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Short hydrophobic regions referred to as fusion peptide domains (FPDs) at or near the amino terminus of
the membrane-anchoring subunit of viral glycoproteins are believed to insert into the host membrane during
the initial stage of enveloped viral entry. Avian sarcoma and leukosis viruses (ASLV) are unusual among
retroviruses in that the region in the envelope glycoprotein (EnvA) proposed to be the FPD is internal and
contains a centrally located proline residue. To begin analyzing the function of this region of EnvA, 20 sub-
stitution mutations were introduced into the putative FPD. The mutant envelope glycoproteins were evaluated
for effects on virion incorporation, receptor binding, and infection. Interestingly, most of the single-substitu-
tion mutations had little effect on any of these processes. In contrast, a bulky hydrophobic substitution for the
central proline reduced viral titers 15-fold without affecting virion incorporation or receptor binding, whereas
substitution of glycine for the proline had only a nominal effect on EnvA function. Similar to other viral FPDs,
the putative ASLV FPD has been modeled as an amphipathic helix where most of the bulky hydrophobic
residues form a patch on one face of the helix. A series of alanine insertion mutations designed to interrupt the
hydrophobic patch on the helix had differential effects on infectivity, and the results of that analysis together
with the results observed with the substitution mutations suggest no correlation between maintenance of the

hydrophobic patch and glycoprotein function.

The glycoproteins of enveloped viruses facilitate entry into
the target cell by binding to a cell surface receptor and medi-
ating fusion of the viral and target cell membranes. The enve-
lope glycoprotein of the subgroup A avian sarcoma and leu-
kosis viruses (ASLV), EnvA, is synthesized as a precursor
protein (Pr95) which oligomerizes into a trimer (14). In a pro-
cess similar to that observed for other retroviruses, Pr95 is
proteolytically processed into two subunits, SU (gp85) and TM
(gp37), and this processing is required for infection (10). As for
other retroviral glycoproteins, the SU subunit contains the
determinants for receptor specificity and binding (5, 6, 11, 43),
while the TM subunit anchors the glycoprotein to the viral
membrane and is postulated to be responsible for membrane
fusion.

An early event in viral entry is, upon viral envelope activa-
tion, the insertion of a hydrophobic region of the viral en-
velope protein, the fusion peptide domain (FPD), into the
cellular membrane (12, 23, 45). The FPD is found in the
membrane-anchoring subunit and consists of 16 to 30 primarily
hydrophobic amino acids displaying a hydrophobic index be-
tween those of a protein signal sequence and a transmembrane
domain (49). FPDs are generally highly conserved within a
viral family but not between families (24). Hydrophobic pho-
toaffinity labeling of the influenza virus hemagglutinin (HA)
FPD suggests that this domain forms an amphipathic helix
during the fusion process, with the bulky hydrophobic residues
exposed to the interior of the lipid bilayer (23). Infrared spec-
troscopy, circular dichroism, and electron spin resonance stud-
ies of peptides corresponding to the FPDs of human immuno-
deficiency virus type 1 (22), simian immunodeficiency virus (28,
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35), Newcastle disease virus (7), and influenza virus (15, 30, 31,
33, 34, 40, 47) glycoproteins interacting with lipids indicate that
these peptides conform to an amphipathic helix. Based on
these and other studies, the ASLV FPD has been modeled as
an amphipathic helix (Fig. 1B) (49). However, the requirement
of an amphipathic helical conformation for FPDs remains con-
troversial (19a), and there have been few studies directly test-
ing this model in intact viral glycoproteins.

Although most retroviral FPDs are located at the amino
terminus of the TM subunit, ASLV is unusual in that the
putative FPD is located 20 residues internally to the amino
terminus of the TM subunit. A feature common to a number of
internal viral FPDs is a central proline which is believed to
promote bending of the inserted FPD. Analysis of mutations to
the central proline of the Semliki Forest virus E1 glycoprotein
or the vesicular stomatitis virus G glycoprotein indicates a
critical role for this residue in envelope glycoprotein function
(18, 32, 51).

Here, we examine the effect of mutations in the putative
internal FPD of ASLV EnvA. Twenty-six mutations within the
ASLV EnvA FPD were generated and evaluated for virion
incorporation into murine leukemia virus (MLV) pseudotypes,
receptor binding, and infectivity. Our results indicate that the
function of EnvA is refractory to single point mutations in the
putative FPD and that the FPD centrally located proline is not
required for infection. Moreover, the results of analysis of four
insertion mutants designed to disrupt the register of the pro-
posed FPD «a-helix are not consistent with the amphipathic
helix model for the ASLV putative FPD.

