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Human immunodeficiency virus (HIV) infects cells by fusing with cellular membranes. Fusion occurs when
the envelope glycoprotein (Env) undergoes conformational changes while binding to cellular receptors. Fuso-
genic changes involve assembly of two heptad repeats in the ectodomain of the gp41 transmembrane subunit
to form a six-helix bundle (6HB), consisting of a trimeric N heptad repeat (N-HR) coiled-coil core with three
antiparallel C heptad repeats (C-HRs) that pack in the coiled-coil grooves. Peptides corresponding to the
N-and C-HRs (N and C peptides, respectively) interfere with formation of the 6HB in a dominant-negative
manner and are emerging as a new class of antiretroviral therapeutics for treating HIV infection. We generated
an escape mutant virus with resistance to an N peptide and show that early resistance involved two mutations,
one each in the N- and C-HRs. The mutations conferred resistance not only to the selecting N peptide but also
to C peptides, as well as other types of N-peptide inhibitors. Moreover, the N-HR mutation altered sensitivity
to soluble CD4. Biophysical studies suggest that the 6HB with the resistance mutations is more stable than the
wild-type 6HB and the 6HB formed by inhibitor binding to either wild-type or mutant C-HR. These findings
provide new insights into potential mechanisms of resistance to HIV peptide fusion inhibitors and dominant-
negative inhibitors in general. The results are discussed in the context of current models of Env-mediated

membrane fusion.

The envelope glycoprotein (Env) mediates human immuno-
deficiency virus (HIV) entry by fusing virus to target cells. Env
is trimeric on the virion surface, with each monomer consisting
of a surface subunit (gp120) and a noncovalently associated
transmembrane subunit (gp41). gp120 binding to cellular CD4
and a chemokine receptor triggers fusion-inducing conforma-
tional changes in gp41, leading to increased exposure of two
heptad repeat motifs (N-HR and C-HR) in the gp41 ectodo-
main (Fig. 1) and insertion of the fusion peptide into the target
membrane (reviewed in references 12 and 15). Subsequently
the N- and C-HRs fold in an antiparallel manner to create a
six-helix bundle (6HB), composed of a trimeric N-HR coiled-
coil core surrounded by three C-HR helices that pack in the
grooves of the coiled coil (8, 35, 39). Transition to the ther-
mostable 6HB promotes fusion between viral and cellular
membranes (27).

Peptides corresponding to the HR of gp41 inhibit HIV in-
fection in vitro and in vivo (reviewed in references 9 and 20).
N-HR and C-HR peptides (N and C peptides, respectively)
block fusion in a dominant-negative manner by binding to
transiently exposed HRs of gp41 during fusion-inducing con-
formational changes to form a peptide-gp41 6HB (17, 18, 21,
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27). The C-peptide inhibitor Enfuvirtide (T20 or DP-178), the
first drug in the new class of antiretrovirals called fusion in-
hibitors, binds the N-HR of gp41 (31, 36). As with other anti-
retrovirals, however, resistance is a significant clinical problem.
In vitro selection studies with T20 (31) or an overlapping C
peptide (C34) (1) identified a region in the N-terminal part of
the N-HR (residues 33 to 38 in gp41 or residues 544 to 549 in
Env, corresponding to the Los Alamos numbering for the
reference HXB2 clone) as being important for resistance, with
mutations frequently occurring in the highly conserved GIV
sequence. Mutations in the same region and extending slightly
more C terminal were also generated in patients treated with
T20 (32, 38) and were found to occur naturally in treatment-
naive subjects whose viruses showed relative resistance to T20
(10, 11). In addition, residues in the C-HR have been shown to
increase resistance to T20 in the absence of mutations in the
N-HR (19, 29). Increased sensitivity to C peptides has also
been correlated with use of the CXCR4 coreceptor in panels of
viruses from treatment-naive subjects (11). The mechanisms
responsible for this increased sensitivity of X4 viruses is not
known, but it has been proposed that gp120-receptor affinities
and receptor expression levels may play a role (30).
Combination antiretroviral therapy, preferably involving
agents that target different steps of HIV infection, helps to
suppress the emergence of resistant viruses. Whereas C-pep-
tide inhibitors target the N-HR (18, 31), N-peptide inhibitors,
including the five-helix bundle inhibitor and the chimeric
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FIG. 1. Map of gp41 ectodomain and corresponding peptides. The
JR-CSF Nw peptide corresponds to wild-type residues in the N-HR in
the JR-CSF envelope glycoprotein. a and d indicate positions in the
heptad repeat motif. N44* represents the peptide used for selecting
the resistant virus. The Nm peptide contains the resistance mutation at
position 577. HXB2 indicates residues in the HXB2 clone of HIV. The
JR-CSF Cw peptide corresponds to wild-type residues in the C-HR in
the JR-CSF envelope glycoprotein. The Cm peptide contains the re-
sistance mutation at position 648. The HXB2 C34 peptide corresponds
to C-HR residues in the HXB2 clone of HIV. FP, fusion peptide; TM,
transmembrane domain; C-tail, cytoplasmic domain.

