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The envelope of class I viruses can be a target for potent viral inhibitors, such as the human immunodefi-
ciency virus type 1 (HIV-1) inhibitor enfuvirtide, which are derived from the C-terminal heptad repeat (HR2)
of the transmembrane (TM) subunit. Resistance to an HR2-based peptide inhibitor of a model retrovirus,
subgroup A of the Avian Sarcoma and Leukosis Virus genus (ASLV-A), was studied by examining mutants
derived by viral passage in the presence of inhibitor. Variants with reduced sensitivity to inhibitor were readily
selected in vitro. Sensitivity determinants were identified for 13 different isolates, all of which mapped to the
TM subunit. These determinants were identified in two regions: (i) the N-terminal heptad repeat (HR1) and
(ii) the N-terminal segment of TM, between the subunit cleavage site and the fusion peptide. The latter class
of mutants identified a region outside of the predicted HR2-binding site that can significantly alter sensitivity
to inhibitor. A subset of the HR1 mutants displayed the unanticipated ability to infect nonavian cells. This
expanded tropism was associated with increased efficiency of envelope triggering by soluble receptor at low
temperatures, as measured by protease sensitivity of the surface subunit (SU) of envelope. In addition,
expanded tropism was linked for the most readily triggered mutants with increased sensitivity to neutralization
by SU-specific antiserum. These observations depict a class of HR2 peptide-selected mutations with a reduced
activation threshold, thereby allowing the utilization of alternative receptors for viral entry.

For an enveloped virus to initiate infection, it must pene-
trate a target cell by fusion of its surrounding membrane with
a host cell membrane. This process is mediated by specific viral
proteins embedded in the viral envelope. There are at least two
distinct types of such fusogenic proteins, each with a set of
common structural characteristics. Class I fusion proteins (8)
are found in many disparate virus families, including retrovi-
ruses, orthomyxoviruses, paramyxoviruses, filoviruses, arenavi-
ruses (17), coronaviruses (5), and probably baculoviruses (59),
while the fusion proteins of alphaviruses and flaviviruses have
been denoted as class II (22). Class I envelope proteins are
generally cleaved into two functionally distinct domains, an
N-terminal surface subunit (designated SU in the case of ret-
roviruses) and a C-terminal transmembrane subunit (trans-
membrane [TM] for retroviruses). These envelopes assemble
into trimeric complexes, while the two subunits of each mono-
mer maintain association. The driving force for membrane
fusion is believed to be a major conformational rearrangement
of the TM subunit, the end product of which is a structure
termed the six-helix bundle (8). The core of this structure is a
triple-stranded coiled coil, with each strand contributed by an
N-terminal heptad repeat (HR1) from one of the three TM
subunits. A second heptad repeat (HR2), which is located on
the C-terminal portion of the TM ectodomain, packs within
the grooves of the coiled coil in an antiparallel direction. Pep-
tides homologous to these repeats have been shown to block

membrane fusion and viral entry, presumably by disrupting the
necessary conformational changes in TM (25, 27, 44, 60, 61).
An HR2-derived peptide termed enfuvirtide (also known as
DP178, T-20, or Fuzeon) has recently been approved for treat-
ing advanced human immunodeficiency virus (HIV) infections
(34). Emergence of HIV resistance to enfuvirtide is linked to
changes within HR1 both in vitro (49) and in vivo (20, 57),
specifically residues 36 to 45 of gp41. Enfuvirtide sensitivity has
also been reported to be modulated by determinants of core-
ceptor specificity in gp120 (12, 13) and by gp41 sequences in
and around HR2 (21).

