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The fusion inhibitor T20 belongs to a new class of anti-human immunodeficiency virus type 1 (HIV-1) drugs
designed to block entry of the virus into the host cell. However, the success of T20 has met with the inevitable
emergence of drug-resistant HIV-1 variants. We describe an evolutionary pathway taken by HIV-1 to escape
from the selective pressure of T20 in a treated patient. Besides the appearance of T20-resistant variants, we
report for the first time the emergence of drug-dependent viruses with mutations in both the HR1 and HR2
domains of envelope glycoprotein 41. We propose a mechanistic model for the dependence of HIV-1 entry on
the T20 peptide. The T20-dependent mutant is more prone to undergo the conformational switch that results
in the formation of the fusogenic six-helix bundle structure in gp4l. A premature switch will generate
nonfunctional envelope glycoproteins (dead spikes) on the surface of the virion, and T20 prevents this abortive
event by acting as a safety pin that preserves an earlier prefusion conformation.

Despite the success of highly active antiretroviral therapy,
the emergence of drug-resistant human immunodeficiency vi-
rus type 1 (HIV-1) strains has become a widespread and grow-
ing problem (25). The search for new antiviral drugs therefore
has to continue, and of special interest are inhibitors that
target previously unexploited steps in the HIV-1 life cycle (30).
One interesting avenue that is currently an area of intense
investigation is the targeting of the viral entry process (1, 29).
The entry process is a critical step in the HIV-1 replication
cycle that is mediated by the envelope (Env) glycoproteins,
gp120 and gp41. Env is arranged on the virus particle as tri-
meric spikes, comprising three gp120 and three gp41 mole-
cules, anchored within the viral membrane via the gp41 trans-
membrane (TM) domain. Binding of the surface subunit gp120
to CD4 and a coreceptor on the T-cell surface triggers confor-
mational changes in the Env complex, leading to the insertion
of the hydrophobic N-terminal fusion peptide of gp41 into the
target cell membrane (reviewed in reference 11).

Subsequent changes within the gp41l ectodomain (gp4le)
involve two leucine zipper-like motifs, heptad repeat 1 (HR1)
and heptad repeat 2 (HR2). Ultimately, HR1 and HR2 from
three gp41 molecules assemble into a highly stable six-helix
bundle structure, which juxtaposes the viral and cellular mem-
branes for the fusion event (5, 38, 41). The change in free
energy associated with this structural transition within gp4le is
predicted to be sufficient to cause lipid mixing and membrane
fusion (14, 28). Peptide fusion inhibitors that bind to one of the
HR motifs can block this conformational switch and thus in-
hibit viral entry (1, 6, 26, 43).

The fusion inhibitor T20 (also called enfuvirtide and fuzeon)
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is the most clinically advanced drug of a new class of antivirals
designed to inhibit viral entry (23). T20 is a synthetic 36-amino-
acid peptide derived from the C-terminal region of HR2 (42,
43). By competitively binding to HR1, T20 blocks the forma-
tion of the six-helix bundle, a prerequisite for membrane fusion
and viral entry (20, 43). HIV-1 variants that are resistant to this
compound have already emerged (19, 33, 40). Continuous in
vitro passaging of HIV-1 in the presence of increasing T20
concentrations resulted in the selection of resistant virus vari-
ants within 6 weeks (34). Sequence analysis of the resistant
viral population revealed the acquisition of mutations within a
stretch of three HR1 amino acids, glycine-isoleucine-valine
(further referred to as the GIV sequence; HXB2 amino acid
positions 36 to 38 of gp4l) that is highly conserved within
HIV-1 (10, 13, 35, 44, 45). Resistance mutations have also been
identified within the viral quasispecies of patients on T20 ther-
apy (33, 40). Specifically, the change of valine to alanine (GIV
to GIA; mutated amino acid underlined) provided 45-fold re-
sistance to T20.

In this study, we performed a genetic analysis on the entire
HIV-1 gp41 ectodomain from a patient who failed on T20
therapy. Sequence analysis revealed the acquisition of novel
T20 resistance mutations in the HR1 domain of gp41. We also
document, for the first time, changes in the three-amino-acid
SNY sequence of the HR2 domain. Surprisingly, we demon-
strate that an HR1-HR2 double mutant (GIA-SKY), which
dominates the viral population after 32 weeks of therapy, is not
only highly resistant to T20 but also critically dependent on the
T20 peptide for its replication. We propose a mechanistic
model that explains this novel feature of drug-dependent viral
entry.