coiled-coil IZN36, appear to bind the C-HR (14, 33). N pep-
tides may additionally bind to the N-HR, forming homologous
interactions in a peptide-gp41 coiled coil (3). To further inves-
tigate viral determinants for N-peptide resistance and to gain
insight into the Env fusion mechanism, we generated an escape
mutant virus with resistance to an N-peptide inhibitor. We
found that two mutations in gp41, one each in the N- and
C-HRs, provided initial steps in conferring resistance to the N
peptide. Unexpectedly, these mutations also conferred cross-
resistance to C peptides and altered sensitivity to soluble CD4
(sCD4), implying changes in receptor activation of Env. Mo-
lecular modeling suggests that the resistance mutations would
not directly impair peptide binding to gp41, and biophysical
data suggest that the mutations improve endogenous (viral)
6HB stability. These findings provide insights into Env struc-
ture-function relationships and activation of fusion and further
suggest a potential pathway for resistance to dominant-nega-
tive inhibitors involving increased stability of the target pro-
tein.

MATERIALS AND METHODS

Cells and plasmids. 293T cells, U87 cells expressing CD4 and CXCR4 (U87-
T4-X4) or CD4 and CCR5 (U87-T4-CCRS5), the Env-deficient HIV genome
reporter plasmid pNL43-Luc-R™E~, and the HXB2 Env expression plasmid
pSM-WT were kindly provided by Dan Littman (New York University, New
York, N.Y.). The proviral plasmid pLAI(JR-CSF), expressing the LAI genome
except with the env gene replaced with JR-CSF env, was engineered by exchang-
ing the Kpnl fragments (nucleotides 6431 to 9114) from the LAI genome with
nucleotides 6430 to 9107 from the JR-CSF genome. The pJR-CSF-Env expres-
sion plasmid was derived from pLAI(JR-CSF) by excising the region from the
Sphl site (nucleotide 1443) to the PshAI site (nucleotide 4428). An expression
vector (pPTCLE-G2C) for the N-peptide inhibitor, here called N44*, was a gift
from Carl Wild (Panacos Pharmaceuticals, Gaithersburg, Md.,) and Terry Oas
(Duke University, Durham, N.C.). PM-1 lymphoid cells expressing CD4,
CXCR4, and CCRS receptors were obtained from Hana Golding (U.S. Food and
Drug Administration, Bethesda, Md.).
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Peptides and other reagents. The N-peptide inhibitor N44* (GG
VQQOQNNLLRAIEAQQHLLOLTVWGIKQLQARILAVERYLKDQ) was ex-
pressed in Escherichia coli and purified as previously reported (5). Briefly, the
pTCLE-G2C expression plasmid, encoding a TrpLE fusion protein containing
residues 540 to 584 from the N-HR of LAI Env, was transformed into BL21(DE3)
cells (Novagen), induced with IPTG (isopropyl-B-p-thiogalactopyranoside), and
lysed with a French press. Inclusion bodies were pelleted, washed, and dissolved in
70% formic acid prior to cleavage with 50 mg of cyanogens bromide per ml. The
dried products were dissolved in 6 M guanidine-HCI and separated by Sephadex
G-50 (26- by 70-cm) gel filtration chromatography in 5% acetic acid. Synthetic
peptides C34 (WMEWDREINNYTSLIHSLIEESONQQEKNEQELL), T20 (YT
SLIHSLIEESONQQEKNEQELLELDKWASLWNWEF), Cw (WMEWEKEIENY
TNTIYTLIEESQIQQEKNEQELL), Cm (WMEWEKEIENYTNTIYTLIEKSQI
QQEKNEQELL), Nw (GIVOQQONNLLRAIEAQQOHMLQLTVWGIKQLQARV
LAVERYLKDQ), and Nm (GIVQQQONNLLRAIEAQQHMLQLTVWGIKQLR
ARVLAVERYLKDQ) were made by standard 9-fluorenylmethoxy carbonyl chem-
istry and purified by high-pressure liquid chromatography (CBER Facility for Bio-
technology Resources, Bethesda, Md.). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and analytic high-pressure liquid chromatography indicated that all
of the peptides were > 92% pure. All peptides were confirmed to have the expected
molecular weight by using matrix-assisted laser desorption ionization-time-of-flight
mass spectroscopy and to have inhibitory activity by using infectivity assays. sCD4
was purchased from Progenics Pharmaceuticals (Tarrytown, N.Y.). The five-helix
inhibitor was kindly provided by Michael Root (Jefferson University, Philadelphia,
Pa.).

Resistant virus. Viral stocks of HIV type 1 (HIV-1) LAI(JR-CSF) were
generated by transfecting pLAI(JR-CSF) into 293T cells by using Fugene 6
(Roche Diagnostics) and collecting filtered culture supernatants after 2 days.
Virus was quantified by a reverse transcriptase (RT) assay, as described previ-
ously (28), and stored at —80°C. Resistant virus was generated by infecting 10°
PM-1 cells with 1.75 X 10° cpm of RT activity from HIV-1 LAI(JR-CSF) virus
stock in 4 ml of medium in the presence of 300 nM N44* overnight. The cells
were washed twice the next day by centrifugation at 200 X g for 10 min and
resuspended at 2 X 10° cells/ml with medium containing the same concentration
of peptide. Three days later, supernatants were exchanged with fresh medium
containing the peptide, and after the first week, half of the cells and supernatant
were removed every 2 days and replaced by an equal volume of peptide-contain-
ing medium. Cell supernatants were sampled every 2 days for virus production by
RT activity. Supernatants containing the highest level of RT activity were then
used for subsequent rounds of infection, using approximately 10° cpm of RT
activity and following the same infection protocol as described above except with
increasing peptide concentrations as indicated in Fig. 2.