MATERIALS AND METHODS

Cell lines and plasmids. 293T cells and NIH 3T3 cells stably expressing the
subgroup A ASLV receptor, Tva (3T3g5,) (43), were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% iron-supplemented calf se-
rum, penicillin (100 U/ml), streptomycin (100 pg/ml), and 2 mM L-glutamine.

pjEnvA was constructed by ligating a 2.2-kb Schmidt-Ruppin EnvA BamHI
fragment (20) into the expression vector pCB6 (8) that had been digested with
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FIG. 1. The putative FPD of ASLV. (A) Alignment of the putative FPD of
ASLV. The viruses used for sequence alignment and their GenBank accession
numbers (from top to bottom) are as follows: Rous sarcoma virus (RSV)
Schmidt-Ruppin strain subgroup A [(SR-A)], P03397; RSV Prague strain sub-
group C, P03396; RSV Prague strain subgroup C, duck adapted [(da)], S26419;
RSV Schmidt-Ruppin strain subgroup D [(SR-D)], D10652; avian sarcoma virus,
V01169; myeloblastosis-associated virus type 1/2 (MAV-1/2), L10923; MAV-1,
L10922; MAV-2, L10924; Rous-associated virus type 0 (RAV-0), X07818; RSV
Td mutant 1441, K00928; avian erythroblastosis virus (AEV) strain S13, A33902;
avian carcinoma virus (ACV), M25158; avian leukosis virus (ALV) hypothetical
protein [(hp)], S35437; ALV, S35427; ALV subgroup J (ALV-J), Z46390. (B)
Model of the ASLV putative fusion peptide domain. The ASLV FPD has been
modeled as an amphipathic helix with all of the bulky hydrophobic residues
forming a patch on one face of the helix. The bulky hydrophobic residues are in
boldface type, and the patch is outlined in black.

BglII and BamHI. This construct eliminates the 5" BamHI site while preserving
the 3" BamHI site. To construct pMyc-EnvA, oligonucleotides 0S226 (5'-TCG
GAGCAAAAGCTTATCTCCGAGGAAGATC-3") and 0S227 (5'-TCGAGA
TCTTCCTCGGAGATAAGCTTTTGC-3'), encoding the Myc epitope, were
inserted at the unique Xhol site near the 5’ end of the EnvA coding region. The
FPD mutations were generated by overlapping extension PCR (27), verified by
DNA sequencing analysis, and inserted into pMyc-EnvA as a PpuMI-to-BamHI
fragment. Other plasmids used include pCB6 EnvA Cleavage(—) [CL(—)] (21);
pHit60, carrying MLV gag-pol; and pHit111, which expresses a retroviral genome
that encodes B-galactosidase (B-gal) (44).

Production of EnvA pseudotype MLV and infections. Myc-EnvA pseudotype
virus was generated by an adaptation of the previously described transient three-
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plasmid retroviral expression system (44). Briefly, 15 pg each of pMyc-EnvA,
pHit60, and pHit111 was transfected into 6 X 10° 293T cells in a 100-mm plate
overnight by CaPO,. The medium was changed the following morning, and 36 h
posttransfection the virus-containing media was clarified by two-step centrifuga-
tion at 430 X g and then 2,300 X g. The resulting viral supernatants were divided
into aliquots and stored at —80°C.

Infections were performed by incubating 3T3¢s, cells overnight with 1 ml of
either FPD mutant or wild-type Myc-EnvA pseudotype MLV. The following
morning, 2 ml of media was added. The infection was allowed to proceed for
36 h, after which the cells were fixed with 2% paraformaldehyde and the titers
were determined by X-Gal (5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid)
staining infected cells for B-gal activity (50). The data presented are results from
a minimum of three independent experiments using at least two different viral
stocks.

Analysis of FPD mutant expression. Cellular expression of the Myc-EnvA
FPD mutants was analyzed by the following procedure. 293T cell monolayers
from the three-plasmid transfection described above were washed twice with 1x
phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
1.7 mM KH,PO,; adjusted to a pH of 7.4) and then lysed with Triton lysis buffer
(150 mM NaCl, 1% Triton X-100, 50 mM Tris [pH 8.0], 5 mM EDTA) on ice.
Cellular debris was pelleted, the supernatants were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% acrylamide) and
transferred to nitrocellulose, and then Myc-EnvA was detected by Western
blotting with anti-Myc ascites (9E10).

To evaluate cell surface expression of the FPD mutants, 293T cells were
transiently transfected overnight by CaPO, with 15 g of the appropriate FPD
mutant envelope plasmids in parallel with Myc-EnvA and CL(—) plasmids.
Thirty-six hours posttransfection the 293T monolayers were washed twice with
1X PBS, and the cells were then released from the dish with 10 ml of PBS
containing 1 mM EDTA and 1 mM EGTA. The cells were pelleted at 430 X g
for 10 min and resuspended in 3 ml of biotin-labeling buffer (130 mM NaCl, 20
mM HEPES [pH 7.9], 0.5 mM MgCl,) containing 1 mg of Sulfo-NHS-LC-biotin
(Pierce, Rockford, Ill.) per ml. The biotinylation reaction was allowed to proceed
for 45 min on ice, and the reaction was quenched with bovine serum albumin
(BSA; fraction V; Boehringer Mannheim Corp.) (final concentration, 0.5 mg/ml)
in the presence of 100 mM glycine. The cells were pelleted at 430 X g, washed
twice with biotin buffer containing 20 mM glycine, and then lysed with Triton
lysis buffer. Protein concentrations in the cell lysate were determined by the
Bradford assay, and equivalent amounts of total protein were streptavidin-aga-
rose-precipitated as described previously (42). Precipitates were resolved by
SDS-PAGE (10% acrylamide), transferred to nitrocellulose, and then detected
by Western blotting with 9E10 ascites.