The avian sarcoma and leukosis viruses (ASLV) comprise
the Alpharetrovirus genus of retroviruses, and have often been
used to study receptor-mediated envelope triggering. A potent
ASLV HR2-based peptide inhibitor has recently been de-
scribed and employed as a tool to investigate conformational
changes in TM (14, 33, 37). We have identified several enve-
lope mutations which diminish sensitivity to this inhibitor by
passaging ASLV subtype A (ASLV-A) in the presence of pep-
tide. Several of these changes are found near the amino ter-
minus of the TM subunit and are not within HR1, the pre-
dicted target for HR2 peptide inhibitors. In addition, some
mutations within HR1 appear to reduce the requirements for
envelope triggering and permit infection on normally refrac-
tory mammalian cell lines. These mutants and their pheno-
types provide insight into escape mechanisms for an important
new class of viral inhibitor.

MATERIALS AND METHODS

Viruses and cells. QT6, DF-1, and 293T cells were maintained as described
previously (37). Murine leukemia virus (MLV) pseudotypes were produced by
CaPO4 transfection of 293T cells as described previously (62) using either
pHIT111 (52) or MRP-lacZ (see below) as a reporter. Virus-containing medium
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was filtered (0.45 �m) and stored at �80°C. To produce virus for the SU
conformational change assay, pseudotypes were filtered and then concentrated
by centrifugation through a cushion of 20% sucrose in Dulbecco’s phosphate-
buffered saline (D-PBS) at 100,000 � g for 90 min at 4°C. Pelleted virus was
resuspended in D-PBS without MgCl2 or CaCl2. To ascertain relative envelope
incorporation, viral pseudotypes were concentrated by centrifugation through
sucrose, resuspended in sodium dodecyl sulfate (SDS) sample buffer, and exam-
ined by Western blotting using anti-SU or anti-MLV Gag antiserum followed by
quantitation with [125I]-labeled Protein A as described below. RCASBP(A)-
green fluorescent protein (GFP)-infected DF-1 cells were kindly provided by
Mark Federspiel (Mayo Clinic). Recombinant ASLV-A was also produced by
CaPO4 transfection of QT6 cells with the plasmid pRV-9-hrGFP.

Plasmids and proteins. The ASLV-A envelope expression vector, pCB6-
EnvA, has been described previously (18). Notable mutations identified by se-
quencing (see below) were subcloned from their TOPO vector into pCB6-EnvA
using strategies particular to each mutation. To generate pRV-9-hrGFP, the
gene for Renilla reniformis green fluorescent protein from phrGFP-N1 (Strata-
gene) was amplified by PCR using primers to introduce appropriate terminal SfiI
sites (5�-CGCGTAGGCCATTACGGCCGCTAGCACCATGGTGAGC-3� and
5�-GCCGTAGGCCGAGGCGGCCTATCACACCCACTCGTGCAGGCTG-3�),
which were used to clone the gene into the two distinct SfiI sites found within the
replication-competent vector pRV-9 (38). MLV-based �-galactosidase reporter
plasmid MRP-lacZ was constructed using pZErO-1 (Invitrogen) as a backbone and
contains a cytomegalovirus promoter as well as MLV 5� and 3� long terminal repeats
and the extended packaging signal derived from pLXSN (36). The HR2 peptide R99
(FNLSDHSESIQKKFQLMKEHVNKIG) was synthesized by Alpha Diagnostic In-
ternational, Inc., with N-terminal acetylation, C-terminal amidation, and purification
to greater than 95%. The peptide was reconstituted in water, and aliquots were
stored at �20°C. Soluble ASLV-A receptor, sTva, was purified from the medium of
Sf9 cells infected with a baculovirus recombinant (2).

Virus selection. ASLV-A infection of DF-1 cells was initiated either by co-
seeding uninfected cells with RCASBP(A)-GFP-infected DF-1 cells at a ratio of
100:1, or by infecting them with either cell-free RCASBP(A)-GFP at a multi-
plicity of infection of 0.0002 or pRV-9-hrGFP-generated virus at a multiplicity of
infection of 0.02. R99 was added directly to the media as described in the text.
Media from resistant cell lines was used to infect fresh DF-1 cells, and once the
culture was fully infected as assessed by GFP expression, genomic DNA from
infected cells was isolated using a QIAamp DNA Mini Kit (QIAGEN). Unse-
lected viral populations were maintained in parallel as a control. The entire
envelope gene, apart from the 5�-spliced end that contributes the first 6 amino
acids, was amplified using Expand High Fidelity PCR (Roche; a mixture of Taq
and Tgo DNA polymerases) and cloned into either pCR-BluntII-TOPO or
pcDNA3.1D/V5-His-TOPO (Invitrogen). Envelope sequences were determined
for multiple clones derived from each population of infected cells.