MATERIALS AND METHODS

HIV-1 RNA isolation, PCR amplification, and sequencing. The patient in this
study was part of the TORO-2 study trial (23). The plasma viral RNA load was
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measured with the Versant HIV-1 RNA 3.0 assay (bDNA) kit (Bayer Corpora-
tion, Tarrytown, N.Y.). Total RNA was isolated from 200 pl of EDTA-treated
plasma with the Boom method (3) and eluted in a total volume of 40 .l of water.
Primer and template RNAs (20 pl) were allowed to anneal for 2 min at room
temperature in a mixture containing 4 ng of antisense primer (gp41-3’outer,
5'-GTGAGTATCCCTGCCTAACTCTAT-3") in CMB buffer (0.01 M Tris-HCI,
pH 8.3, 0.05 M KCl, 0.1% Triton), 0.8 mM deoxynucleoside triphosphates, and
20 U of Rnasin (Promega, Madison, Wis.). Upon annealing, we added 100 U of
Moloney murine leukemia virus reverse transcriptase (Life Technologies, Pais-
ley, Scotland) and MgCl, to a final concentration of 2.4 mM, followed by incu-
bation for 2 h at 37°C in a total volume of 40 pl. The reaction mixture was
subsequently inactivated at 95°C for 5 min.

The complete reverse transcription reaction mixture (40 wl) was added to 60
wl of a PCR mixture with 100 ng of a sense primer (gp41-5'outer, 5'-GAGGG
ACAATTGGAGAAGTGAATT-3") and the antisense primer (gp41-3'outer),
CMB buffer, 0.8 mM deoxynucleoside triphosphates, 1.65 mM MgCl, and 2 U of
Taq polymerase (Perkin-Elmer Cetus). After incubation for 5 min at 95°C, the
reaction mixture was subjected to 35 PCR cycles in a type 9700 DNA thermal
cycler (Perkin Elmer Cetus), with each cycle including a denaturation step for 1
min at 95°C, an annealing step for 1 min at 55°C, and an extension step for 2 min
at 72°C. This was followed by a final extension step of 10 min at 72°C. The nested
PCR was performed with 5 ul of the first PCR and 50 ng of the sense and
antisense primers (gp41-5'inner, 5'-GGAGAAGTGAATTATATAAATATAA
AG-3', and gp41-3'inner, 5'-CACTATAGAAAGTACAGCAAAAACTAT-3')
in a 50-pl PCR as above but with 1.2 mM MgCl,. DNA products were analyzed
on a 2% agarose gel that was prestained with ethidium bromide.

PCR products were sequenced directly with the nested set of primers (gp41-
S'inner and gp41-3'inner) with the DNA Big Dye terminator sequencing kit
(ABIL, Foster City, Calif.) and an ABI 377 automated sequencer. PCR products
were also cloned with the TA cloning kit (Invitrogen, San Diego, Calif.). White
colonies were screened by PCR with primers M13 reverse and M13 (—21)
provided in the TA cloning kit, and the products were analyzed on a 2% agarose
gel for the correct size. Positive clones were sequenced with the M13 reverse and
M13 (—21) primers as described above.

Construction of LAI molecular clones. The full-length molecular HIV-1 clone
pLAI was used to produce wild-type and mutant viruses (31). We first con-
structed a wild-type virus with the GIV-SNY sequence as observed in the patient
isolate in place of the GIV-NNY sequence that is present in the LAI molecular
clone. Plasmid pRS1, designed to subclone mutant env genes, was generated as
follows. First, the Sall-BamHI fragment from pLAI was cloned into pUCI18
(Roche, Indianapolis, Ind.). Second, a PstI-Stul fragment from the resulting
plasmid was cloned into plasmid pBS-SK(+)-gp160 containing the Sall-Xhol
sequences of pLAI Mutations were introduced in pRS1 with the Quickchange
mutagenesis kit (Stratagene, La Jolla, Calif.) and verified by DNA sequencing.
Mutant env genes in pRS1 were cloned back into pLAI as Sall-BamHI frag-
ments.

Transfections and CA-p24 determination. The SupT1 T-cell line was main-
tained in RPMI 1640 supplemented with 10% fetal calf serum and penicillin and
streptomycin (both at 100 U/ml) and incubated at 37°C with 5% CO,. SupT1
cells were transfected with HIV-1 molecular clones by electroporation. Briefly, 5
X 10° cells were washed in RPMI 1640 with 20% fetal calf serum, mixed with 1
g of DNA in 0.4-cm cuvettes, and electroporated at 250 V and 975 wF, followed
by resuspension of cells in RPMI 1640 with 10% fetal calf serum. The transfected
cells were split at day 1 posttransfection and cultured with and without T20
(Trimeris, Durham, N.C.). CA-p24 production was determined from culture
supernatant taken at various days posttransfection with an in-house CA-p24
antigen capture enzyme-linked immunosorbent assay (Abbott).

Cell-cell fusion assay. SupT1 cells (5 X 10°) were transfected with 5 pg of the
indicated pLAI variants and/or the pcDNA3Tat expression plasmid as described
above. The cells were cultured for 24 h, spun at 1,200 rpm for 10 min, and
resuspended in fresh medium containing saquinavir (1 wM final concentration),
with or without T20 at various concentrations. Cells were subsequently mixed
with a SupT1 culture that had been transfected the previous day with 5 pg of the
long terminal repeat-luciferase reporter plasmid. Cells were cultured for 24 h
and scored for syncytium formation, and the cell lysate was assayed for luciferase
production (Promega, Madison, Wis.), which was measured with a luminometer.
The output was expressed as relative light units.

