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We previously reported that human immunodeficiency virus type 1 (HIV-1) develops resistance to the
cholesterol-binding compound amphotericin B methyl ester (AME) by acquiring mutations (P203L and S205L)
in the cytoplasmic tail of the transmembrane envelope glycoprotein gp41 that create cleavage sites for the viral
protease (PR). In the present study, we observed that a PR inhibitor-resistant (PIR) HIV-1 mutant is unable
to efficiently cleave the gp41 cytoplasmic tail in P203L and S205L virions, resulting in loss of AME resistance.
To define the pathway to AME resistance in the context of the PIR PR, we selected for resistance with an HIV-1
isolate expressing the mutant enzyme. We identified a new gp41 mutation, R236L, that results in cleavage of
the gp41 tail by the PIR PR. These results highlight the central role of gp41 cleavage as the primary mechanism
of AME resistance.

Cholesterol-enriched membrane microdomains, often re-
ferred to as lipid rafts (4, 18, 24), play an important role in the
replication of many enveloped viruses, including human im-
munodeficiency virus type 1 (HIV-1) (22, 30). Lipid rafts are
involved in both HIV-1 entry and egress (reviewed in refer-
ences 6, 22, and 30), and the lipid bilayer of HIV-1 virions is
significantly enriched in cholesterol and highly saturated lipids
characteristic of lipid rafts (3, 5, 8). We recently demonstrated
that the cholesterol-binding polyene fungal antibiotic ampho-
tericin B methyl ester (AME) potently inhibits HIV-1 replica-
tion. The antiviral activity of AME is due to a profound inhi-
bition of viral entry (27, 28) and impairment of virus particle
production (29).

In our previous studies, we showed that the propagation of
HIV-1 in the presence of AME leads to viral escape from this
compound. The mutations that confer resistance map to the
cytoplasmic tail (CT) of the gp41 transmembrane envelope
(Env) glycoprotein (27, 28). AME-resistant mutants (P203L
and S205L) overcome the defect in viral entry imposed by
AME by a novel mechanism of resistance whereby the gp41 CT
is cleaved by the viral protease (PR) after incorporation of Env
into virions (28). The introduction of stop codons into the
gp41-coding region that prematurely truncate the CT also ren-
ders virions AME resistant. In the present study, we evaluated
the interplay between protease inhibitor resistance (PIR) mu-
tations and AME resistance.

PIR mutations in PR abrogate the ability of the P203L and
S205L gp41 mutations to confer AME resistance. Because the
AME-resistant phenotype of the P203L and S205L mutants

results from cleavage of the gp41 CT by the viral PR, we
examined the interplay between the emergence of AME resis-
tance and mutations in PR that confer resistance to clinically
approved PR inhibitors. For this purpose, we used a PIR mu-
tant bearing five substitutions in PR (L10R/M46I/L63P/V82T/
I84V) in the context of the pNL4-3 molecular clone (10). We
prepared NL4L4-3/WT, NL4-3/P203L, and NL4-3/S205L viri-
ons containing either wild-type (WT) or PIR PR by transfect-
ing the respective molecular clones into 293T cells (16). Virion
lysates were immunoblotted with the 2F5 anti-gp41 monoclo-
nal antibody, which recognizes an epitope in the ectodomain of
gp41 (11, 21). As we reported previously (28), the WT PR
cleaved the AME-resistant P203L and S205L gp41 mutants but
not WT gp41 (Fig. 1A). Unexpectedly, we observed that the
PIR PR was unable to cleave either of the gp41 mutants. These
results suggest that the PIR mutations might reverse the AME-
resistant phenotype of the P203L and S205L gp41 mutants. To
test this possibility, we measured the infectivity of P203L and
S205L mutant virions bearing WT or PIR PR in the TZM-bl
indicator cell line (23, 31). We observed that as reported ear-
lier (28), WT HIV-1 was highly sensitive to AME (with a
reduction in infectivity of �50-fold at 10 �M) while the P203L
and S205L mutants were largely resistant (with infectivity re-
duced by only approximately twofold at 10 �M) (Fig. 1B).
Interestingly, and consistent with the gp41-processing data in
Fig. 1A, both the P203L and S205L mutants became fully
sensitive to AME in the context of the PIR PR (Fig. 1B). These
data demonstrate that the PIR PR, unlike the WT enzyme, is
unable to render the P203L and S205L mutants AME resistant
by cleaving their gp41 CTs.