Viral infections. Infection and titration of MLV pseudotypes has been de-
scribed previously (37). For R99 inhibition studies, peptide was diluted in me-
dium and added to target cells prior to addition of virus dilutions, using an
equivalent number of infectious units for each virus. The 50% inhibitory con-

centration (IC50) values and their standard errors were calculated with nonlinear
regression using GraphPad Prism 3 software to generate sigmoidal dose-re-
sponse curves with variable slope. Data shown in Table 1 were compiled from
five experiments, with one to five different virus stocks tested for each envelope.
Neutralization assays were performed by incubating antiserum with virus on ice
for 75 min, diluting them 10-fold with media, and then infecting cells by centrif-
ugal inoculation at 4°C in a refrigerated, tabletop centrifuge for 2.5 h at 1,700 � g.
Monoclonal antibodies mc8C5-4 (40) or a control (CXCR4-specific 12G5; kindly
provided by James Hoxie, University of Pennsylvania) were used in one set of
experiments, while rabbit polyclonal anti-SU-immunoadhesin or prebleed anti-
serum was used in another set. Significance of data was determined with a paired
Student’s t test.

SU conformational change assay. This assay is a variation of one which has been
described previously (9, 19), except it was performed with pseudotyped viral particles
(1). Partially purified virus was incubated with or without 100 ng of sTva on ice for
30 min, then either heated to 37°C or maintained on ice for another 15 min. to allow
conformational change. Virus was returned to ice, and CaCl2 (to 2 mM final con-
centration) and thermolysin (to 80 ng/�l final concentration) were added and al-
lowed to digest for 30 min. Samples were separated by SDS-polyacrylamide gel
electrophoresis (PAGE), transferred to nitrocellulose, Western blotted with anti-
serum raised against an ASLV-A SU-immunoadhesin (64), and probed with
125I-labeled protein A. Bands were visualized on a Molecular Dynamics Storm 860
digital imager and quantitated with ImageQuant 1.2 software.

RESULTS

Selection of ASLV-A variants with reduced sensitivity to an
HR2 inhibitor. An ASLV-A HR2-based peptide of 25 residues
in length, denoted R99, has been found to be a potent inhibitor
of virus infection and envelope-mediated cell-cell fusion (14,
37). In order to examine the propensity for acquiring resistance
and the determinants of that resistance, recombinant GFP-
expressing ASLV-A was passaged on chicken DF-1 cells in the
presence of 25 to 50 �g/ml R99 (added fresh every three days)
or 5 to 15 �g/ml R99 (added fresh every day). Multiple inde-
pendent cultures were maintained and occasionally supple-
mented with uninfected cells. Expression of GFP was used to
monitor the fraction of infected cells, which was generally in
the 1 to 10% range prior to acquiring resistance. Each of two
8.5-cm plates (�3 � 106 cells at confluence) generated multi-
ple sequence variants within 1 month that proved to be deter-
minants of resistance (see below). When selections were per-
formed on a smaller scale, 8 of 20 cultures in 11-mm dishes