Single-cycle virus infection assay. SupT1 cells were transfected with 5 ug of
the long terminal repeat-luciferase reporter vector. These cells (5 X 10°) were
infected 24 h posttransfection with an equal amount of different virus variants (20
ng of CA-p24) in the presence or absence of T20. The cell lysate was assayed 24 h
later for luciferase production as described above. To eliminate the possibility of
reinfection, saquinavir (1 wM final concentration) was included. The GIA-SKY
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virus was produced from a 5-pg DNA transfection into SupT1 cells in the
presence (100 ng/ml) and absence of T20 as described above.

Peptide production. The pN36/C34 plasmid, encoding the patient isolate
N36(L6)C34 model peptide, was derived from pN36/C34;g_ . (37). Amino acid
substitutions were introduced into pN36/34 by the method of Kunkel et al. (21)
and then verified by DNA sequencing. All recombinant peptides were expressed
in Escherichia coli strain BL21(DE3)/pLysS (Novagen, Madison, Wis.). The
bacteria were grown at 37°C in LB medium to an optical density of 0.8 at 600 nm
and induced with isopropylthio-B-p-galactoside for 3 to 4 h. Cells were lysed at
0°C with glacial acetic acid. The bacterial lysate was centrifuged (35,000 X g for
30 min) to separate the soluble fraction from inclusion bodies. The soluble
fraction, containing denatured peptide, was dialyzed into 5% acetic acid over-
night at room temperature. Peptides were purified from the soluble fraction to
homogeneity by reverse-phase high-performance liquid chromatography (Wa-
ters, Milford, Mass.) with a Vydac C-18 preparative column (Vydac, Hesperia,
Calif.) and a water-acetonitrile gradient in the presence of 0.1% trifluoroacetic
acid and then lyophilized. The molecular weight of each peptide was confirmed
by matrix-assisted laser desorption ionization-time-of-flight mass spectrometry
(PerSeptive Biosystems, Framingham, Mass.). The concentration of each peptide
was determined at 280 nm after solubilization in 6 M guanidinium chloride (12).

Circular dichroism spectroscopy. High-pressure liquid chromatography-puri-
fied peptides were solubilized in 6 M guanidinium chloride and 10 mM Tris-HCI
(pH 7.0) and refolded by dilution into phosphate-buffered saline at neutral pH.
The single-point-substituted variant peptides were named according to the po-
sition of the substitution. Circular dichroism experiments were performed with
an Aviv 62A DS circular dichroism spectrometer. The wavelength dependence of
molar ellipticity, [0], was monitored at 4°C, with a 10 wuM peptide solution in 100
mM NaCl-50 mM sodium phosphate, pH 7.0 (phosphate-buffered saline). Helix
content was calculated by the method of Chen et al. (7). Thermal stability was
determined by monitoring the change in the circular dichroism signal at 222 nm
([6]522) as a function of temperature. Thermal melts were performed in 2°C
increments with an equilibration time of 2 min at the desired temperature and an
integration time of 30 s. All melts were reversible. Superimposable folding and
unfolding curves were observed, and >90% of the signal was regained upon
cooling. The melting temperatures or midpoints of the cooperative thermal
unfolding transitions (7,,) were determined from the maximum of the first
derivative with respect to the reciprocal of the temperature of the [6],,, values
(4). The error in estimation of 7,, is +0.5°C.

Sedimentation equilibrium analysis. A Beckman XL-A (Beckman Coulter,
Fullerton, Calif.) analytical ultracentrifuge equipped with an An-60 Ti rotor
(Beckman Coulter) was used. Peptide solutions were dialyzed overnight against
phosphate-buffered saline (pH 7.0), loaded at initial concentrations of 10, 30, and
100 uM, and analyzed at rotor speeds at 20,000 and 23,000 rpm at 20°C. Data sets
were fitted simultaneously to a single-species model of In(absorbance) versus
radial distance squared with the program Nonlin (15). Protein partial specific
volume and solvent density were calculated as described by Laue et al. (22).

RESULTS

HIV-1 escapes from T20 therapy. The patient involved in
this study received T20 as 90-mg subcutaneous injections twice
daily for 50 weeks in combination with reverse transcriptase
and protease inhibitors (Fig. 1A). The start of T20 therapy
resulted in a significant decline in HIV-1 viral RNA load from
84,377 to 356 copies/ml, followed by a rebound to 5,352 cop-
ies/ml at week 16, suggesting the emergence of a T20-resistant
HIV-1 population. We analyzed the virus population present
in this individual at multiple time points before, during, and
after T20 therapy.