Analysis of EnvA incorporation into virions. Seven milliliters of viral super-
natant from the three-way transfection described above was centrifuged in an
SW41 rotor at 41,000 rpm for 22 min. Pelleted virus was resuspended in 3 ml of
PBS, layered onto 20% sucrose, and ultracentrifuged in an SW55 rotor at 55,000
rpm for 20 min. The resulting virus pellet was lysed in 250 pl of RIPA buffer (140
mM NaCl, 10 mM Tris [pH 8.0], 5 mM EDTA, 1% Na-deoxycholate, 1% Triton
X-100, 0.1% SDS). Viral lysates were resolved by SDS-PAGE (10% acrylamide),
transferred to nitrocellulose, and then probed for Myc-EnvA by Western blot
analysis using anti-avian myoblastosis virus polyclonal rabbit sera provided by
Tom Matthews (Duke University) or for MLV p30 with an anti-MLV Gag goat
polyclonal sera. The primary antibody reactivates were detected with '2*I-protein
A (NEN Dupont) and quantitated using a PhosphorImager and ImageQuant
software (Molecular Dynamics, Sunnyvale, Calif.). Env/Gag ratios were deter-
mined and normalized to the wild-type Myc-EnvA Env/Gag ratio.

Analysis of receptor binding. Binding analysis of the FPD mutant proteins was
performed by enzyme-linked immunosorbent assay (ELISA) as described previ-
ously (2). Briefly, 96-well plates were coated overnight at 4°C with an anti-EnvA
TM polyclonal antibody that recognizes the cytoplasmic domain of the ASLV
Env (20). Myc-EnvA or the FPD mutant proteins from cell lysates were captured
for 1 h at 4°C. The volume of lysate used was titrated to be sufficient to saturate
the antibody on the plate. After envelope binding, the plates were washed and
biotinylated sTva was added, after which the plates were incubated for 1 h at 4°C.
Unbound sTva was washed away, and the bound sTva was detected using strepta-
vidin-horseradish peroxidase and 2,2'-azinobis(3-ethylbenzthiazoline sulfonic
acid) (ABTS; Pierce). After incubation for 30 min at room temperature, plates
were read by using an ELISA reader at 405 nm (Molecular Dynamics). All
samples were assayed in triplicate. Data were converted to percentages (percent
wild-type Myc-EnvA binding) using the following equation: optical density at 405
nm of mutant Myc-EnvA/optical density at 405 nm of wild-type Myc-EnvA X
100.

RESULTS

Generation of epitope-tagged EnvA. To facilitate analysis of
expression and virion incorporation of EnvA, sequences en-
coding a Myc-epitope tag (17) were inserted at the amino
terminus of the EnvA SU subunit (Fig. 2A). We have demon-
strated previously that appending sequences to the 5’ end of
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FIG. 2. The ASLV putative FPD mutants. (A) Schematic of ASLV Env. The
SU and TM subunits are covalently linked by a disulfide bond. The different fill
patterns indicate functional domains within each subunit, as follows: checker-
board, Myc-epitope tag; stippling, subgroup-determining region; wavy lines,
FPD; diagonal lines, heptad repeat; windowpane, CX,CC motif; all black, mem-
brane-spanning domain. The sequence of the putative FPD is shown below its
region within TM. The first residue of TM is number 1. (B) ASLV FPD point
mutations. (C) ASLV FPD proline mutations. (D) ASLV FPD insertion and
deletion mutations. Dots denote homology and dashes indicate deletions.

the envA coding region has no discernible effect on EnvA
glycoprotein expression and function (43; P. Bates, unpub-
lished observation). To assess the function of Myc-EnvA, plas-
mids encoding wild-type EnvA and Myc-EnvA, respectively,
were transiently transfected into 293T cells along with plasmids
carrying MLV gag-pol and an MLV genome encoding (-gal
(44). Incorporation of Myc-EnvA into MLV particles was eval-
uated by Western blot analysis of viruses released into the
media using antibodies specific for MLV Gag and ASLV Env.
The function of Myc-EnvA was compared to that of wild-type
EnvA by analyzing the infectivity of MLV pseudotypes on NIH
3T3 cells stably expressing the subgroup A ASLV receptor,
Tva (3T3,5,). No difference in cellular expression, processing,
virion incorporation, or infectivity was seen between Myc-
EnvA and wild-type EnvA (data not shown).