Selection for AME resistance in the context of PIR PR. To
determine whether NL4-3 encoding the PIR PR is able to
acquire AME resistance and, if so, by what mechanism, we
attempted to select for AME resistance in the context of the
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PIR PR. The replication of NL4-3/PIR was carried out in
parallel with that of WT NL4-3 in Jurkat T cells in the absence
of AME or in the continual presence of 5 or 10 �M compound.
In the absence of AME, replication of both NL4-3 and NL4-
3/PIR peaked on day 8. In the presence of AME, replication
was significantly delayed: replication of the WT peaked on day
14 and that of NL4-3/PIR on day 24 (data not shown). To
determine whether mutations were acquired during the course
of virus propagation in the presence of AME, genomic DNA
was extracted from cells harvested at peak reverse transcrip-
tase (RT) activity from both WT NL4-3- and NL4-3/PIR-in-
fected cultures. The Env-coding region was amplified by PCR,
using the HIV-1 genomic DNA as a template (27, 28). In the
WT-infected cultures, we observed the S205L mutant, confirm-
ing our previous result (28). In contrast, in the PIR-infected
cultures, we identified a new mutation, R236L (Fig. 2A).

The R236L mutation confers AME resistance in the context
of either WT or PIR PR. To determine whether the R236L
mutation provides AME resistance, we introduced this gp41
substitution into pNL4-3 molecular clones encoding either WT
or the PIR PR. Single-cycle infectivity assays were performed
in TZM-bl cells (23, 31) in the presence or absence of AME.
The infectivity of the R236L mutant was reduced less than
twofold in the presence of 10 �M AME, whereas WT infec-
tivity was reduced more than 50-fold (Fig. 2B). Interestingly,
the R236L mutant was AME resistant in the context of either
WT or PIR PR. To confirm that the R236L mutant was AME

FIG. 1. PIR mutations abrogate the ability of the P203L and S205L
gp41 mutations to confer AME resistance. (A) 293T cells were trans-
fected with WT pNL4-3 (WT) (1) or AME-resistant Env mutants
(P203L and S205L) (27, 28) encoding WT or PIR PR. The PIR sub-
stitutions (L10R/M46I/L63P/V82T/I84V) (10) were introduced into
the pNL4-3/P203L and pNL4-3/S205L mutants by subcloning the
3,737-bp ApaI-EcoRI fragment containing the PIR changes as de-
scribed previously (2). Virus-containing supernatants were harvested
and virions were concentrated by ultracentrifugation (14). Viral lysates
were subjected to immunoblotting with the 2F5 monoclonal anti-gp41
antibody (11). Molecular mass markers are shown on the left. NTF,
gp41 N-terminal fragment. (B) TZM-bl cells were infected with virus
stocks produced by transfecting 293T cells with molecular clones en-
coding WT or AME-resistant Env mutants (P203L, S205L) and WT or
PIR PR. Infections were carried out for 2 h in the absence or presence
of 1, 5, or 10 �M AME. Infected cells were washed and cultured in the
absence of AME; luciferase activity was measured 2 days postinfection.
The infectivity of the PIR mutant was similar to that of the WT. Data
shown are means � standard errors (SEs) (n � 4).

FIG. 2. The R236L mutation confers resistance to AME in the
context of WT or PIR PR. (A) Identification of the R236L mutation.
The env region was PCR amplified from genomic DNA purified at the
peak of viral replication from WT- and PIR-infected Jurkat cultures
treated with AME, and the PCR product was sequenced as described
previously (27). The organization of HIV-1 Env is indicated, with an
arrowhead showing the cellular protease cleavage site between gp120
and gp41. Locations of the R236L mutation and the previously de-
scribed AME-resistant mutants (P203L, S205L) selected in the context
of WT PR (27, 28) are shown. MSD, membrane-spanning domain.
(B) TZM-bl cells were infected with virions bearing WT or R236L Env
and WT or PIR PR. The R236L mutant was constructed by
QuikChange site-directed mutagenesis (Stratagene), and the PIR mu-
tations were introduced into the pNL4-3/R236L clone as described in
the legend to Fig. 1. Infections were carried out in the absence or
presence of 1, 5, or 10 �M AME as described in the legend to Fig. 1.
Data shown are means � SEs of the results from three independent
experiments performed in duplicate. The relative infectivities of the
NL4-3/PIR, NL4-3/R236L, and NL4-3/PIR/R236L mutants, compared
to that of the WT, were 97%, 87%, and 72%, respectively. (C) Five
million Jurkat cells were transfected with 5 �g of the indicated mo-
lecular clones (5 �g) by using the DEAE-dextran transfection proce-
dure and were cultured in the absence or continual presence (�) of 5
�M AME. Cultures were split 1:3 every 2 days, and supernatants were
reserved for RT assay at each time point.
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resistant, we analyzed the replication kinetics of R236L and
PIR/R236L mutants in the presence and absence of AME in
Jurkat T cells. Cells were transfected with pNL4-3, pNL4-3/
PIR, pNL4-3/R236L, and pNL4-3/PIR/R236L molecular
clones by using the DEAE-dextran method (17) and were
cultured continuously in the absence of AME or in the pres-
ence of 5 �M compound (Fig. 2C). AME delayed the replica-
tion of WT virus and the PIR mutant virus by approximately 2
weeks. In contrast, replication of the R236L mutant was de-
layed by only 2 days in the presence of AME, and replication
of the PIR/R236L mutant actually peaked several days earlier
in the presence of AME than in its absence. These results
indicate that the R236L mutation confers resistance in the
context of either WT or PIR PR both in single-cycle infectivity
assays and in spreading infections.