Resistant Env proteins. Genomic DNA from infected PM1-MC cells was
extracted by using the Qiagen DNAeasy kit. The gp41 gene from the proviral
genome was amplified by nested PCR with the Elongase enzyme mix (Invitro-
gen) and the two sets of primers Enf (AAAGAGGAATTCACAGTGGCAAT
GAGAGTGAAGG)-Enr (CAGGCACTCGAGGTTTTGACCACTTGCCACC
CATCTT) and F1 (GAACCATTAGGAGTAGCACCCACCA)-R1 (ATGGAG
CAATCACAAGTAGCAATACAG). The PCR product was purified on an
agarose gel and digested with the restriction enzymes Mfel and PpuMI. The
product was then inserted in the parental Env expression plasmid pJR-CSF-Env
at the same sites (nucleotides 2713 and 3458 of the gp41 gene). Each clone was
verified by sequencing the entire gp41 gene.

Mutagenesis. Point mutations in the gp41 genes of JRCSF and HXB2 expres-
sion plasmids were created by using the QuickChange site-directed mutagenesis
kit (Stratagene). Two sets of complementary primers, TAATACACTCCTTAA
TTGAAAAGTCGCAAAACCAGCAAG-TTGCTGGTTTTGCGACTTTTCA
ATTAAGGAGTGTATTA and TCTGGGGCATCAAGCAGCTCCCGCAAG
AATCCTGGCTGTGG-CCACAGCCAGGATTCTTGCGCGGAGCTGC
TTGATGCCCCAGA, were used to introduce theQ577R and E648K mutations
in the C- and N-HRs of the JR-CSF and HXB2 gp41 genes, respectively. Mu-
tations were verified by sequencing the entire env gene. We note that the se-
quence we found for the wild-type (WT) env gene of JR-CSF differed from that
listed in the Los Alamos HIV database. We found two nucleotide changes at
positions 7878 and 7879 in the env gene, GC instead of CG, which resulted in an
amino acid change from arginine to alanine at residue 22 of gp41. The other
sequence discrepancy, G to A at nucleotide 8302 of the env gene, altered the
amino acid sequence from glycine to aspartic acid at residue 164 of gp41.

Infectivity inhibition assay. Pseudovirion stocks with wild-type or mutant Env
proteins were generated and assessed for infectivity as previously described (41).
Briefly, 3 X 10° 293T cells in 10-cm-diameter dishes were cotransfected with 3 ug
of the Env expression vector and 2 pg of the Env-deficient viral reporter vector
(pNL43-Luc-R"E™). The supernatants were collected at 48 h posttransfection,
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quantified by p24 enzyme-linked immunosorbent assay (Coulter), and stored at
—80°C. One day before infection, 2 X 10* U87-CD4-CCRS or U87-CD4-X4
cells/well were plated in 96-well dishes in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal calf serum, 2 mM glutamine, 1X antibiotics, 1
mM sodium pyruvate, and 1X nonessential amino acids (DMEM ™). Cells were
infected with pseudovirus supernatants (approximately 200 ng of p24 per ml for
HXB?2 pseudoviruses and 20 ng of p24 per ml for the JR-CSF pseudoviruses) in
the presence of peptide in a total volume of 100 pl supplemented with 8 pg of
Polybrene (Sigma) per ml. After 16 h of incubation, the medium containing the
peptide was replaced by 100 pl of fresh DMEM™, and cultures were continued
for an additional 24 h at 37°C. The cells were then lysed, and infectivity was
measured with a luciferase kit (Promega) and luminometry (L-Max; Molecular
Devices).

Thermal denaturation studies. Circular dicrhroism spectra were recorded at
222 nm with a Jasco J 720 instrument equipped with PTC-343 Peltier-type
thermostatic cell holder, using a 1-cm-path-length cell with a Teflon stopper
(Hellma). Cooling circulating water (20°C) was supplied with a Mulitemp IIT
thermostatic circulator (Amersham Biotech). Stocks of approximately 2.0 mg of
N-terminal peptides (in 50 mM sodium formate, pH 3.5) and C-terminal pep-
tides (in 20 mM sodium phosphate, pH 7.0) per ml were mixed (10 pM each) in
20 mM sodium phosphate (pH 7.0) containing 0.2 M NaCl. The salt was required
to support solubility of the peptide mixtures. Peptide mixtures (final volume, 0.5
ml) were heated; the temperature was raised 1°C per min with a temperature
slope of 20 to 100°C. The step resolution was 1°C, the response time was 1 s, the
bandwidth was 1 nm, and the sensitivity 200 m°C. Temperatures at the transition
midpoints (melting temperature [7,,]) were estimated from first-derivative plots
of the curves.