Effect of point mutations within the ASLV FPD on infectiv-
ity, receptor binding, and virion incorporation. An alignment
of the ASLV TM sequences encoding the putative FPD shows
a high degree of homology between all the ASLV envelopes.
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Variation is seen in only 4 of 17 residues comprising the pu-
tative FPD (Fig. 1A). One FPD variant substitutes Lys for
Arg38, suggesting that conserving a basic residue is preferred
at this position of the ASLV Env protein. Interestingly, Ala34,
which is predicted by the amphipathic helix model to lie on the
less hydrophobic face of the helix (Fig. 1B), tolerates polar and
charged amino acid substitutions, indicating that there is not a
strict hydrophobic requirement at this position. Similarly, the
only other variant (avian leukosis virus subgroup J) substitutes
bulky hydrophobic residues, but this does not affect the nature
of the amphipathic helix.

To begin analyzing the sequence requirements of the ASLV
FPD, we generated 16 site-directed mutations within the pu-
tative ASLV FPD (Fig. 2A). In general, these alterations were
designed to conserve the overall hydrophobicity of this impor-
tant functional domain. To directly address the amphipathic
helix model for the ASLV putative FPD, we attempted to
disrupt the proposed hydrophobic patch on the helical face
(Fig. 1B) by replacement of the bulky hydrophobic residues
Phe23, Ile26, Leu27, and Leu37 with either alanine or glycine.
To test whether flexibility at the middle of the putative FPD
was necessary, a centrally located glycine residue (Gly30) was
replaced with the B-branched amino acid valine. Substitutions
at position 35 of the ASLV TM were designed to test the
significance of a polar residue in a primarily hydrophobic do-
main. Finally, the conserved carboxy-terminal basic residue
was replaced with glycine to address the functional significance
of a basic residue at this position (Fig. 2B).

The FPD point mutants were transiently expressed in 293T
cells and subsequently labeled with a membrane-impermeable
biotin compound which only labels cell surface proteins. SDS-
PAGE and Western blotting of cell lysates revealed that the
FPD mutants were all expressed and processed to levels similar
to those of wild-type Myc-EnvA (Table 1). Similar analysis of
streptavidin-agarose-precipitated proteins from cell lysates in-
dicated that all the FPD point mutants are present on the cell
surface at levels similar to those of wild-type Myc-EnvA (data
not shown).

The Myc-EnvA mutants were used to produce MLV pseu-
dotypes carrying a 3-gal marker gene by transient transfection
of 293T cells. To determine if the FPD mutants were efficiently
incorporated into MLV virions, pseudotyped viral prepara-
tions were purified through sucrose and analyzed by SDS-
PAGE and Western blotting, and Env/Gag ratios were deter-
mined by phosphorimage analysis. As shown in Fig. 3A and
Table 1, most of the FPD point mutants are efficiently incor-
porated into virions. Two notable exceptions are F23A and
126W/L27W, a double mutation. These two mutants are, re-
spectively, incorporated 10- and 5-fold less efficiently than
wild-type Myc-EnvA. Moreover, both F23A and, to a lesser
extent, F23W are incompletely processed.

The effect of the FPD mutations on glycoprotein function
was assessed using a single-cycle infectivity assay (44). Viral
titers were determined by enumeration of cells expressing
B-gal. The results shown in Fig. 3B are the averages of at least
three independent experiments using at least two different viral
stocks. The uncleaved ASLV envelope [CL(—)] serves as a
negative control, since it has previously been demonstrated to
yield noninfectious viruses (10).

As shown in Fig. 3B, 15 of the 16 point mutations in the
ASLV FPD had little or no effect on glycoprotein function, as
measured by viral infectivity. Given the strong conservation
seen in the ASLV FPD, this result is somewhat surprising. One
exception is F23A (Fig. 3B and Table 1), where viral infection
was impaired nearly 15-fold compared to that of wild-type
Myc-EnvA. A more conservative substitution at this position,
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TABLE 1. Summary of ASLV FPD mutants

