. Our findings have implications for the roles of
the central proline of the internal fusion peptide of ASLV
EnvA in setting up the metastable state of the fusion protein
and in target bilayer interactions.

The central proline is required for optimal processing of
EnvA. The proteolytic processing of the ASLV EnvA into its
SU and TM subunits is critical to viral infectivity (24). Since
the degree of processing of the mutant EnvAs correlated lin-
early with the propensity of the substituted residue to be found
in a reverse turn (Fig. 4), our findings suggest that a compelling
selective force for the choice of P at the center of the ASLV
fusion peptide is to position the proteolytic cleavage site, 29
residues upstream, for optimal accessibility to the processing
protease.

Most viral fusion proteins require a proteolytic processing
event to render them fusion competent. For HA, it has been
shown that this processing event has two related consequences:
(i) it allows conversion of the lowest energy state of HAO to a
metastable state that can then be converted to a lower-energy
fusion-active state, and (ii) it causes the fusion peptide to be
hidden in the trimer interface until HA is exposed to its fusion
trigger. Processing of pr95 into SU and TM may set up a
metastable state in EnvA and may position the fusion peptide
so that it can be liberated in response to a trigger. As for HA
(9), after processing, the fusion peptide may occupy a hydro-
phobic pocket within the trimer interface and may be main-
tained in this conformation by interactions between gp85 and
gp37 that clamp EnvA in a metastable state. If this is the case,
it may explain why substitution of P with the bulky hydrophobic
residues, F and L, appears to weaken the trimer interface.

For reasons that are not yet apparent, processed EnvA was
preferentially incorporated into MLV pseudotyped particles
(Fig. 2 and 5). Even for mutants where little EnvA was pro-
cessed (e.g., F and L), little unprocessed material was found in
pseudotyped virions (Fig. 5). In the case of a normal ASLV
infection, we predict that processing will be a rate-limiting step
in the production of infectious particles. However, because in
our transient transfection system the amount of expressed
EnvA is very high, a significant amount of processed EnvA
reaches the cell surface and is incorporated into pseudotype
virions (Fig. 2, Fig. 5, and Table 2).

Although many internal fusion peptides have a proline near
their centers, only a subset may need to fold with a tight
reverse turn about the proline. EnvA has an unusually short
(four-residue) predicted turn region in its fusion peptide. The
predicted turn region for most internal fusion peptides is seven
or more residues, a length compatible with more flexible struc-
tures capable of accommodating a broader range of residues.
For example, mutations at either of the two prolines within the
internal fusion peptide of the Ebola virus G2 protein do not
appear to affect processing (32).

Roles of the central proline in target bilayer interactions.
The ability of each mutant Env to support infection of recep-
tor-bearing cells by EnvA-MLV pseudotyped virions corre-
lated best with the hydrophobicity of the mutant residue. Res-
idues of intermediate hydrophobicity (S, T, P, G, and A)
supported high levels of infection. The decrease in infectivity
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seen with residues of high hydrophilicity (R, D, and E) or high
hydrophobicity (V, F, and L) could not be attributed to im-
paired receptor binding (Table 2 and data not shown). We
measured an apparent K, for the EnvA-s47 interaction of 17 =
2 nM. This affinity is lower than those reported using other Tva
or EnvA reagents (2, 56). Future work is necessary to deter-
mine whether these differences stem from experimental differ-
ences or whether our data suggest that additional residues, not
present in s47, contribute to the binding affinity between EnvA
and Tva.