TABLE 1. Mutations in ASLV-A TM that reduce sensitivity to an HR2 peptide

Mutation TM location R99 IC50
(�M) Log IC50

a IC50 vs. WT No. of times
isolatedb 293T infectivity c

None (WT) N/A 0.031 �7.51 � 0.04 1.0 N/A 	3 � 10�5

T2I N terminus 2.2 �5.66 � 0.10 71 1 	3 � 10�5

S3L N terminus 0.25 �6.60 � 0.06 8.0 2 	3 � 10�5

D11N N terminus 
50 
�4.3 
1,500 3 	3 � 10�5

D11E N terminus 0.12 �6.91 � 0.05 4.0 1 	3 � 10�5

E12K N terminus 0.085 �7.07 � 0.08 2.8 1 	3 � 10�5

A44V HR1 0.090 �7.05 � 0.10 2.9 1 2.2 � 10�4

V48D HR1 7.9 �5.10 � 0.14 260 2 1.1 � 10�1

K49E HR1 0.54 �6.27 � 0.25 18 1 	3 � 10�5

A51V HR1 0.31 �6.51 � 0.05 10 1 1.2 � 10�4

L53F HR1 0.099 �7.00 � 0.06 3.2 1 	3 � 10�5

G59R HR1 0.12 �6.91 � 0.02 4.0 4 	3 � 10�5

L62A HR1 0.22 �6.65 � 0.08 7.2 0d 2.0 � 10�2

V31I D60N FP/HR1 0.22 �6.66 � 0.10 7.0 1 	3 � 10�5

a Log [R99] � standard error.
b Number of independent populations from which this mutation was identified.
c Infectious titer on mammalian 293T cells relative to titer on avian QT6 cells.
d L62A is an engineered substitution.
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(�7 � 104 cells) produced virus populations within three
months that had a noticeable growth advantage in one case,
and 3 of 20 within two months in another case. Overall, these
experiments demonstrate that viruses with reduced sensitivity
to an HR2-based inhibitor can be readily selected.

Envelope sequences derived from cells infected with R99-
selected virus populations displayed coding changes in the TM
subunit, while those from cells infected with virus passaged
under nonselective conditions generally did not. In order to
assess the R99 sensitivity conferred by specific mutations
(Fig. 1A), envelope sequences with these changes were cloned
into an expression vector which was used to generate pseudo-
typed viral particles with an MLV core and a �-galactosidase
reporter gene (52, 62). Quail QT6 cells were infected with
pseudotyped MLV(EnvA) viruses in the absence or presence
of R99 dilutions (Fig. 1B). Mutations listed in Table 1 and
shown in Fig. 1A displayed significant reduction in R99 sensi-
tivity. Some of the mutations were observed in multiple inde-
pendent populations, although the majority were found in a
single population each (Table 1), demonstrating the diversity
of peptide inhibitor escape determinants. The mutations shown
are all single amino acid changes except for one double sub-
stitution, V31I/D60N; V31 is within the fusion peptide and
D60N is within HR1. Of the remaining 12 mutations, 7 are

within the HR1 domain and 5 are found on the amino-terminal
side of the predicted fusion peptide domain (23), between the
SU-TM cleavage site and the fusion peptide. An ASLV TM
structure has not yet been reported. However, the sequence of
the ASLV TM is strikingly similar to the corresponding subunit
(GP2) of the Ebola virus envelope (16, 55), Using the Ebola
virus GP2 structure as a guide (31, 58), the seven ASLV HR1
mutants all map to predicted grooves in the coiled coil against
which the HR2 domains pack (Fig. 1C). None of these mutants
had a noticeable impact on SU-TM processing or incorpora-
tion into retroviral particles (data not shown), and all con-
ferred wild-type levels of infectivity on avian QT6 cells (Fig. 2
and data not shown).