To determine whether the patient’s HIV-1 population had
acquired T20 resistance mutations, we sequenced the complete
gp4le region (Fig. 1B). The viral RNA was isolated from
plasma and amplified by nested RT-PCR. Sequencing of the
HIV-1 quasispecies revealed the acquisition of mutations in
the GIV and SNY sequences of HR1 and HR2 in the course of
T20 therapy, but no other changes became fixed in the gp4le
sequence (Fig. 2). Changes in the GIV sequence of HR1 have
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FIG. 1. (A) Plasma HIV-1 RNA load during T20 therapy. Plasma
samples that were analyzed by sequencing are marked in the graph as
week —12 (pretherapy), week 16, week 28, week 32, and week 54. T20
therapy was started at week 0 and stopped at week 50. At the initiation
of T20 therapy, the patient also received 300 mg of ziduvidine, 150 mg
of lamivudine, and three caps of lopinavir twice daily. The patient’s
treatment regimen was modified at week 16 to 150 mg of lamivudine,
600 mg of amprenavir, 100 mg of ritonavir, 90 mg of T20 twice daily,
and 300 mg of tenofovir disoproxil fumarate once daily. (B) PCR
amplification of the gp41 ectodomain. The HIV-1 env gene is shown
(not to scale) with the location of primers used to amplify the gp4le
region. The HXB2 amino acid sequences for HR1 and HR2 are indi-
cated. The GIV sequence in HR1 and SNY sequence in HR2 (NNY
for strain HXB2) are underlined and bolded. The T20 peptide se-
quence within HR2 is indicated.

previously been correlated with T20 resistance (34, 40), but the
description of the HR2 change is new.

We further performed clonal sequencing of 153 individual
clones to obtain a more accurate picture of the relative fre-
quency of the mutational events (Fig. 2), which allowed us to
build a detailed evolutionary scheme (Fig. 3). Analysis of the
pretreatment sample confirmed the presence of the well-con-
served GIV sequence in HR1 and the SNY sequence in HR2.
At week 16 of T20 therapy, 97% of the viral population con-
tained the GIG sequence in HR1 (30 of 31 clones). In the week
28 sample, we observed the complete disappearance of the
GIG sequence at the expense of GIA (16 clones), GIW (13
clones), and the GKA double mutant (1 clone).

Inspection of the underlying codon changes indicates that
GIW is made from the initial GIG variant, whereas GIA rep-
resents an independent evolutionary path that originates from
the wild-type GIV sequence (see discussion). The week 28
sample shows the first changes in the SNY sequence of HR2.
The wild-type SNY sequence is still dominant (14 clones), but
we also observed the variants SKY (10 clones), NNY (5
clones), and SEY (1 clone). Inspection of the sequences indi-
cates that the SKY mutation in HR2 is coupled to the GIA
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mutation in HR1. Specifically, of the 10 SKY sequences, eight
are linked to GIA and only two to GIW, and the latter com-
bines preferentially with the wild-type SNY sequence (9 of 13
clones). This GIA-SKY double mutant prevails at week 32,
being present in 80% of the HIV-1 sequences (24 of 30 clones).
Once the patient stopped T20 therapy after 50 weeks, the
GIA-SKY double mutant disappears almost completely within
4 weeks (8%, 4 of 47 clones), which suggests that this variant is
not very fit in the absence of T20. In this sample of week 54, we
see the reappearance of the GIG-SNY (21 of 47 clones) and
GIA-SNY (21 of 47 clones) single mutants.

T20-resistant and T20-dependent HIV-1 variants. The ma-
jor gp4le mutations observed under T20 therapy (GIG, GIW,
and GIA in HR1 and SKY in HR2) were introduced in the
LAI molecular clone, a CXCR4-with primary HIV-1 isolate
from a French AIDS patient, and tested for their impact on in
vitro virus replication and resistance to T20. Viral DNA con-
structs were transfected into the SupT1 T-cell line and cultured
in the presence or absence of T20 (Fig. 4a). Replication of the
wild-type virus was strongly inhibited by T20. In contrast, all
HR1 variants (GIG, GIW and GIA) were highly resistant to
T20. Surprisingly, the GIA-SKY double mutant was not only
highly resistant to T20, but also critically dependent on T20 for
its replication. In the absence of the T20 peptide, the GIA-
SKY double mutant is unable to initiate a spreading infection.
At 0.5 pg/ml of T20, the GIA-SKY mutant was able to repli-
cate at levels comparable to the wild-type virus in the absence
of the drug. At higher T20 concentrations, replication of the
GIA-SKY mutant was inhibited, indicating that there is a cer-
tain T20 concentration window to elicit the drug-dependence
phenotype.

We also tested the replication capacity of the GIA and
GIA-SKY mutants with concentrations of T20 comparable to
levels in patient plasma (Fig. 4b) (19). The GIA mutant was
resistant to relatively high levels of T20 (4 pg/ml). Interest-
ingly, low amounts of T20 seem to have a stimulatory effect on
this mutant. However, the GIA-SKY double mutant is criti-
cally dependent on T20 for its replication and more resistant to
high T20 concentrations (6 to 8 pg/ml) than the GIA single
mutant, which may explain why the GIA-SKY double mutant is
selected in vivo.