Statistics. At least five independent dose-response curves, using multiple
batches of each pseudovirus, were generated for each inhibitor. The 50% inhib-
itory concentrations (ICsqs) relative to no inhibitor for each individual pseudovi-
rus were calculated with SoftMax Pro software (Molecular Devices). The geo-
metric mean (GM) ICs, was determined for each pseudovirus and inhibitor. To
determine the fold change in resistance relative to WT pseudovirus for each
inhibitor, the ratios of GM ICs, for mutants to GM ICs, for the wild type were
calculated. The ICs, for each mutant pseudovirus was compared with that for the
WT pseudovirus on a logarithmic scale by using Dunnett’s multiple-comparison
option for one-way analysis of variance platform in JMP 5.1.1 statistical software
(SAS Institute). The blocking option with “experiment” as a blocking parameter
was used to take into account that values for all three mutants and the WT were
measured simultaneously in each individual experiment.

RESULTS

Generating an escape mutant virus. Parental, wild-type virus
was prepared from an infectious molecular clone of a hybrid
virus LAI(JR-CSF) consisting of the LAI proviral genome with
the env gene replaced by the JR-CSF env gene. This virus uses
the CCRS coreceptor but not CXCR4. A dose-response curve
for the selecting N-peptide inhibitor (N44* [Fig. 1]) on PM-1
cells determined that 90% of the RT activity from this virus
was inhibited at a concentration of 300 nM, and complete
inhibition was observed at concentrations of above 400 nM
(not shown). Initial cultures (P1) for selecting escape mutant
viruses therefore began at 300 nM N44*. Fifteen days after
infection in the presence of 300 nM N44* peptide, RT activity
emerged, and it peaked at day 28 (Fig. 2). This supernatant was
then used to establish the second passage (P2). Control cul-
tures without peptide (P0) peaked on day 11.

The P2 culture was grown in the presence of 600 nM N44*
peptide, and peak RT activity was broad, occurring on days 12
to 20. Supernatant from this culture was used to inoculate the
third passage at twice the peptide concentration (1,200 nM).
Virus was not detected in this culture after 28 days, so a new
third-passage culture (P3) was established from the P2 super-
natants at 600 nM to enrich for the resistant virus population.
This passage showed peak RT activity on day 14 (Fig. 2) and
was used to inoculate the fourth passage (P4), which was grown
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FIG. 2. Emergence of peptide-resistant virus. PO shows virus
growth in the absence of peptide. P1 shows growth of the culture in the
presence of 300 nM N44*. P2 was initiated from supernatant from the
P1 culture and shows growth in the presence of 600 nM N44*. P3 was
initiated from supernatant from the P2 culture and shows growth in the
presence of 600 nM N44*. P4 was initiated from supernatant from the
P3 culture and shows growth in the presence of 1,200 nM N44*,

in the presence of 1,200 nM peptide. RT activity from this
culture peaked on day 13. Cellular DNA from this culture was
harvested for cloning the env gene from the resistant viruses.

Mapping resistance. To determine residues responsible for
resistance, the env genes from integrated proviruses were se-
quenced and compared with those from control cultures grown
in the absence of selection. Direct sequencing of the entire env
gene from cellular proviral DNA in duplicate P4 cultures re-
vealed only two mutations, one each in the N- and C-HRs,
which were present in duplicate resistant cultures but not in
control cultures. An arginine was substituted for glutamine at
position 577 (Q577R, numbering referenced to that for HXB2
strain in the Los Alamos National Laboratory database) in the
N-HR, and a lysine was substituted for glutamic acid at posi-
tion 648 (E648K) in the C-HR (Fig. 1). No consistent muta-
tions were seen in gpl20. These results were confirmed by
sequencing five Env clones, all of which contained the same
two gp41 mutations (not shown). Sequencing of serial passages
also showed that the C mutation E648K first emerged at P2
and persisted in subsequent cultures, while the N mutation
Q577R appeared at P3 (not shown). It is unclear whether the
resistance pathway seen here requires sequential acquisition of
these mutations.

The mutations were introduced into the JR-CSF Env ex-
pression vector. Env proteins produced from these clones were
used to make pseudotypes with an Env-deficient HIV lucif-
erase reporter virus to verify the contributions of each muta-
tion to resistance. WT Env, the reconstructed Env mutants
with single mutations in the N-HR (N) and C-HR (C), and the
double mutant (NC) Env all expressed high levels of processed
Env that were equally well incorporated into pseudovirions
(not shown). WT and mutant pseudoviruses, which were nor-
malized for p24, did not show statistically significant differ-
ences in single-round infectivity assays, although the pseudovi-
rus containing the N mutation trended towards reduced
infectivity (not shown).
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FIG. 3. Dose-response curves for inhibitors against WT and mutant pseudoviruses containing N, C, or NC resistance mutations. (A) Inhibition
of the JR-CSF pseudoviruses with the N44* peptide. (B) Inhibition of the JR-CSF pseudoviruses with the C34 peptide. (C) Inhibition of the
JR-CSF pseudoviruses with sCD4. (D) Inhibition of the HXB2 pseudoviruses with the N44* peptide. (E) Inhibition of the HXB2 pseudoviruses
with the C34 peptide. (F) Inhibition of the HXB2 pseudoviruses with sCD4. Luciferase activity for each pseudovirus was normalized to its control
culture without inhibitor. Results in panels A to C (JR-CSF pseudoviruses) are averages from all experiments. Results in panels D to F (HXB2
pseudoviruses) are representative graphs from at least five independent experiments.