Expanded tropism of envelope variants. The sensitivity of
HIV type 1 (HIV-1) isolates to HR2-based inhibitors has been
reported to correlate inversely with coreceptor affinity (45, 47).
ASLV-A is only known to utilize a single receptor, Tva (3), found
only in avian cells, but this receptor is closely related to the
ligand-binding repeat found in the low-density lipoprotein recep-
tor (LDLR). Although this repeat is found in a wide variety of
membrane proteins (39), only Tva has been shown to function as
a receptor for ASLV-A. One of the ligand-binding repeats found
in human LDLR, LDL-A4, can be converted to an efficient
ASLV-A receptor upon substitution of 3 residues (50). To exam-

FIG. 1. ASLV-A mutations with reduced sensitivity to an HR2 peptide. (A) Schematic diagram of the ASLV-A envelope, with an expanded
view of the amino acid sequence between the subunit cleavage site (arrow) through the N-terminal heptad repeat (HR1). Shown below the
sequence are the identified mutations; each was tested as a single amino acid substitution except for the double mutant V31I/D60N. The fusion
peptide is marked by diagonal lines and the membrane-spanning domain by horizontal lines (upper segment); the location of the region from which
R99 is derived is shown with a black bar. In the expanded view, the fusion peptide is denoted by the dashed line, and HR1 with a cylinder.
(B) Sample R99 inhibition curves for wild-type ASLV-A envelope and three mutants in the N-terminal end of the TM subunit. Infectivity of
pseudotyped virus is shown as % of control (no inhibitor) with each point representing the average from one experiment performed in triplicate.
(C) Coiled-coil projection indicating location of HR1 mutants. Each of the three inner coils is provided by the HR1 domain from one TM subunit.
The dots represent locations in which HR2 peptide resistance determinants have been identified, and correspond to the dots shown in Fig. 1A.
Each small dot represents a mutation with low resistance (3- to 4-fold change in IC50), each medium-sized dot shows a mutation with moderate
resistance (7- to 20-fold change in IC50), and the large dots indicate the V48D mutation (260-fold change in IC50). The dashed circles correspond
to the HR2 helices, which pack antiparallel against the grooves of the central trimer. This projection is based on an alignment with the Ebola GP2
sequence (58) and includes a stutter in the helix at Thr-54 (ASLV numbering).
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ine the possibility that an envelope with diminished sensitivity to
an HR2 peptide might have an altered interaction with proteins
containing LDLR ligand-binding repeats, MLV(EnvA) pseudo-
type entry was tested on human 293T cells. Several R99 escape
mutants (A44V, A51V, and V48D), as well as engineered substi-
tution L62A (37), were found to mediate infection on these cells
(Table 1 and Fig. 2A). The V48D mutant displayed the highest
level of infectivity on mammalian cells, with a titer �105 in-
fectious units (IU) per ml on 293T cells, compared to �106

I.U./ml on avian cells (Fig. 2A). All of the mutations conferring
expanded tropism are within HR1. There did not appear to be
a strict correlation between expanded tropism and the level of
R99 resistance of the mutants. The expanded infectivity was
not restricted to human 293T cells; both V48D and L62A were
found to confer infectivity of mouse NIH/3T3 cells and African
green monkey COS cells (data not shown), neither of which is
normally infectible with the wild-type ASLV-A envelope. How-
ever, infectivity on these cell lines was substantially lower than
on 293T cells, with 30-fold (3T3) and 140-fold (COS)-lower
infectious titers.

A monoclonal antibody against the SU subunit of ASLV-A has
recently been reported to block receptor binding and envelope
activation (40). In order to further investigate the receptor re-
quirements for expanded tropism, this antibody was tested against
the V48D variant, the substitution displaying the greatest infec-
tivity on mammalian cell lines. The V48D envelope was found to

be equally sensitive to this antibody as the wild type when exam-
ined on QT6 cells, but was less sensitive when mediating infection
of human cells (Fig. 2B). This result is consistent with the V48D
envelope retaining a requirement for receptor activation, al-
though the reduction in sensitivity on mammalian cells might
suggest a divergent receptor-envelope interaction.