The T20-dependent Env variant is hyperfusogenic. We next
tested the hypothesis that the addition of the K mutation in the
GIA-SKY double mutant represented a compensatory mutation
to enhance the rate of the structural transition in Env, but in a way
that was now partially controlled by the presence of T20. To test
this mechanistic interpretation, we performed additional experi-
ments. First, such a mechanism predicts that fusogenic activity is
reduced for the GIA resistant variant, but increased for the GIA-
SKY double mutant. This was tested in a cell-cell fusion assay,
which measures Env activity before a potential premature switch
can occur, because the Env molecules can be engaged in the
fusion process as soon as they appear at the cell surface. In this
assay, one cell expresses the wild-type or mutant Env protein and
the other cell the appropriate receptors (CD4 and CXCR4).
Fusion was scored by the formation of syncytia. In addition, we
introduced a long terminal repeat-luciferase reporter in the ac-
ceptor cell that is activated upon cell fusion by Tat protein that is
expressed in the donor cell.

We consistently measured reduced fusion activity (syncytia
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FIG. 2. Amino acid sequence of gp41le in individual HIV-1 clones from a patient under T20 therapy. The PCR fragments that were sequenced
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of the pretreatment sample (week —12). Dots mark amino acids that are identical to this consensus sequence. Stop codons are indicated with *.
The GIV and SNY motifs are underlined and in bold. The HR2 region corresponding to the T20 peptide sequence (amino acids 127 to 162) is

underlined.

and luciferase counts) for the GIA mutant and increased ac-
tivity for the GIA-SKY mutant. The representative experiment
in Fig. 5A shows 126% fusion activity for the GIA-SKY mutant
compared to the wild-type control (set at 100%), and similar
results were obtained in independent experiments (134%,
136%, and 150%, results not shown). This finding confirms the
hyperactivity of the GIA-SKY Env mutant, which is an impor-
tant aspect of our model.

We also tested cell-cell fusion activity in the presence of T20.
Not surprisingly, wild-type Env is inhibited by T20 and GIA is
relatively resistant. Interestingly, the GIA-SKY mutant dis-
plays a very similar resistance phenotype. These results indi-
cate that the GIA mutation in HR1 is responsible for reduced
T20 affinity (resistance) and reduced HR2 affinity (fusion ac-
tivity) and that the SKY mutation in HR2 creates a hyperfu-
sogenic Env. The latter property may seem to contradict the
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FIG. 3. Evolution of T20 resistance in the ectodomain of HIV-1 gp41. This schematic of the viral quasispecies in the course of T20 therapy
focuses exclusively on the GIV sequence in HR1 and the SNY sequence in HR2. The situation is depicted at week —12 (pretherapy), weeks 16,
28, and 32 (during T20 therapy), and week 54 (posttherapy). The number of clones that were sequenced per time point is indicated by n. The initial
virus population present at week —12 consists of the fully wild-type sequence (GIV-SNY). The starting virus population is shown as a blue box, all
single mutants are shown as hatched and colored boxes (e.g., GIG-SNY at week 16) and the double mutants in full color boxes (e.g., GIA-SKY
at weeks 28 and 32). The sizes of the boxes reflect the abundance of that particular variant within the viral population. The actual percentage of
that variant in the viral quasispecies and the number of clones with that sequence are indicated within the boxes. The evolution scheme was derived
in part from inspection of the actual codon changes that are indicated alongside the arrows. The mutations are ranked according to their likelihood
(2, 17, 18): the easy G-to-A and C-to-T transitions (1), the more difficult A-to-G and T-to—C transitions (2), and all transversions (3).

observation of impaired virus replication, but a premature
switch will result in dead Env spikes on the surface of virus
particles. T20 may prevent such premature inactivation and
thus rescue virion infectivity.

T20 prevents inactivation of the peptide-dependent virus.
We produced the GIA-SKY mutant virus particles in both the
presence and absence of T20 and scored their infectivity in a
single-cycle infection assay in which a long terminal repeat-
luciferase reporter is activated upon successful infection by
newly synthesized viral Tat protein. Even though an equivalent

amount of HIV-1 virions (based on CA-p24) was used in this
assay, we measured a two- to threefold increase in infectivity
when virions were produced with T20 (Fig. 5B). When (addi-
tional) T20 was added during the infection experiment, we
measured a dose-dependent decrease in the infectivity of both
samples, confirming the resistance phenotype. Thus, T20 needs
to be present early during virion production in order to prevent
premature switching and the consequent loss of infectivity.
When added later during the infection process, T20 does not
activate but rather inhibits the GIA-SKY mutant. This tempo-
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FIG. 4. Replication of wild-type and mutant HIV-1 LAI molecular
clones. (A) Viral replication curves over a 9-day period. The open-
circle curve represents replication fitness in the absence of T20, and
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presence of different T20 concentrations. Similar results were obtained
from six separate transfection experiments. (B) We used T20 concen-
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subcutaneous 100-mg T20 injections (19). We only show CA-p24 val-
ues for day 6 posttransfection, which best represent the relative dif-
ferences in replication capacity in the absence of T20 and the resis-
tance-dependence phenotypes observed for the GIA-SNY and GIA-
SKY mutants.

ral separation of the positive and negative effects of T20 is
consistent with the proposed mechanism.