The ICsys for the N44* peptide were determined for each
mutant pseudovirus. Pseudoviruses containing the NC and C
mutations exhibited approximately 2- and 1.7-fold increases in
resistance, respectively, relative to the WT, while the pseudovi-
rus with the N mutation, which did not emerge in culture in the
absence of the C mutation, showed a slight increase in resis-
tance that did not reach statistical significance (Fig. 3A and
Table 1). The level of resistance conferred by the NC muta-
tions was lower than expected given the near-wild-type kinetics
of the replicating resistant virus after several rounds of selec-
tion. This finding may relate to the single-round reporter
pseudotype assay, which does not amplify resistance in multi-
ple rounds of infection, or to the use of target cells that express
high levels of receptors. We also note that the WT Env showed
a higher ICy in the single-round reporter assay (approximately
600 nM) than in the replicating infection assay (approximately
100 nM). We are currently creating infectious molecular clones
containing resistant Env proteins to determine resistance levels
for replicating virus. Nevertheless, the resistance conferred by

the NC and C mutations was statistically significant and likely
represents initial steps in resistance that would confer a strong
advantage in a replicating culture under selection. Additional
selection would probably lead to accumulation of more muta-
tions that increase resistance.

The importance of the combined NC mutations in confer-
ring resistance to N-peptide inhibitors was confirmed by testing
other N-peptide inhibitors. One such inhibitor, called the five-
helix inhibitor, folds into a 6HB-like structure except that one
face of the trimeric N-HR coiled coil is exposed because it
lacks a C-HR (33). Significantly, the NC mutations conferred a
higher level of resistance to the five-helix inhibitor, exhibiting
a 5.3-fold increase in resistance for the double mutant, with
each single mutation also conferring significant resistance (Ta-
ble 1). Similarly, a higher level of resistance (sixfold) was also
seen against another stabilized N-HR coiled-coil inhibitor,
called IZN36 (14), which contains the N-HR fused to a heter-
ologous coiled-coil trimer (not shown). The reasons for increased
resistance against these stabilized, N-coiled-coil trimeric inhib-
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TABLE 1. Sensitivities of WT and mutant pseudoviruses against a panel of inhibitors
Sensitivity” to:
Pseudovirus N44: Five-helix inhibitor C34 T20 sCD4
GM (nM) Ratio (P) GM (nM) Ratio (P) GM (nM) Ratio (P) GM (nM) Ratio (P) GM (nM) Ratio (P)
JR-CSF
WT 696 1.00 131 1.00 198 1.00 969  1.00 23.33 1.00
NC 1,430 2.05 (<0.001) 696 5.31(<0.001) 324 1.63 (0.009) 1,895 1.96 (0.003) 7.12 0.31 (<0.001)
N 897 1.29 (0.06) 276 2.11 (<0.001) 382 1.93 (<0.001) 1,047 1.08 (0.9) 8.34 0.36 (<0.001)
C 1,184 1.7 (<0.001) 275 2.10 (<0.001) 311 1.57 (0.02) 1,440  1.49(0.087)  30.69 1.32(0.3)
HXB2
WT 421 1.00 ND” 8.95 1.00 ND 0.062  1.00
NC 924 2.19 (<0.001) ND 2512 2.81(<0.001) ND 0.104  1.68 (0.006)
N 577 1.37(0.01) ND 1571 1.76 (0.02) ND 0.101  1.63 (0.009)
C 668  1.58 (<0.001) ND 14.46  1.62 (0.047) ND 0.058  0.93 (0.9)

“The GM of the 50% inhibitor concentration was calculated for each inhibitor and pseudovirus. The ratio is fold change of the mutant value compared to the WT
value, calculated by dividing the GM for each mutant by the GM for the WT. Values shown represent averages from at least five independent experiments. The N44:,
C34, and T20 peptides are shown in Figure 1. The five-helix inhibitor is described in Results. Statistically significant changes are in boldface.

> ND, not done.

itors compared with the unmodified N44* peptide are unclear,
but it could be due to slight differences in the coiled-coil
structure imposed by linker or chimeric residues present in the
modified constructs but absent in the unmodified N44* pep-
tide. Also, unlike the stabilized N-HR trimers, N44* may be
able to bind gp41 in more than one way, because it likely exists
as a mixture of monomers, dimers, trimers, and higher-order
oligomers (14). Trimeric N44* binds the C-HR, but mono-
meric (or dimeric) N44* could bind the N-HR by intercalating
into the endogenous gp41 coiled coil, as has been previously
described for a mutant N peptide (3). Although the occurrence
of resistance mutations in both N- and C-HRs might suggest
that the N44* peptide targets both N- and C-HRs, our analyses
of the resistance residues do not provide clear support for this
model, as discussed below.