We surmise that our infectivity data reflect the relative abil-
ity of mutant EnvAs to support virus-cell fusion. This suppo-
sition is supported by the similarity between the ability of each
mutant EnvA to support infectivity (Fig. 7) and its ability to
support cell-cell fusion. Although the signal-to-noise ratio for
the cell-cell fusion assay is low, mutant EnvAs with S, T, G, or
A in place of P29 support cell-cell fusion, whereas those with
substitutions of residues of high (V, L, and F) or low (R, D, E,
and N) hydrophobicity exhibit poor cell-cell fusion (Delos and
White, unpublished results). These observations parallel re-
cent findings on the initial residue of the (N-terminal) fusion
peptide of the influenza virus HA. For all type A influenza
viruses, this residue is G, a residue of intermediate hydropho-
bicity. Substitution with residues of higher (V) or lower (E)
hydrophobicity abolish fusion (13, 22, 41, 47). It thus may be
that a residue of intermediate hydrophobicity is needed for
initial interactions of fusion peptides with target cell mem-
branes. We propose that P29 is at the apex of a fusion peptide
loop which, by analogy with several viral fusion proteins (1, 45)
and based on the predicted similarities between the Ebola
virus G2 and ASLV EnvA TM subunit, would sit on top of a
triple coiled-coil structure. In this configuration, P29 could be
in an ideal position to make an initial interaction with the
target membrane.

Other internal fusion peptides. Ebola virus G2 is predicted
to be similar in structure to the TM subunit of ASLV. The
Ebola virus G1 and ASLV SU subunits are, however, quite
different. Not unexpectedly, the activation requirements for
these two proteins appear to be different: the Ebola virus GP
requires low pH, whereas the ASLV protein requires associa-
tion with its receptor, Tva (24, 29, 52). The ASLV Env requires
proteolytic processing to be infectious; Ebola virus GP may not
(24, 53). Thus, comparison of these two proteins may be lim-
ited to functions that reside in TM and G2. Mutational analysis
of the G2 fusion peptide has recently been reported; in this
study, residues throughout the fusion peptide were mutated to
either R or A, and the infectivity of the mutant G proteins was
studied using VSVAG pseudotyped virus (32). The G2 fusion
peptide has two prolines, at residues 533 and 537. For each of
these prolines, the P-to-A mutation slightly and the P-to-R
mutation severely impaired infectivity. These results are con-
sistent with our findings for EnvA.

The candidate internal fusion peptides of SFV-E1, VSV-G,
and TBE-E have been studied by mutational analysis (18, 33,
50; Heinz, personal communication). The most extensive stud-
ies have been on VSV-G. The region encompassing the can-
didate fusion peptide of VSV-G conforms well to the order-
turn-order motif (Fig. 1). Mutation of P127, within the
predicted turn segment of the candidate fusion peptide region
(Fig. 1, the most C-terminal proline of the VSV-G fusion
peptide), to D significantly decreased fusion (50) and abol-
ished infectivity (18). These results are also consistent with our
results for EnvA. The SFV-E1 fusion peptide has been exten-
sively mutagenized (33). Unfortunately, the only mutant with a
substitution for the proline (to D) could not be expressed at
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the cell surface, and so no information regarding fusion could
be obtained (33).

Membrane interactions of synthetic peptides representing
the candidate internal fusion peptides of Ebola virus G2 and
guinea pig fertilin o have been reported (36, 38, 44). In each
case, the peptides preferentially interacted with acidic phos-
pholipid bilayers. For fertilin o, a peptide in which the central
PP doublet was replaced with AA was less fusogenic and more
lytic (38). These results suggest that the central prolines are
important for the fusogenic properties of the synthetic fertilin
a candidate internal fusion peptide.

Concluding remarks. By systematically mutating the proline
at residue 29 of the fusion peptide of the TM subunit of ASLV
EnvA, we have defined two roles for this central proline. First,
our data suggest that the proline, by its strong propensity to be
found in a reverse turn, and thereby likely affecting the struc-
ture and packing of the fusion peptide, is the optimal residue
at this position for the critical proteolytic processing event
which converts pr95 to its metastable state composed of SU
and TM subunits. Second, our data suggest that the proline is
one of the optimal residues at this position to support virus-cell
fusion; the other residues that support infection (S, T, G, and
A) are all of intermediate hydrophobicity. Our data are con-
sistent with a model in which the fusion peptide region adopts
an order-turn-order configuration in the precursor state (Fig.
1). The fusion peptide region may retain the order-turn-order
conformation as it approaches the target membrane, with the
proline providing an initial point of membrane interaction.
The fusion peptide may adopt other structures during later
steps of the fusion process.
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