Biophysical properties of T20-resistant and T20-dependent
six-helix bundles. The proposed mechanism suggests that the
T20-dependent variant undergoes an accelerated transition
from the native state to the postfusion six-helix bundle confor-
mation of gp41. This should be reflected in the relative stabil-
ities of the various conformations that gp41 has to go through
during fusion. However, an adequate model system is only
available for the postfusion six-helix bundle conformation of
gp4l.

To determine the effects of the T20-resistant and T20-de-
pendent mutations on the overall structure and stability of the
six-helix bundle, we constructed a soluble recombinant model
of the gp4le core. This model polypeptide, designated
N36(L6)C34, consists of the N36 and C34 peptides connected
via a short peptide linker that replaces the disulfide-bonded
loop region of gp4l (Fig. 6A). The N36 peptide consists of
residues 35 to 70 and the C34 peptide consists of residues 117
to 150 of the patient gp41 sequence. The GIA and GIA-SKY
substitutions were introduced into N36(L6)C34. On the basis
of circular dichroism measurements, the wild-type protein and
the two variants are well folded, with greater than 95% a-he-
lical content (results not shown). Sedimentation equilibrium
experiments indicate that the GIA-SKY peptide exists in a
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FIG. 5. (A) T20-dependent Env has increased fusogenic activity.
SupT1 cells were transfected with the mutants indicated below the x
axis. One day later, transfected cells were mixed with SupT1 cells
containing a Tat-responsive long terminal repeat-luciferase reporter
gene construct. After 24 h, formation of syncytia was analyzed by light
microscopy (—, no syncytia; ++++, all cells involved in syncytia) and
quantitated by measurement of luciferase activity in cell extracts. We
consistently measured reduced fusion activity (syncytia and luciferase
counts) for the GIA mutant and increased activity for the GIA-SKY
mutant. This is a representative experiment, which shows 126% fusion
activity for the GIA-SKY mutant compared to the wild-type control
(set at 100%). Similar results were obtained in independent experi-
ments (134%, 136%, and 150%; results not shown). (B) T20 prevents
the loss of infectivity of GIA-SKY virions. SupT1 cells containing a
Tat-responsive long terminal repeat-luciferase reporter gene construct
were infected with equal amounts of the GIA-SKY double mutant
virus, which was produced in the presence (100 ng/ml) or absence of
T20 and scored for infectivity in a single-cycle infection assay. Virus
infectivity is expressed in relative light units (RLU) from a luciferase
assay performed on the cell lysate.

discretely trimeric state over a 10-fold range of protein con-
centrations (10 to 100 wM) (Fig. 6C). We conclude that, to a
good approximation, the introduction of T20 resistance and
T20 dependence substitutions into the HR1 and HR2 regions
of gp4le does not affect the overall protein folding of the
six-helix bundle. In addition, we obtained crystal structures for
both the wild-type and T20-dependent GIA-SKY variant six-
helix bundles, showing that the structures are indeed very sim-
ilar (results not shown).

The thermal stability of the wild-type and mutant
N36(L6)C34 six-helix bundles was assessed by circular dichro-
ism by monitoring ellipticity at 222 nm as a function of tem-
perature. The circular dichroism spectra of each of the pro-
teins showed a typical loss of a-helical content when the
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FIG. 6. Biophysical characterization of the wild-type and mutant gp41 ectodomain cores. (A) Schematic representation of HIV-1 gp41. The
important functional features of gp41 and the sequences of the N36 and C34 segments are shown. Recombinant N36(L6)C34 protein consists of
the N36 and C34 peptides plus a six-residue linker. The disulfide bond and four potential N-glycosylation sites are depicted. The residues are
numbered according to their position in gp160 of the HIV-1 HXB2 strain. (B) Thermal melts of the wild-type peptide N36(L6)C34 (solid fill) and
the GIA (open) and GIA-SKY (dotted fill) mutants monitored by circular dichroism at 222 nm at 10 WM protein concentration in phosphate-
buffered saline. We performed thermal unfolding experiments four times for the wild-type and mutant peptides. The error of 7,, determination
is £0.5°C. It should be emphasized that melting temperature is useful only as a qualitative guide to stability. (C) Representative sedimentation
equilibrium data for the GIA-SKY mutant (=30 wM) were collected at 20°C and 18,000 rpm in phosphate-buffered saline. The data fit closely to
a trimer model. The deviation in the data from the linear fit for a trimer model is plotted (upper).

temperature was raised (Fig. 6B). The pre- and posttransi-
tional slopes and the shape of the main transition were very
similar for the wild-type and variant peptides, but there was a
profound difference in thermal stability. At a concentration of
10 uM, the midpoint (7,,) of thermal denaturation of the
wild-type protein is 80°C, compared with 7, values of 69 and
83°C for the GIA and GIA-SKY mutants, respectively. Taken
together, these results indicate that the T20-resistant mutation
GIA leads to an appreciable destabilization of the six-helix
bundle structure. In contrast, the T20-dependent SKY muta-
tion stabilizes the six-helix bundle conformation. This is strik-
ing because the destabilizing GIA mutation is also present in
this variant. Thus, the decreased six-helix bundle stability may
explain why the T20-resistant virus is less fusogenic, while the
T20-dependent double mutant, with increased six-helix bundle
stability, is hyperfusogenic.