Determination of sensitivity to other inhibitors. To further
characterize the resistant Env proteins, we assessed sensitivity
to other entry inhibitors (Fig. 3B and C). Surprisingly, the N
and C mutations also conferred resistance to two overlapping
C-peptide fusion inhibitors, C34 and T20 (Fig. 1). For the C34
peptide, each mutation provided an approximately 1.6- to
2-fold increase in resistance (Fig. 3B), but only the double NC
mutant provided significant resistance (2-fold) for T20 (Table
1). Cross-resistance between the N- and C-peptide inhibitors
was not expected because the peptides bind to different sites of
gp41. However, this finding is consistent with the peptide in-
hibiting the same step. In addition, the N mutation increased
sensitivity to inhibition by sCD4. Both the N and NC Env
proteins were about 2.5-fold more sensitive to sCD4, while the
C Env had no effect (Fig. 3C), indicating that the N mutation
dominates the altered phenotype to sCD4.

Transfer of resistance to an X4 virus. Because the NC mu-
tations appeared to affect global fusogenic properties of Env,
we speculated that the resistance mutations identified residues
that were generally important in regulating Env-mediated fu-
sion. We tested this hypothesis by introducing the resistance
mutations into the HXB2 Env, which uses the CXCR4 core-
ceptor instead of CCRS5, and assessing the transferability of the
resistant phenotype. Dose-response curves with the N- and
C-peptide fusion inhibitors showed the same pattern of resis-

tance (Fig. 3D and E). Resistance to the N peptide was ap-
proximately twofold for the NC pseudovirus (Table 1). Cross-
resistance to the C34 peptide was slightly more pronounced for
the HXB2 Env, with the NC mutant demonstrating 2.8-fold-
increased resistance against the C peptide relative to the WT.
As with the JR-CSF Env, the N and NC mutations affected
sensitivity to sCD4, with the N mutation again being dominant
(Fig. 3F). Curiously, however, the mutations conferred in-
creased resistance to sCD4 instead of increased sensitivity as
was seen with the JR-CSF Env. Residue 577, therefore, plays a
role in receptor activation in both X4 and RS strains.

Despite the ability to transfer the resistance phenotype with
substitutions in the same two residues, the N mutation, alone
or combined with the C mutation, had a severe debilitating
effect on function of the HXB2 Env (not shown). Previously,
we showed that the Q577R mutation in the HXB2 Env re-
duced infectivity by >90% (40). We verified this markedly
reduced activity when we reconstructed a new HXB2 N Env,
along with the HXB2 C and NC Env proteins. All HXB2
pseudoviruses incorporated equal amounts of Env (not
shown). Fortunately, the high titer of the HXB2 pseudovirion
stocks, even with >90% reduced activity, still allowed us to
obtain statistically valid data on sensitivity to inhibitors. None-
theless, the fitness cost of the N mutation indicates that the
HXB2 Env would likely take a different resistance pathway or
require accumulation of additional compensatory mutations to
restore HXB2 Env activity.

Assessment of the impact of resistance mutations on six-
helix interactions. As the peptides are believed to inhibit gp41
by forming a peptide-gp41 6HB, we modeled the N and C
mutations in the 6HB by using coordinates from a high-reso-
lution structure (43) to gain insights into the resistance mech-
anism. The C mutation 648K involved a “g” residue in the
heptad repeat, which faces away from the N and C helices. The
N mutation 577R is an “e” residue of the heptad, which lies in
the lip of the hydrophobic pocket and does not appear to
provide contacts that are critical for docking C-helix residues
into the pocket. Modeling thus did not suggest that the resis-
tance mutations would impair peptide binding to gp41. Earlier
in vitro mutagenesis studies also showed that position 577 was
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FIG. 4. Thermal denaturation studies of equimolar mixtures of the
N and C peptides. Circular dichroism measurements were recorded at
222 nm as a function of temperature. Two independent experiments
gave identical results. The melting curves for N44*Cw and N44*Cm
are indicated by the open and closed squares, respectively; the iden-
tities of the other curves are as indicated.

a notable exception among “e” and “g” residues in the N-HR
in tolerating mutations that preserved Env function (41).

To evaluate how the mutations might affect peptide binding
to gp41 and the endogenous (viral) 6HB, we performed ther-
mal denaturation studies using mixtures of synthetic N and C
peptides corresponding to wild-type HR (Nw or Cw, respec-
tively), HR containing the N or C resistance mutations (Nm or
Cm, respectively), and the selecting N peptide (N44*). All N-
and C-peptide mixtures showed circular dichroic spectra with
high a-helical content (not shown), consistent with previous
reports (24). The wild-type peptide pair (NwCw) was trimeric
as determined by sedimentation equilibrium (not shown), and
thermal denaturation studies showed that the 6HB exhibited a
simple two-state unfolding, with a 7,, of ~55°C (Fig. 4). The
melting temperature is considerably lower than other reported
measurements for the HIV-1 or simian immunodeficiency vi-
rus core gp41 domains (24). This may be due in part to the use
of relatively long N peptides that extend beyond contacts with
the C peptides. The peptide pairs involving the N44* peptide
exhibited complex unfolding, with more than one transition
observed. For the N44*Cw and N44*Cm peptide mixtures,
these transitions occurred in the ranges of 43 to 49°C and 52 to
57°C, respectively (Fig. 4). The comparatively decreased ther-
mal stabilities of 6HB interactions involving the N44* peptide
are likely due to the isoleucine-to-glycine substitution in the
second residue of the inhibitor, which may have facilitated the
development of resistance.