Sensitivity of variant envelopes to neutralization. For HIV-1
(24, 26, 32, 63), HIV-2 (53), and simian immunodeficiency
virus (35, 42), a reduced requirement for the CD4 receptor is
correlated with increased sensitivity to neutralization. To ex-
amine any relationship between expanded tropism of ASLV-A
and neutralization sensitivity, a panel of six viruses (Fig. 2A),
selected to represent an array of phenotypes, was tested
against polyclonal antiserum directed against the SU subunit.
The pattern of antiserum sensitivity (Fig. 3) generally mirrored
293T infectivity (V48D 
 L62A 
 A51V 
 D11N, S3L and the
wild type, with estimated IC50 values of 0.007, 0.011, 0.014,
0.013, 0.014, and 0.014, respectively). However, only the V48D
envelope was more sensitive than the wild type by a statistically
significant margin (P 	 0.01).

Altered requirements for envelope triggering. Receptor bind-
ing to ASLV Env triggers a series of conformational changes that
ultimately lead to membrane fusion. Additionally, triggering of
ASLV Env results in increased protease sensitivity of the SU
subunit (9, 19). Analysis of SU protease sensitivity was employed
to examine whether envelopes with expanded tropism could be
triggered independently of soluble receptor. Using the same
panel of six viruses as above, envelope triggering, as measured
by protease sensitivity, was found to be completely receptor
dependent (Fig. 4A). The conformational changes within
ASLV Env are strictly temperature dependent and normally
occur most efficiently at 37°C (19). This strict temperature
dependence was not observed for three of the six envelopes
examined (Fig. 4B). A correlation was observed between those
envelopes that triggered independently of temperature and
expanded tropism, while the tropism of the temperature de-
pendent envelopes was restricted to avian cell lines. Together
these data with those presented above suggest that a subset of

FIG. 2. Expanded cell tropism of some of the R99-selected mu-
tants. (A) Infectivity of pseudotyped virus particles on avian QT6 cells
and mammalian 293T cells. Cells were infected in triplicate by centrif-
ugal inoculation and data normalized to the amount of MLV Gag.
Error bars show standard deviations. The pCB6 lane shows no detect-
able infectivity from a virus made with an empty vector plasmid instead
of pCB6-EnvA. (B) Neutralization of MLV pseudotypes with either
wild-type ASLV-A or V48D mutant envelopes by mc8C5-4, a mono-
clonal antibody that competes with the Tva receptor for envelope
binding. Infectivity is shown as % of control (no antiserum) and error
bars show standard deviations of experiment performed in triplicate.

FIG. 3. Neutralization sensitivity of variant envelopes. Neutraliza-
tion of MLV pseudotypes bearing the ASLV-A envelopes shown, using
polyclonal antiserum directed against the SU subunit. Infectivity is
shown as % of control (no antiserum) and error bars show standard
deviations of experiment performed in quadruplicate on QT6 cells.
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the peptide resistant envelope proteins have both altered ther-
modynamic activation and receptor utilization profiles.

DISCUSSION

Using ASLV-A as a model for class I envelope function,
residues that impact sensitivity to an HR2 peptide inhibitor
were identified in two distinct regions of TM, the N-terminal
heptad repeat (HR1), and the amino terminus of the subunit
(Fig. 1A). The diversity of the thirteen distinct envelope vari-
ants described here, as well as the ease with which they were
selected, suggests that they represent only a fraction of the
possible sensitivity determinants. These mutations increase the
R99 IC50 from approximately threefold to more than 1,500-
fold (Table 1). The mutations presented two distinct pheno-
types, those that displayed expanded tropism and a reduced
envelope activation threshold, and those that did not. The
former class was only observed with HR1 mutations, although
not all HR1 mutations were of this type.

One mechanism whereby substitutions within HR1 could
influence R99 sensitivity is by changing HR2 peptide-binding
affinity. However, proposing a mechanism of peptide escape
for the other mutations (residues 2 to 12 of TM) is less straight-
forward. A disulfide bond between cysteines at positions 9 and
45 of TM (10) would be expected to bring the amino terminus
of TM in proximity to HR1, the target of R99, and thus mu-
tations around position 9 might influence R99-binding affinity
through steric hindrance. Indeed, four of the five substitutions
in this region are of residues with larger side chains than the
wild-type envelope (Table 1). However, this is less apparent for

D11N, the change with the strongest resistance to R99. D11E,
which preserves the charge at this region while increasing the
bulk, has only a modest fourfold effect on peptide sensitivity.
This raises the possibility, then, that the negative charge of D11
interacts with other regions of TM within one or more enve-
lope conformations, the disruption of which significantly affects
R99 sensitivity.