R236L gp41 is cleaved by both WT and PIR PR. As men-
tioned above, the AME-resistant mutants P203L and S205L
undergo PR-mediated cleavage in the gp41 CT (28) (Fig. 1A).
The observation that the R236L virus is AME resistant (Fig.
2B and data not shown) raised the possibility that this mutant
also undergoes PR-mediated gp41 cleavage. To examine this
question, we transfected HeLa or 293T cells with molecular
clones pNL4-3, pNL4-3/PIR, pNL4-3/R236L, and pNL4-3/

PIR/R236L. As controls, we included the gp41 truncation mu-
tants pNL4-3/CTdel-144 and pNL4-3/CTdel-104 (15, 16, 20),
which encode gp41 glycoproteins truncated by 144 and 104
amino acids, respectively, as a result of engineered premature-
termination codons. Cell and viral lysates were prepared as
described previously (28) and immunoblotted with the 2F5
anti-gp41 monoclonal antibody (11) (Fig. 3A). In virion lysates,
WT gp41 was 41 kDa, and the CTdel-144 and CTdel-104 gp41
bands were of the expected (smaller) sizes. Interestingly, in the
context of either WT or PIR PR, the R236L mutant virions
showed a gp41 band of �32 kDa, intermediate in size between
that of the CTdel-144 and CTdel-104 mutants. This band is
designated the N-terminal fragment (NTF) because it is de-
tected with an antibody specific for the ectodomain of gp41
(Fig. 3A). Viral lysates were also immunoblotted with two
additional gp41 antibodies: the Fitzgerald polyclonal antibody
and the NEA-9303 monoclonal antibody (Fig. 3B). We in-
cluded our previously characterized AME-resistant mutants,
the P203L and S205L mutants (28), for comparison. The
Fitzgerald anti-gp41 polyclonal antiserum detected the full-
length gp41 and the NTF in R236L viral lysates but poorly
detected the cleaved C-terminal fragment (CTF) for this mu-
tant. In contrast, this antibody efficiently detected the NTF and
CTF for the P203L and S205L mutants (Fig. 3B). The molec-
ular mass of the smaller gp41 CTF from R236L is �13 kDa
(Fig. 3B, overexposed lane [R236L o.e.]). The NEA-9303 anti-
gp41 monoclonal antibody detected the CTF of the P203L and
S205L mutants, but this antibody detected the NTF but not the
CTF of the R236L mutant. These results demonstrate that the
epitope recognized by the NEA-9303 antibody lies between
the sites of PR-mediated cleavage of the S205L and R236L mu-
tants. Based on the size of the NTF and CTF observed with the
R236L mutant, the data in Fig. 3 suggest that the R236L gp41 CT
is cleaved by PR in the vicinity of the R236L mutation.

Identification of the cleavage site in the CT of R236L gp41.
To identify the site of PR-mediated cleavage in the CT of
R236L gp41, we concentrated the virions after transfecting
HeLa or 293T cells and purified them by high-performance
liquid chromatography (HPLC) as described previously (9, 28).
Protein elution profiles of HPLC fractions detected at 280 nm
showed peaks in the R236L and R236L/PIR virions that were
not detected in WT virions (Fig. 4A, NTF and CTF). To
determine which of the HPLC fractions contained gp41 NTF
and CTF, we performed Western blotting analysis of these
fractions by using Fitzgerald anti-gp41 polyclonal antiserum.
Our analysis indicated that fractions 60 to 62 contained the
NTF and fraction 66 contained the CTF (data not shown). We
performed N-terminal protein sequencing of both NTF and
CTF to map the site of gp41 cleavage. In the context of both
WT and PIR PR, the N-terminal sequences obtained for the
NTF and CTF were AVGIGAL and LVNGSLAL, respectively
(Fig. 4B). These results demonstrate that the R236L mutant is
cleaved by PR between Leu-236 and Leu-237 (Fig. 4B), indi-
cating that the R236L mutation in the gp41 CT creates a
cleavage site that can be processed by either WT or the PIR
PR, resulting in truncation of the gp41 CT by 109 amino acids.