Envelope Titer Expres- Env/Gag % Receptor
glycoprotein® (10° TU/ml)? sion® ratio? binding”
Controls
Myc-EnvA 43 £0.8(100) +++ 1.00 100
CL(-) <107 (0) +++ 150 110
No Env <107 (0) - 0.03 0
Point mutations
F23A 0.30 £ 0.06 (7) +++ 0.12 160
F23W 090 £ 0.61 (21) +++ 0.46 98
126A 49 +14(110) +++ 0.83 ND
L27A 22 +1.0(51) +++ 0.61 ND
L27T 31 +1.0(72) +++ 0.56 ND
L27W 57x31(130) +++ 0.46 ND
126W/L2TW 1.4 £0.3(33) +++ 0.20 132
G30P 1.5 0.1 (35) +++ 0.69 ND
G30V 3.6 = 1.1(85) +++ 0.64 ND
Q35G 2.0 £0.9(47) +++ 0.64 ND
Q35N 2.8 = 1.0 (65) +++ 1.05 120
Q35R 42 +2.3(98) +++ 0.72 97
Q35W 2.5 = 1.8(58) +++ 0.84 ND
A36G 22 *0.7(51) +++ 0.64 ND
L37G 55+35(130) +++ 0.77 190
R38G 44+ 1.8(100) +++ 0.80 ND
Proline mutations
P29G 1.0 £ 0.0 (23) +++ 0.81 130
P29V 0.30 £ 0.06 (7) +++ 0.38 150
P29G/G30P 45+ 0.6 (100) +++ 0.83 ND
Insertion and deletion
mutations
A24-26 <107 (0) +++  0.06° 61
L27T, AI26/AP29 —107°(0) +++ 0.09¢ 89
A24[A]S25 0.60 £0.08 (15) +++ 0.75 170
P29[A]G30 1.9 = 0.5 (44) +++ 1.10 110
A34[A]1Q35 0.03 £0.08 (0.6) +++ 1.10 94
L37[A]R38 0.44 £0.19 (10) +++ 0.96 130

“ Envelope glycoproteins in bold are defective for infectivity.

® Values in parentheses are percentages [percent wild-type, determined by the
following equation: (mutant titer/Myc-EnvA titer) X 100].

¢ Mutant Env expression compared to Myc-EnvA expression in cell lysates, as
determined by Western blotting. +++, =50% of wild-type levels; —, no Env
detected.

@ Ratios determined by phosphorimage analysis of Western blots of virions for
Env and Gag and normalized to Myc-EnvA.

¢ Env-Gag ratios determined for processed envelope glycoprotein.

/Determined by ELISA (2). Data normalized to Myc-EnvA binding to sTva.
ND, not done.

F23W, modestly reduced titers by approximately fivefold com-
pared to wild-type Myc-EnvA titers.

We next determined if changes in the FPD affect the ability
of Myc-EnvA to bind to Tva, the receptor for subgroup A
ASLV, using an ELISA-based binding assay (3). Analysis of
receptor binding by three FPD mutants that display wild-type
infection demonstrates that these envelope proteins retain
full receptor binding activity (Fig. 3C). The uncleaved EnvA
[CL(—)], which is defective for infection, binds receptor as well
as Myc-EnvA, demonstrating that cleavage activation is not
required for receptor binding. The two FPD point mutants
with decreased infectivity, F23A and F23W, also displayed full
receptor binding activity. Thus, these alterations to the FPD in
the TM subunit had no effect on the receptor binding domain
in the SU subunit, which suggests that these two mutant enve-
lope glycoproteins are not grossly misfolded.

The F23A mutation had a significant (10-fold or greater)
effect on viral infectivity; however, this mutation also substan-
tially reduced incorporation into MLV, virions complicating
interpretation of this mutant. Comparison to the 126 W/L27W
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mutant, which also displays reduced incorporation but main-
tains wild-type infectivity, supports the hypothesis that alter-
ation of residue 23 impairs envelope function. Additionally,
the F23W mutant was similar to wild-type EnvA for virion
incorporation, perhaps suggesting that the modest reduction in
infectivity observed with this mutant results from the con-
served substitution of Trp for Phe at residue 23 affecting mem-
brane fusion.

Effect of proline mutations on virion incorporation, infec-
tivity, and receptor binding. Since previous data in other viral
systems has shown the functional importance of a proline near
the middle of an internal FPD, we investigated the role of the
centrally located proline in the putative ASLV FPD. Proline
causes a bend, or kink, in the polypeptide backbone; therefore,
we introduced two mutations to test if flexibility in the middle
of the putative FPD is required for envelope function (Fig.
2C). A Pro-to-Gly mutation at position 29 (P29G) that should
still allow nonrestricted bending of the domain at this position
was introduced as was a valine substitution (P29V) that would
be predicted to constrain this region from bending because of
the bulky B-branched side chain of this residue. A Pro29 and
Gly30 swap (P29G/G30P) was also generated to evaluate if the
exact placement of the proline is critical for ASLV envelope
function.

Transient transfection of 293T cells was used to produce
MLV pseudotypes with each of the Myc-EnvA proline mu-
tants, and glycoprotein function was evaluated using the single-
cycle infection assay. Substitution for proline by valine (P29V)
had a significant effect on ASLV envelope function, reducing
titers by approximately 15-fold in replicate experiments, com-
pared to the wild-type Myc-EnvA titer (Fig. 4A and Table 1),
whereas a Gly substitution at this position (P29G) had a mod-
est effect on infectivity, reducing titers approximately fourfold
compared to the wild-type titer. Changing the relative position
of the central proline (P29G/G30P) did not affect infection,
suggesting that there is not a stringent spatial requirement that
a Pro be at position 29.