HIV-1 escape mutants to the HR2 inhibitor enfuvirtide map to
residues 36 to 45 of gp41 within the target-binding site for the
inhibitor (20, 49, 57). A three-residue motif, GIV (amino acids 36
to 38) within HR1, is a particularly significant region for resis-
tance mutations. Interestingly, all of the ASLV resistant muta-
tions within HR1 also lie within the N-terminal region and none
were found in the HR1 C terminus. It is possible that destabilizing
mutations at the HR1 N terminus, near the fusion peptide end of
the coiled coil, are tolerated because coiled-coil formation ini-
tiates at the C terminus and mutations that affect the initiation
region are not readily selected. Thus, C terminal mutants could
theoretically provide resistance, but they are not seen because
function of the TM protein is compromised.

Determinants of baseline sensitivity to peptide inhibitors,
however, can also be located in gp120 domains that govern
coreceptor specificity (12, 13) as well as a region of gp41
C-terminal to HR1 (21). As the TM subunit of lentiviruses has
an N-terminal fusion peptide (15), there is no obvious HIV
counterpart to the ASLV segment between the SU/TM cleav-
age site and its fusion peptide. The results presented here
implicate this intervening segment, which is also found in filo-
viral glycoproteins (16), as a functional component of envelope
activation, in addition to identifying an important new region
governing HR2 peptide sensitivity. The study of these mutants
might provide insight into the role of the TM amino terminus
and its relationship to the internal fusion peptide in ASLV and
filoviruses. One possibility is that this region acts similarly to
the capping structure of influenza HA and helps to bring the
apposed membranes together during fusion. It will be interest-
ing to determine if the peptide resistant mutations within the
ASLV intervening segment affect the rate of membrane fusion.

An expanded tropism phenotype as was seen in this analysis
of ASLV has not been previously reported for any HR2 pep-
tide escape mutant. Determinants of HIV-1 coreceptor speci-
ficity within gp120 have been reported to modulate enfuvirtide
sensitivity (12, 13), with envelopes that bind coreceptor more
efficiently being less sensitive to the inhibitor (45, 47), although
this observation has been questioned (20). Thus envelopes with
greater coreceptor affinity might be triggered more efficiently,
providing less of a target for enfuvirtide inhibition. Whether
this increased coreceptor affinity also translates into increased
use of alternative coreceptors and expanded tropism of enfu-
virtide-insensitive variants has not been studied. Similarly,
CD4 independence, and thus an altered glycoprotein activa-
tion threshold, of an HIV-2 isolate has been shown to involve
either one of two changes within gp41 (48); interestingly, one
of these two changes is within the GIV motif that is associated
with enfuvirtide resistance, and the other change flanks this
motif. The impact of these changes on sensitivity to an HR2-
based peptide has not been investigated.

The native structure of influenza hemagglutinin (HA) has
been described as metastable (7), where the native form of the
glycoprotein on the virion is blocked from a more energetically