DISCUSSION

The HIV-1 evolution scheme depicted in Fig. 3 summarizes
the multistep development of T20 resistance within the ectodo-
main of the envelope glycoprotein gp41 in a patient who failed
on T20 therapy. This evolution scheme was derived from in-
spection of the actual codon changes that are indicated along-
side the arrows. We initially did not observe the GIA variant,
which has previously been implicated in T20 resistance (19,

40). Instead, we initially detected other GIV variants, such as
GIG, by a single T-to-G substitution (week 16) and subse-
quently GIW by an additional G-to-T substitution within the
same codon (week 28). Both GIG and GIW are novel variants,
and the latter is much more difficult to generate than GIA
(double transversion versus a single transition) (2, 17, 18).
We propose that the GIA variant is made directly from the
GIV starting population by a simple T-to-C substitution. The
GIW variant is eventually taken over by a virus variant that
combines the GIA mutation in HR1 with an SKY mutation in
HR2 to give rise to a GIA-SKY double mutant, which domi-
nates the viral population after 32 weeks of therapy, presum-
ably due to its increased resistance to T20 (Fig. 4B and results
not shown). Interestingly, once the patient stops T20 therapy,
the GIA-SKY double mutant disappears almost completely
within 4 weeks, suggesting that this variant is not very fit in the
absence of the drug. In vitro, this GIA-SKY mutant replicates
only in the presence of T20, making it a drug-dependent virus
(Fig. 4). This T20 dependence obviously explains the rapid
disappearance of this variant once therapy is stopped.
Inspection of the HR1 and HR2 sequences in natural sub-
type B HIV-1 isolates (http://www.hiv.lanl.gov/) (1, 36) indi-
cates that the GIV sequence in HR1 is highly conserved, with
only four isolates among 338 sequences that deviate from this
sequence (of which two are GIA variants). The SNY sequence,
in particular the first residue, is somewhat more variable
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(DNY, NNY, SNY, and ENY represent 305 of the 332 se-
quences). The SKY sequence that is selected under T20 ther-
apy is never observed in natural isolates, although a single
DKY variant was found. The loss of the glycosylation site is
extremely rare (only 8 of 332 isolates). Strikingly, one of the
two natural GIA variants in HR1 is combined with an excep-
tional DSY sequence in HR2. This finding may relate to our
observation that changes in HR2 are coupled to changes in
HRI1. A more extensive screening of the HIV-1 sequence da-
tabase further strengthens this idea. Among 417 sequences of
HIV-1 non-B subtypes, we found one additional isolate with
the GIA sequence, and this sequence also encodes an unusual
HR2 sequence RNI.

Resistance is caused by mutation of the valine (V) residue
within the GIV sequence of HR1 into a number of alternative
amino acids: methionine (34); alanine (40; this paper); and
glycine and tryptophan (this paper). The wild-type valine nor-
mally interacts with residues in the critical center of the HR2-
derived T20 peptide, and the mutation could thus weaken the
interaction with both T20 and HR2. The smaller glycine and
alanine residues could leave an unfavorable cavity at the HR1-
HR2/HR1-T20 interface, whereas the bulky tryptophan side
chain may sterically interfere with the interaction. Direct HR1-
T20 binding experiments are consistent with this proposal (34).
Reduced HR1-T20 affinity may explain the resistance pheno-
type, but reduced HR1-HR2 interaction may also negatively
impact Env-mediated fusion and HIV-1 fitness. Indeed, we

measured reduced fitness for the T20 resistance variants GIA,
GIG, and GIW compared to the wild-type virus (Fig. 4 and
results not shown). Nevertheless, the slight reduction in viral
fitness indicates that the HR1-HR?2 interaction is not affected
in a major way. The impact on the HR1-HR?2 interaction may
be less severe than on the HR1-T20 interaction because the
former is an intramolecular interaction (34).

Several mechanistic models can be proposed for the unique
T20-dependent replication phenotype. First, it can be envis-
aged that the T20 peptide is actively involved in formation of
the six-helix bundle structure of the GIA-SKY double mutant.
Thus, the wild-type T20 peptide could replace one or multiple
mutant HR2 domains to enable the formation of this fusion-
competent structure. This scenario is unlikely because it would
require the formation of a six-helix bundle with a much shorter
T20-based HR2 domain and with dangling free HR2 domains
that may interfere with the fusion process. Second, T20 depen-
dence may mimic the process of enhancement of virus infec-
tivity that is often observed in antibody neutralization experi-
ments. However, such enhancement does not explain the
nearly complete inactivity of the GIA-SKY virus in the absence
of T20. Our results suggest a third model for T20-dependent
replication of the GIA-SKY double mutant that builds on the
resistance phenotype of the GIA single mutant (Fig. 7).