Western blot analysis of MLV pseudotyped virions purified
by centrifugation through 20% sucrose was used to examine
the incorporation of the three proline mutants. Similar to wild-
type Myc-EnvA, the proline mutants appear to be correctly
processed and incorporated into virions (Fig. 4B and Table 1),
suggesting that the phenotypes observed for P29V and P29G
are not due to reduced EnvA incorporation into MLV [note
some proteolytic degradation observed in the CL(—) sample].

To determine if the alterations to Pro29 had an effect on
receptor binding, the ELISA-based receptor binding assay was
employed. As illustrated in Fig. 4C and Table 1, mutations
P29V and P29G had no effect on the ability of these envelope
proteins to bind receptor compared to wild-type Myc-EnvA
binding ability. This finding, coupled with the efficient incor-
poration of these mutant proteins into virions, indicates that
the effect of the substitutions at Pro29 on viral entry is postre-
ceptor binding and suggests that alteration of the central re-
gion of the ASLV FPD affects membrane fusion.

Effect of insertion and deletion mutations on virion incor-
poration, infectivity, and receptor binding. An amphipathic
helix model has been proposed for the putative ASLV FPD.
However, for the ASLV Env and many other viral glycopro-
teins, this model has not been rigorously tested. To test wheth-
er the amphipathic helix model appropriately describes the
subgroup A ASLV FPD, we generated a series of insertion and
deletion mutations. Two deletion mutants removing one or two
bulky hydrophobic residues within the proposed hydrophobic
patch were generated (Fig. 2D, A24-26 and L27T/A126/AP29).
Four alanine insertion mutants that should alter the register of
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FIG. 3. Effects of ASLV fusion peptide domain point mutations on virion
incorporation, infectivity, and receptor binding. (A) Analysis of mutant ASLV
envelope glycoprotein incorporation into MLV virions. MLV pseudotyped with
ASLV FPD point mutant envelope glycoproteins was pelleted through 20%
sucrose and lysed in RIPA buffer. Viral lysates were separated by SDS-PAGE
and analyzed by Western blot analysis with 9E10 anti-Myc antibody (17). SU
migrates at 68 kDa, and uncleaved Env migrates at 97 kDa. (B) Effects of FPD
point mutations on viral infectivity. MLV pseudotyped viral stocks incorporating
the ASLV FPD point mutant envelope glycoproteins and containing a retroviral
genome encoding B-gal were used to infect NIH 3T3 cells stably expressing Tva
(3T3y50). Forty-eight hours postinfection, the cells were fixed and stained for
B-gal expression. Viral titers were determined by enumeration of B-gal-positive
cells. The results shown are the averages of at least three independent experi-
ments, with standard deviations (error bars). Dashed line indicates the titer that
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the proposed amphipathic helix, thereby affecting the size of
the hypothetical hydrophobic patch, were also created (Fig. 2D
and see Fig. 6).

The mutant envelope glycoproteins were pseudotyped into
MLV particles by transient transfection of 293T cells, and gly-
coprotein function was analyzed using the single-cycle infec-
tion assay. Neither of the deletion mutations yielded infectious
virus. In contrast, the alanine insertion mutations had varying
effects on infectivity, with insertions near the carboxy terminus
showing a trend toward greater decreases in infectivity. The in-
sertion mutants near the amino terminus were slightly less se-
vere or had no effect on viral infection. A24[A]S25 yielded vi-
rus with titers reduced approximately sevenfold, while P29[A]G30
was comparable to the wild type for infection. The A34[A]Q35
mutation resulted in an approximately 170-fold reduction in
the viral titers, while the L37[A]R38 mutation produced viri-
ons with 10-fold lower infectivity.

Analysis of envelope glycoproteins from lysates of tran-
siently expressing cells demonstrated that all of the insertion
and deletion Myc-EnvA FPD mutants were competent to bind
receptor (Fig. 5C and Table 1). However, Western blot analysis
of virions indicated that mostly unprocessed A24-26 and L27T/
AI26/AP29 glycoproteins were incorporated into MLV virions
[note some proteolytic degradation observed in the CL(—) and
L27T/AI26/AP29 samples] (Fig. 5B and Table 1), suggesting
that the nonfunctional phenotype displayed by these two en-
velope proteins is due to inefficient processing of the precursor
envelope into SU and TM subunits prior to incorporation into
viruses. In contrast, all the insertion mutant envelope proteins
are efficiently processed and incorporated into MLV particles
at levels similar to those of wild-type Myc-EnvA (Fig. 5B and
Table 1). Taken together, these results demonstrate that the
effect on glycoprotein function displayed by the insertion mu-
tants A24[A]S25, A34[A]Q35, and L37[A]R38 occurs post-
receptor binding and is consistent with these FPD mutants
directly affecting membrane fusion.