A pattern of increasing thermal stability of the 6HB
emerged with the development of the resistance mutations. As
shown in Fig. 4, each of the resistance mutations further sta-
bilized the endogenous 6HB. The first mutation appeared in
the C-HR. The NwCm peptide pair, which modeled the 6HB
of this partially resistant virus, showed a slightly increased 7,
relative to wild type (NwCw). The effect of the C mutation on
interactions with the N44* peptide is difficult to interpret be-
cause of the complex unfolding seen with the N44* peptide
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mixtures. The second mutation occurred in the N-HR on the
background of the C mutation and further increased 6HB
stability. The peptide pair modeling this resistant 6HB
(NmCm) exhibited the greatest thermal stability, correspond-
ing to a 3.7°C increase in 7,,, relative to that of the wild-type
(NwCw) peptide pair. Notably, the N mutation in gp41 could
not affect the 6HB formed by N44* peptide binding to the
C-HR (N44*Cw). An additional peptide pair (NmCw) also
showed that the N mutation alone increased 6HB thermal
stability, but this virus did not emerge in culture. The biological
significance of small changes in 7,, in peptide models of the
6HB, especially how such changes might relate to the low-level
resistance observed here, is unknown. However, these data
raise the intriguing possibility that the virus evolved resistance
by further stabilizing the endogenous (viral) 6HB, especially in
a way that favored the endogenous HR over the inhibitor. The
emergence of a stabilized 6HB through combined NC muta-
tions could also contribute to cross-resistance to C peptides.

DISCUSSION

The pathway identified here for early resistance to the N-
peptide fusion inhibitor N44* highlights important structure-
function relationships in Env that inform treatment strategies
and provide insights into Env-mediated fusion. We show that
two mutations, one each in the N- and C-HRs, confer a two- to
fivefold increase in resistance to several N-peptide fusion in-
hibitors, as well as cross-resistance to C-peptide fusion inhib-
itors. The N mutation also altered viral sensitivity to sCD4.
Thus, the resistance mutations reveal residues that broadly
influence Env activation and fusion, as demonstrated in two
Env proteins that use different coreceptors.

What do these findings tell us about mechanisms of resis-
tance and Env-mediated fusion? In theory, several mechanisms
of resistance to peptide fusion inhibitors are possible. In one
case, resistance could occur directly by mutation of contact
residues that impair inhibitor binding, as has been suggested
for some T20-resistant viruses (31, 36). Alternatively, resis-
tance could arise indirectly, by reducing inhibitor access or
competitiveness to the binding site. Reduced access could re-
flect (i) steric issues or (ii) decreased time that the binding site
is available to the inhibitor due to kinetics of conformational
changes and fusion. Reduced inhibitor competitiveness could
occur by making contacts in the endogenous 6HB more favor-
able than those involving the inhibitor. In the case of our
escape mutant, our results appear to rule out the direct mech-
anism. The cross-resistance against the N- and C-peptide in-
hibitors argues against resistance being due to mutation of
contact residues, because the N and C peptides make distinct
contacts with gp41. Molecular modeling also does not support
a model in which the resistance mutations impair helical inter-
actions. Most convincing, the thermal denaturation studies in-
dicate that the resistance mutations could actually stabilize
6HB interactions rather than destabilize them.

The biophysical experiments introduce thermodynamic con-
siderations into the discussion of resistance. In our peptide
models of the 6HB (Fig. 4), the resistance mutations increased
the structural stability of the resistant 6HB (NmCm) relative to
the wild-type (sensitive) 6HB (NwCw). Interestingly, the mu-
tation in the (noncognate) N-HR benefits the endogenous
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6HB (NmCm), but it cannot benefit the 6HB formed by N44*
binding to the C-HR (N44*Cm). It thus appears that the virus
evolved a way to improve endogenous 6HB stability without
improving inhibitor binding. The relevance of this pathway as
a mechanism of resistance is supported by a recent study of a
patient who developed resistance to T20 (Enfuvirtide) by gen-
erating point mutations in the N- and C-HRs (2). Although the
mutations reported by Baldwin et al. (2) differ from those
described here, it is striking that in vivo resistance to T20 (a
C-peptide inhibitor) involved a mutation in the noncognate
C-HR that resulted in a 3°C improvement in stability of the
resistant 6HB, analogous to our in vitro findings involving an
N-peptide fusion inhibitor.

Thermodynamic arguments relating to peptide inhibition
suggest a model in which peptide is in direct competition with
the endogenous HR at some step of the fusion process. With
respect to the increased stability of the resistant 6HB, our data
are consistent with an equilibrium model of inhibition by pep-
tide proposed by Caffrey et al. (4). Alternatively, it is thought
that the free energy released during formation of 6HB helps
overcome the free energy barrier for membrane fusion (27).
Stabilization of the endogenous 6HB could simply release
more energy to promote fusion pore stabilization and expan-
sion that are needed for complete membrane merge (26), re-
sulting in faster fusion kinetics and less time for the inhibitor to
bind. Further experiments are under way to dissect the ther-
modynamic parameters contributing to enhanced stability of
the resistant 6HB and its consequences for resistance.