The P204L and R237L mutations in the AD8 strain of HIV-1
confer partial gp41 cleavage and resistance to AME. To de-
termine whether the P203L and R236L mutations identified
here and in our earlier study also induced AME resistance in

FIG. 3. Cleavage of the R236L gp41 CT by WT and PIR PR.
(A) 293T cells were transfected with WT or the R236L mutant mo-
lecular clones encoding WT or PIR PR. Cell and viral lysates were
prepared as described previously (28) and subjected to immunoblot-
ting with the 2F5 anti-gp41 monoclonal antibody. To evaluate the size
of the truncated gp41 from the R236L Env mutant, gp41 CT truncation
mutants CTdel-144 (144) and CTdel-104 (104) (13, 16, 20) were in-
cluded for comparison. (B) 293T cells were transfected with WT or
AME-resistant mutants (P203L, S205L, R236L, PIR/R236L), and viral
lysates were subjected to immunoblotting with the Fitzgerald poly-
clonal anti-gp41 antibody or the anti-gp41 monoclonal antibody NEA-
9303 (19) as described previously (28). Positions of gp160, gp41, and
the gp41 N-terminal fragment (NTF) and C-terminal fragment (CTF)
are shown. On the right side of the Fitzgerald blot is an overexposed
lane of the R236L mutant (R236L o.e.) that shows the �13-kDa CTF
for this mutant. Molecular mass markers are indicated.
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another strain of HIV-1, we introduced the analogous muta-
tions into the AD8 molecular clone (26). Site-directed mu-
tagenesis was used to change the gp41 coding region at posi-
tions 204 and 237 from YSPLS to YSLLS and SVRLV to
SVLLV, respectively. As is the case for the analogous muta-
tions in pNL4-3, these substitutions create new di-Leu motifs
in gp41. We then examined whether these mutations induce
the cleavage of gp41 by PR. 293T cells were transfected with
WT, P204L, or R237L mutant pAD8 molecular clones, and
virions were collected 24 h after transfection. As controls, we
included WT and AME-resistant (P203L and S205L) pNL4-3
molecular clones in the analysis. Viral lysates were prepared
and immunoblotted with antibody (Ab) specific to the N ter-
minus of gp41. The results indicated that both P204L and
R237L mutants in the context of the AD8 strain undergo gp41
CT cleavage, although the extent of cleavage is reproducibly
less than observed with the AME-resistant NL4-3 mutants
(Fig. 5A). We also tested the sensitivity of the P204L and
R237L AD8 mutants to AME relative to that of the WT AD8
parental virus. We again included WT and AME-resistant
pNL4-3 mutants as controls. Virus stocks generated in 293T
cells were used to infect TZM-bl cells in the presence or
absence of AME. We observed that WT AD8 virions were
highly sensitive to AME, with a �50-fold reduction in infec-
tivity at 10 �M AME. In contrast, the P204L and R237L

mutants were partially resistant; virus infectivity was reduced
by only three- and sixfold for P204L and R237L, respectively,
at 10 �M AME (Fig. 5B). These results demonstrate that the
AME resistance mutations selected in the context of NL4-3
also confer a significant level of PR-mediated CT cleavage and
AME resistance when present in the AD8 strain of HIV-1.

Conclusions. In this study, we examined the effect of muta-
tions in the HIV-1 PR on the development of resistance to the
cholesterol-binding entry inhibitor AME. Interestingly, we ob-
served that the AME-resistant mutants selected in the pres-
ence of WT PR (P203L and S205L) (27, 28) are no longer
AME resistant in the context of the PIR PR. This observation
suggests that the PIR PR differs in its substrate preference
relative to the WT enzyme such that it is unable to cleave the
gp41 CT of the P203L and S205L mutants. To identify the
AME resistance pathway followed by the virus in the context of
PIR PR, we performed de novo selections with the NL4-3/PIR
clone. We identified a mutation, R236L, that like P203L and
S205L creates a PR cleavage site in the gp41 CT. Unlike the
P203L and S205L mutants, however, the R236L mutant gp41
serves as a substrate for both WT and PIR PR. Each of the
three independent AME-resistant mutants that we identified