DISCUSSION

Residues 21 to 38 located internally in the TM subunit of the
ASLV envelope glycoprotein are believed to encode the fusion
peptide. Several lines of evidence suggest definition of this
region as the putative FPD of the ASLV Env. First, hydropathy
plot analysis of the TM subunit of ASLV implicates this region
to be the FPD and this domain is highly conserved among
ASLYV, as is generally found for FPDs (Fig. 1). Importantly, the
proposed FPD is juxtaposed to the heptad repeat region, as has
been observed for a number of other viral FPDs (9, 19). In
addition, this region shares characteristics with other putative
internal FPDs (49). Finally, recent mutational analysis demon-
strated that alteration of Val31 to Glu within the putative FPD
of a soluble form of EnvA impairs receptor-induced liposome
binding, believed to represent the initial step of glycoprotein-
mediated membrane fusion (25).

Mutational analysis of envelope glycoproteins has been in-
strumental in the identification and functional characterization
of a number of viral FPDs. To define the role of the putative
ASLYV FPD in viral infection, an extensive number of conser-

is 10% of the wild-type titer. Glycoproteins displaying activity below this level are
defined as significantly impaired. Myc-EnvA and CL(—) are positive and nega-
tive controls, respectively. (C) Receptor binding activity of FPD point mutant
Env proteins. Mutant and wild-type envelope glycoproteins were captured by an
anti-TM antibody onto a 96-well plate, and then receptor binding was determined
by ELISA (2). For panels B and C, bar shading indicates whether results are for
control Env glycoproteins (black bars) or FPD mutant proteins (gray bars).
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FIG. 4. Effects of ASLV FPD proline mutations on infectivity, virion incor-
poration, and receptor binding. (A) Effects of FPD proline mutations on viral
infectivity. Titers were determined as described in the legend to Fig. 3B. The
results shown are the averages of at least three independent experiments, with
standard deviations (error bars). Dashed line indicates the titer that is 10% of
wild type. (B) Analysis of mutant ASLV envelope glycoprotein incorporation
into MLV virions. MLV virions pseudotyped with ASLV FPD proline mutant
envelope glycoproteins were analyzed as described in the legend to Fig. 3A. (C)
Receptor binding activity of FPD proline mutant glycoproteins. An ELISA-
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and C, bar shading indicates whether results are for control envelope glycopro-
teins (black bars) or FPD mutant proteins (gray bars).
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FIG. 5. Effects of ASLV FPD insertion and deletion mutations on infectivity,
virion incorporation, and receptor binding. (A) Effects of FPD insertion and
deletion mutations on viral infectivity. Titers were determined as described in the
legend to Fig. 3B. The results shown are the averages of at least three indepen-
dent experiments, with standard deviations (error bars). Dashed line indicates
the titer that is 10% of wild type. (B) Analysis of mutant ASLV envelope
glycoprotein incorporation into MLV virions. MLV virions pseudotyped with
ASLV FPD insertion and deletion mutant proteins were analyzed as described in
the legend to Fig. 3A. (C) Receptor binding activity of FPD insertion and
deletion mutant glycoproteins. An ELISA-based assay was performed as de-
scribed in the legend to Fig. 3C. For panels A and C, bar shading indicates
whether results are for control envelope glycoproteins (black bars) or FPD
mutant proteins (gray bars).
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wild type

A24[A]S25

vative point mutations and deletion and insertion mutations
were introduced into the ASLV EnvA FPD, and the mutant
FPDs assayed for infectivity, receptor binding activity, and
incorporation into MLV virions. Of the 22 mutants that were
processed and incorporated efficiently into MLV virions, only
one point mutation and two insertion mutations significantly
affected ASLV envelope function, decreasing titers by 10-fold
or more. None of these three mutations decreased receptor
binding, supporting the idea that they directly affect membrane
fusion mediated by the ASLV envelope glycoprotein.

An interesting finding of this study is that most of the point
mutations introduced into the ASLV FPD had little effect on
viral entry. This is in sharp contrast to mutational analysis
of other viral FPDs. Conservative alterations to the putative
FPDs of vesicular stomatitis virus G (18, 51), Semliki Forest
virus E1 (32), and influenza virus HA (46) glycoproteins re-
sulted in a decrease in fusion activity. Conversely, individual
Gly-to-Ala mutations in the simian virus 5 F protein putative
FPD increased the fusogenic activity of this glycoprotein (29)
by increasing the kinetics of fusion (1). One possibility for the
lack of ASLV EnvA mutant phenotype may be that the single-
cycle infection assay is not sensitive enough to detect subtle
differences in infectivity between FPD mutant Myc-EnvA
glycoproteins. However, using a similar assay to analyze the
Moloney MLV putative FPD, numerous infection defective
mutants, including glycoproteins containing conservative sub-
stitutions, were detected (52), indicating that a single-cycle
infection assay is suitable for this type of analysis. In addition,
Hernandez and White showed that nonconservative substitu-
tions to the subtype A ASLV putative FPD significantly im-
paired glycoprotein function, using an infectivity assay nearly
identical to the one employed here (26).