We now propose that part of the GIA phenotype (weakened
HR1-HR?2 interaction and reduced fusion) is reversed by the
SKY mutation in HR2. This mutation creates an Env variant
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that is more prone to undergo the conformational switch lead-
ing to six-helix bundle formation. Premature switching of GIA-
SKY will make a dead Env spike and thus effectively kill virus
infectivity, which is what we measured (Fig. 4). More impor-
tantly, this scenario easily explains the observed T20 depen-
dency, as HR1-T20 binding will block the premature switch
and Env inactivation. This T20 blockade should obviously be
transient, and release of the T20 peptide may be facilitated by
the reduced HR1-T20 affinity due to the GIA resistance mu-
tation. This mechanism also explains why the GIA-SKY double
mutant is inhibited at high T20 levels, which freezes Env in a
prefusion conformation.

The key mutation for the T20-dependent phenotype is the
SNY to SKY change within HR2. This change creates a hy-
perfusogenic Env approximately 1.5-fold more active than the
wild-type control, but around twofold more active than the
GIA precursor form (Fig. 5A). We propose that the GIA-SKY
double mutant hardly replicates because this Env variant is too
aggressive, leading to a premature switch of the spring-loaded
Env, which results in nonfunctional six-helix bundles (dead
spikes) on the virus particle. The SKY mutation is solely re-
sponsible for this enhanced fusogenicity and lack of replication
capacity because these properties were not observed for the
GIA single mutant (in fact, reduced fusogenicity was mea-
sured; see Fig. 5SA). Furthermore, the SKY single mutant is
replication impaired (results not shown). This also means that
evolution of the GIA-SKY mutant must follow the precise
two-step scenario; first GIA-mediated resistance and then
SKY-mediated dependence.

The GIA mutation is also important for the ability of the
double mutant to replicate in the presence of T20. The GIA-
SKY double mutant exhibits a T20 resistance phenotype that is
very similar to that of the GIA single mutant, the difference
being that T20 is required for GIA-SKY to maintain a prefu-
sion Env conformation, but the presence of T20 during the
infection process partially inhibits virus entry (Fig. 5B). In
other words, the T20 peptide acts as a safety pin that locks or
stabilizes a prefusion conformation of the gp41 protein, but it
presumably has to be removed at the right time to ensure
correct Env function (Fig. 7).

Further biophysical studies were performed to reveal how
the SKY mutation in HR2 triggers the conformational switch
within Env. There are several possibilities; the HR2 mutation
may either destabilize the initial Env conformation or an in-
termediate structure, or it may stabilize the final six-helix bun-
dle structure. A direct stabilizing effect on the latter structure
was indeed measured for the GIA-SKY double mutant. This
effect is likely caused by the lysine residue, which strongly
favors an a-helix conformation. However, this amino acid sub-
stitution also leads to the removal of N-linked glycosylation at
the asparagine (N) of the SNY sequence (8, 9, 16, 24, 32). This
loss may also have gross structural repercussions, although it
cannot be measured in our studies that were performed with E.
coli expressed gp41 peptides.

Our model suggests that the T20-dependent variant is prone
to undergo premature conformational changes resulting in the
formation of six-helix bundle dead spikes. This might imply
that the T20-dependent variant is also more prone to sponta-
neous shedding of gp120. We have evidence that this is indeed
the case (results not shown).

J. VIROL.

We anticipate that our T20-dependent virus will provide a
useful tool to dissect molecular details of the Env-mediated
entry process and such studies are ongoing. Further research
could yield novel information on structural intermediates that
may facilitate Env-based vaccine research and the construction
of improved immunogens. The T20-dependent phenotype may
be a useful tool to control or to synchronize the entry of viral
vectors. Conditional viral entry may also add to the safety of a
doxycycline-dependent HIV-1 variant that was constructed as a
live attenuated virus vaccine (27, 39). In fact, it seems possible
to make a virus that can be controlled from the outside both at
the level of cell entry (T20) and viral gene expression (doxy-
cycline). The patient data in Fig. 2 and 3 indicate that such a
T20 switch can operate in vivo.

Finally, the evolution of drug-dependent HIV-1 variants has
an obvious clinical relevance. The appearance of such variants
during antiviral therapy may be an indication to modify the
drug regimen. It is therefore important to test if the next
generation of T20-like compounds are able to trigger the rep-
lication of the GIA-SKY mutant. It is already known that
patients harboring T20-resistant viruses do not show cross re-
sistance to the related T1249 compound, and we have prelim-
inary evidence that cross-dependence of the GIA-SKY double
mutant does not occur either (results not shown). An interest-
ing difference between drug-resistant and drug-dependent vi-
ruses is at the level of the human population and virus trans-
mission. Drug-resistant viruses are known to spread within the
current epidemic, but this would seem impossible for T20-
dependent viruses because the antiviral inducer T20 is not
available in the newly infected individual.
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