FIG. 4. Identification of the PR cleavage site in R236L gp41.
(A) Separation of viral proteins by HPLC. Virions were prepared in
293T cells by transfection with pNL4-3 derivatives encoding WT (WT)
or R236L Env (R236L) mutants with WT or PIR PR (PIR/R236L).
Virions were concentrated by ultracentrifugation, and viral proteins
were separated by HPLC as described previously (28); the A280 chro-
matograms are shown. Major viral protein peaks identified by immu-
noblot or protein sequence analysis are labeled. Peaks representing
matrix (MA), capsid (CA), full-length gp41, gp41 NTF, and gp41 CTF
are shown. The NTF and CTF derived from R236L and PIR/R236L
virions were subjected to Edman degradation, and the N-terminal
sequences were analyzed by using an automated 477 protein sequencer
(Applied Biosystems, Foster City, CA). (B) Cleavage site in the R236L
gp41. The organization of HIV-1 Env is as shown in Fig. 2A, and the
position of the residue 236 mutation is indicated in bold. The PR-
mediated cleavage site between gp41 residues 236 and 237 is indicated
by an arrow.

FIG. 5. The P204L and R237L mutations in the AD8 strain of
HIV-1 confer resistance to AME. (A) 293T cells were transfected with
WT pAD8 or the P204L and R237L AD8 mutants constructed by
QuikChange site-directed mutagenesis (Stratagene). One day post-
transfection, viral lysates were prepared as described in the legends to
Fig. 1 and 3 and were subjected to immunoblotting with the 2F5
anti-gp41 monoclonal antibody. In this experiment, NL4-3 and its
AME-resistant derivatives (P203L and R236L) were included as con-
trols. (B) TZM-bl cells were infected with virus stocks derived from
WT NL4-3 or AD8 or the indicated mutants. Infections were carried
out in the absence or presence of 1, 5, or 10 �M AME as described in
the legend to Fig. 1. Data shown are means � SEs of the results from
three independent experiments performed in duplicate.
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(P203L, S205L, and R236L) confers AME resistance by a
PR-mediated gp41 cleavage mechanism, and as we reported
previously (27, 28), artificial truncation of gp41 also relieves
the AME-imposed block to infectivity in single-round assays.
These data highlight the importance of gp41 truncation in
AME resistance. We also observed that the phenomenon of
AME resistance mediated by PR-mediated gp41 cleavage is
not limited to the NL4-3 strain of HIV-1. Mutations analogous
to NL4-3 P203L and R236L (P204L and R237L, respectively)
also induce gp41 cleavage and partial AME resistance in the
context of the AD8 strain of HIV-1. The more-limited gp41
cleavage and AME resistance in the AD8 context suggest that
strain-specific sequence variation or differences in gp41 CT
conformation between NL4-3 and AD8 may render the AD8
sequences less optimal for PR-mediated cleavage.

We note that thus far all AME resistance mutations that we
have identified (P203L, S205L, and R236L) generate di-Leu
motifs (this study and references 27 and 28). This suggests that
such motifs are favored as targets for PR-mediated gp41 CT
cleavage. It is intriguing that the WT and PIR PR display
different sequence preferences for the di-Leu motifs at resi-
dues 203 and 205 versus residue 236. Also worth noting is that
the WT NL4-3 gp41 CT contains three di-Leu motifs (gp41
residues 273/274, 288/289, and 303/304) and one tri-Leu motif
(gp41 residues 263-265) (GenBank accession no. AF324493).
These naturally occurring di- and tri-Leu motifs are more than
60 amino acids downstream from the gp41 membrane-span-
ning domain, and we have no evidence that they are naturally
cleaved by PR. These observations suggest that di-Leu motifs
must be located within 30 or so residues of the membrane-
spanning domain in order to be targeted by PR. Furthermore,
we previously showed that truncation of the gp41 CT by 30 or
63 residues from the C terminus did not confer resistance to
AME; the acquisition of PR cleavage sites at these positions
would thus not be selected for during the development of
AME resistance. It is noteworthy that these naturally occurring
di-Leu motifs also exist in the AD8 strain (GenBank accession
no. AF004394) and in many other HIV-1 isolates (www.hiv
.lan1.gov/content/index).

Additional work will be required to determine why gp41
truncation bypasses the infectivity block imposed by AME. We
speculate that gp41 truncation may induce a conformational
change in the ectodomain of gp41 or in gp120 (7, 12, 25, 32)
that enables virion-cell fusion to occur even in the presence of
AME or increases the flexibility or diffusion of the Env com-
plex in the virion lipid bilayer such that the AME-imposed
restriction to infectivity is eliminated.
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