FIG. 4. Altered thermodynamics of ASLV-A envelope triggering.
(A) Increased protease sensitivity of SU subunit reveals receptor-
triggered conformational change in envelope. Soluble receptor was
bound to virus on ice where indicated, then the temperature was either
shifted to 37°C or maintained on ice for 15 min as shown. Samples
were returned to ice, digested with thermolysin, and resolved by SDS-
PAGE and anti-SU Western blot. The positions of unprocessed (SU)
and cleaved (SU*) subunit are shown. (B) Some of the mutant enve-
lopes are efficiently triggered by receptor without elevating tempera-
ture. The bands from three separate gels were quantitated using
[125I]protein A and the ratio of the amount of SU* detected at 2°C
compared to 37°C was calculated. Shown are the average ratio and
standard deviation for each envelope. The dashed line at a ratio of 1.0
indicates temperature independence.
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favorable structure by a thermodynamic barrier. Conforma-
tional changes in HA, which can be triggered by acid, heat, or
urea, convert the envelope to its lower-energy, fusion-active
state. It has been proposed that receptor binding could per-
form a similar destabilizing role for other viral envelopes (7).
As mentioned above, HIV envelopes that exhibit CD4 inde-
pendence or greater coreceptor affinity demonstrate altered
interactions between envelope and receptor(s), and these
changes appear to be linked to enfuvirtide sensitivity. Similarly,
our analysis of ASLV mutants suggests a model for peptide
resistance that, for a subset of the mutants, involves altered
triggering of the envelope glycoproteins. Of the thirteen
ASLV-A mutants described here, four displayed detectable
infectivity on 293T cells. This represents one-half (four out of
eight) of the alterations within HR1, illustrating that this phe-
notype is not uncommon. The activation threshold for the
expanded tropism mutant envelopes appears to be lower, as
reflected by their in vitro requirements for receptor-mediated
triggering (Fig. 4), revealing a potential mechanism by which
alternative receptors might trigger these mutants. Such a mech-
anism would not require a change in the binding affinity for the
putative alternative receptor(s). A single amino acid substitu-
tion in the SU subunit of the ASLV-B envelope also confers a
similar expanded tropism, and it has been suggested that the
mechanism for this phenotype involves not receptor affinity but
rather the fusogenic capability of the envelope (43).

The TM substitutions that conferred expanded tropism were
distinguishable by their slightly increased sensitivity to neutral-
ization as well (Fig. 3). Some enfuvirtide resistance mutations
of HIV have also been noted to be more sensitive to neutral-
ization (46). This change in sensitivity may reflect a destabi-
lized native conformation, in which access to neutralizing
epitopes is enhanced; alternatively, it may indicate a modifi-
cation of the conformational changes in envelope such that a
distinct set of epitopes is displayed, or that the epitopes are
exposed for a longer period of time.

The experiments described here characterize envelope func-
tion with single-round infection assays, so it is possible that
some or all of the mutations might not be well tolerated in the
absence of R99 selection. For HIV-1, viral fitness is decreased
for enfuvirtide-selected mutants (30). However, all of the
ASLV-A mutant envelopes reported here mediated infection
of avian QT6 cells with wild-type efficiency (Fig. 2A and data
not shown). In addition, production of replication competent
ASLV encoding the L62A envelope variant that displays pep-
tide resistance and expanded tropism did not result in rapid
reversion to wild-type sequence (data not shown). Further-
more, the T2I substitution has been found in natural ASLV
isolates (28, 54), and the D11E change has been observed in an
endogenous, subtype J-like sequence (11). The functional im-
pact of these natural variants has not been explored.

Peptide inhibitors analogous to enfuvirtide and R99 have
been described or proposed for a wide variety of human patho-
gens that encode class I membrane fusion proteins, including
severe acute respiratory syndrome (SARS) coronavirus (4, 29),
Ebola virus (56), Nipah and Hendra viruses (6), HTLV (41,
51), influenza virus, respiratory syncytial virus, parainfluenza
virus, and measles virus (27). The demonstration of the re-
duced activation threshold of some HR2 peptide-resistant vari-
ants may have important consequences for the effective use of

this class of inhibitor in antiviral therapy. Although expanded
viral host range would be detrimental in vivo, our results also
suggest that immune system pressure might provide a counter-
balance by selecting against such variant envelopes due to their
increased sensitivity to neutralization. These studies thus high-
light the requirement for more analysis of variant viruses that
are resistant to peptide entry inhibitors.
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