Our data also support kinetic parameters in the develop-
ment of resistance. In fact, the biophysical experiments show-
ing that the 6HB involving the N44* peptide inhibitor is less
stable than the sensitive (WT) 6HB (NwCw T, > N44*Cw T,,))
indicate that free energy considerations alone do not control
inhibition, because N44* remains a potent inhibitor against
WT virus. Rather, the data support a kinetic mechanism in
which the inhibitor has preferential access to the gp41 target
sites during refolding steps in virus entry. Experiments involv-
ing sCD4 further suggest kinetic parameters in resistance. In
two different strains of HIV, the N mutation altered sensitivity
to sCD4, indicating changes in the activation energy for the
transition from native to fusion intermediate conformations.
For the JR-CSF Env, which is much more resistant to sCD4
than the HXB2 Env, the N mutation increased sensitivity to
sCD4, perhaps by destabilizing the native conformation. How-
ever, the opposite pattern was observed for the HXB2 Env,
which is already easy to activate. This apparent discrepancy is
difficult to interpret, but it is tempting to hypothesize that there
is an optimal range of Env triggering that reduces the kinetic
window for the inhibitor to bind Env. For the JR-CSF Env,
easier receptor activation might allow more Env proteins to
trigger and organize into fusion pores, speeding up fusion and
acquisition of the peptide-resistant 6HB. For the HXB2 Env,
reduced hair-trigger activation and consequent premature in-
activation of Env might also lead to more efficient fusion ki-
netics. In this way the N mutation could influence the kinetics
of fusion and the time available for the inhibitor to bind gp41.
A kinetic model of fusion that is modulated by receptor density
and affinity has been previously proposed to explain sensitivity
to peptide fusion inhibitors (30).

Indirect models of resistance offer an appealing strategy of
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escape for dominant-negative inhibitors. Dominant-negative
inhibitors mimic interactions in the target protein and would
be expected to impose constraints on the development of re-
sistance; mutations that impair inhibitor binding would also
likely impair function of the target protein. It is likely that
C-HR mutations that reduce binding to N peptides would also
destabilize the 6HB comprised of endogenous HR (37). Such
destabilizing mutations would also likely reduce infectivity of
the mutant virus. A correlation between decreased 6HB sta-
bility and reduced infectivity has been reported for other mu-
tations in gp41 (16, 22). Yet T20-resistant viruses can acquire
resistance by mutating residues that directly impair peptide
binding (2, 31, 36). A stretch of the N-HR including the GIV
sequence has been shown to be important for T20 binding to
gp41, and this region is frequently mutated in resistant isolates
from T20-treated patients (1, 2, 38). A recent clinical study
reported that T20-resistant viruses are less fit (23). Residues
outside the N-HR, including gp120 sequences, however, have
also been shown to modulate sensitivity to T20 (10, 11, 19, 29,
42). Given the mutability of Env, it is likely that several path-
ways for resistance can emerge, and a pathway may involve
several factors that contribute to resistance.

Aside from providing insights into mechanisms of resistance,
our escape mutant virus also identified residue 577 as having a
role in both activation of Env-mediated fusion and stability of
the 6HB. Thus, residue 577 helps to regulate more than one
conformation of Env, including the fusogenic 6HB conforma-
tion and the native or fusion-intermediate conformations that
influence Env activation. This dual effect appears to be anal-
ogous to the conformational switch region that has been re-
cently described for the fusion protein (F) of a paramyxovirus
(34), in which a region near the C-HR regulates both activation
of F-mediated fusion and 6HB stability. Residues in the N-HR
region of gp41 have previously been reported to be important
for contacts with gp120 (6, 16, 25), further supporting the idea
that this residue may be involved in a conformational switch.
Notably, residue 577 lies in a hydrophobic pocket region of the
N-HR, which has been proposed to be an important region for
stabilizing the coiled coil (13) and a good target for developing
inhibitors (7). The demonstration that residue 577 tolerates
substitutions (40, 41), and indeed mutates under selection as
shown here, has implications for drugs targeting this pocket.

In summary, our studies identify new viral determinants that
confer cross-resistance to N- and C-type peptide fusion inhib-
itors and change susceptibility to inhibitors mimicking CD4.
The N mutation, which altered sensitivity to sCD4, also shows
that this region of N-HR can play a dual role in both receptor
activation and 6HB stability. The combined N and C mutations
confer more resistance against several inhibitors than the in-
dividual mutations (Table 1) and point to an indirect mecha-
nism of resistance, where coupled changes in the N- and C-
HRs may regulate several aspects of Env-mediated fusion to
provide escape from a dominant-negative inhibitor. The im-
portance of residues 577 and 648 in the development of resis-
tance to peptide fusion inhibitors and the fusion process was
not predicted from the 6HB high-resolution structures. Our
findings underscore the complexity and plasticity of Env-me-
diated fusion and some of the challenges in designing fusion
inhibitors.
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