Our observation that numerous single point mutations with-
in the putative FPD have little effect on ASLV EnvA function
may suggest that no individual amino acid in this region is
critical for EnvA membrane fusion activity. A centrally located
proline in the FPD is a common feature of internal viral FPDs
(49) and may allow a bend, or kink, in the proposed amphi-
pathic helix. Previous mutational analysis showed that alter-
ations to the centrally located proline of the Semliki Forest
virus FPD in the E1 subunit resulted in retention of this sub-
unit in the rough endoplasmic reticulum (32). Furthermore,

P29[A]G30
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A34[A]Q35

L37[A]R38

FIG. 6. Potential effect of ASLV FPD alanine insertion mutations on the proposed bulky hydrophobic patch. Helical net representation of wild-type and ASLV FPD
alanine insertion mutations. Proposed bulky hydrophobic patch is encircled. Bulky hydrophobic residues are in boldface type. Inserted alanine residue is boxed.

when Prol27 in the vesicular stomatitis virus G protein puta-
tive FPD was change to Asp, Leu, or Gly, cell-cell fusion was
dramatically affected (18, 51). These results may imply a re-
quirement for this residue in internal FPDs. Similarly, our data
demonstrate that altering the central proline in the ASLV FPD
to Val (P29V) impaired viral infectivity. In contrast, a mutant
in which the ASLV FPD Pro29 was changed to Gly (P29G)
retained 25% of wild-type envelope function. One hypothesis
to explain this observation is that the functional requirement in
this region is not specific for proline but rather for an ability to
bend or flex near the center of the internal FPD. Thus, the
smaller glycine residue is tolerated in place of the proline
residue while a bulky valine residue, which should impede
bending, is not tolerated. This hypothesis is supported by the
observation that three additional mutants in this region, P29G/
G30P, P29[A]G30, and G30P, all of which should support
bending in the middle of the FPD (Fig. 2), have infectious
titers similar to that of wild-type EnvA.

Peptide studies employing the FPDs of several viral glyco-
proteins have yielded significant information on the structure
of amino-terminal FPDs in a lipid environment. These studies
demonstrated that for human immunodeficiency virus type 1,
simian immunodeficiency virus, influenza virus, and Newcastle
disease virus, peptides corresponding to the FPD adopt an
amphipathic helix conformation (7, 22, 31) and insert into the
lipid bilayer at an oblique orientation (7, 22, 28, 30, 33, 48). In
many cases, these peptides cause liposome leakage (13, 15, 37,
39, 40) as well as liposome fusion (13, 16, 35, 36, 41), suggesting
that they are biologically active. These results, in addition to
photoaffinity labeling studies of the influenza virus HA FPD
(23), have led to generalization of the amphipathic helix model
to other viral fusion peptides including ASLV (49). In order to
determine if this model aptly describes the structure of the
putative ASLV FPD during membrane fusion, insertion mu-
tants that would affect the size of the proposed hydrophobic
patch were produced and analyzed. The results suggest that,
for ASLV, this region does not conform to an amphipathic
helix. Indeed, for the ASLV mutants analyzed, there is no cor-
relation between the size of the hydrophobic patch and infec-
tivity (Fig. 6; Table 1). Mutants A24[A]S25 and P29[A]G30,
both of which disrupt most of the proposed hydrophobic patch,
have a modest effect and no effect on viral titer, respectively.
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This is in sharp contrast to the severely impaired mutant,
A34[A]Q35, which retains most of the hydrophobic patch. The
observation that the insertion mutations near the carboxy ter-
minus of the putative ASLV FPD have a more dramatic effect
on viral infectivity may suggest that the orientation of the FPD
with respect to the downstream heptad repeat domain must be
preserved. Alternatively, during the fusion process, the FPD
may need to interact with other regions of Env. By inserting an
alanine residue at or near the carboxy terminus, the register of
the FPD may be altered such that intrasubunit interactions
required in steps of the membrane fusion process other than
FPD insertion are impeded.

It seems likely that internal FPDs may have functional re-
quirements distinct from those of the more thoroughly studied
amino-terminal FPDs. Internal FPDs may not adopt an am-
phipathic helix conformation due to constraints asserted by the
location of this domain within the membrane-anchoring sub-
unit. While the internal FPD of PH-30, the sperm fusion pro-
tein, has been modeled as an amphipathic helix (4), Muga et al.
have demonstrated that a peptide corresponding to this do-
main does not have a-helical properties when inserted into a
membrane (38). The studies presented here suggest that the
ASLV FPD may also not be an amphipathic a-helix.

The observation that the mutants F23W, P29V, A24[A]S25,
A34[A]Q35, and L37[A]R38 diminish viral entry without af-
fecting receptor binding is consistent with the hypothesis that
these mutations perturb membrane fusion. However, addi-
tional experiments analyzing receptor-induced structural rear-
rangements, receptor-triggered liposome binding, and devel-
opment of a quantitative cell-cell fusion assay will be required
to more precisely define the mechanistic effects of these mu-
tations on glycoprotein-mediated membrane fusion.
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