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Human immunodeficiency virus type 1 (HIV-1) entry into target cells requires folding of two heptad-repeat
regions (N-HR and C-HR) of gp41 into a trimer of N-HR and C-HR hairpins, which brings viral and target cell
membranes together to facilitate membrane fusion. Peptides corresponding to the N-HR and C-HR of gp41 are
potent inhibitors of HIV infection. Here we report new findings on the mechanism of inhibition of a N-HR
peptide and compare these data with inhibition by a C-HR peptide. Using intact envelope glycoprotein (Env)
under fusogenic conditions, we show that the N-HR peptide preferentially binds receptor-activated Env and
that CD4 binding is sufficient for triggering conformational changes that allow the peptide to bind Env, results
similar to those seen with the C-HR peptide. However, activation by both CD4 and chemokine receptors further
enhances Env binding by both peptides. We also show that a nonconservative mutation in the N-HR of gp41
abolishes C-HR peptide but not N-HR peptide binding to gp41. These results indicate that there are two
distinct sites in receptor-activated Env that are potential targets for drug or vaccine development.

The human immunodeficiency virus type 1 (HIV-1) enve-
lope glycoprotein (Env) mediates virus attachment and fusion
to target cells. Binding of the surface subunit (gp120) of Env to
the CD4 and chemokine cellular receptors triggers conforma-
tional changes in the oligomeric Env complex that activate the
membrane fusion activity of the transmembrane subunit
(gp41). A detailed understanding of these structural changes in
Env would create new opportunities to prevent and treat HIV
infection.

A leading model of HIV entry proposes substantial refolding
of Env, in which Env transitions from a metastable, native
(prefusion) conformation through a prehairpin fusion interme-
diate to a thermostable, six-helix bundle structure (Fig. 1)
(reviewed in reference 11). The six-helix bundle is created
when two heptad repeat motifs (HR) in the ectodomain of
gp41 self-assemble into a trimer-of-hairpins (3, 7, 17, 24, 28).
The N-terminal HR (N-HR) folds into a parallel, trimeric
coiled-coil core, whereas three C-terminal HR (C-HR) form
helices that pack in the grooves of the coiled-coil trimer in an
antiparallel manner. gp120 binding to cellular receptors loos-
ens its association with gp41, probably resulting in the release
of the hydrophobic fusion peptide at the N terminus of gp41
from a sequestered site so that it can insert into the target
membrane. With the fusion peptide inserted into the target
membrane and the transmembrane embedded in the viral
membrane, gp41 likely then folds into the compact six-helix
bundle, promoting fusion by bringing the membranes close
together and perhaps releasing energy as Env folds to a more
stable structure.

Peptides corresponding to the N-HR and C-HR are potent

inhibitors of HIV infection (15, 26, 27; C. Wild, T. Greenwell,
and T. Matthews, Letter, AIDS Res. Hum. Retrovir. 9:1051-
1053, 1993). It is widely believed that these peptides bind the
Env prehairpin fusion intermediate, preventing formation of
the six-helix bundle by endogenous HR of gp41 in a dominant-
negative manner (reviewed in reference 8). This theory is sup-
ported by experimental data showing that a C-HR peptide
(DP-178) preferentially binds receptor-activated Env (12) and
that viruses resistant to DP-178 have mutations in the N-HR
(20). The mechanism of inhibition of N-HR peptides is less
clear. Previous biological studies showed that a N-HR peptide
(DP-107) does not neutralize native virions (27), suggesting
that this peptide binds a receptor-activated form of Env. How-
ever, according to the dominant-negative model, the N-HR
peptides could bind to either the N-HR or C-HR of gp41 (Fig.
1, inhibitory pathway 1 and 2, respectively). For example, if the
N-HR does not exist in an extended coiled coil in the native
conformation but forms one after receptor activation in a man-
ner analogous to the spring-loaded mechanism of influenza
virus hemagglutinin (HA) (6), then an N-HR peptide might
bind the N-HR in gp41 to facilitate a loop-to-helix transition,
forming a peptide-gp41 coiled coil. An N-HR peptide could
also bind to a preformed N-HR coiled coil during a monomer-
to-trimer equilibrium (4), as has been recently proposed for an
N-HR peptide that was mutated to preclude binding to the
C-HR (2). Alternatively, an N-HR peptide could bind the
C-HR of gp41 to mimic interactions in the six-helix bundle. A
five-helix gp41 construct with an exposed and stabilized N-HR
coiled-coil trimer has been shown to interact with a C-HR
peptide in this way (21).

Here we report new data on how N-HR and C-HR peptides
bind intact Env under fusogenic conditions. We show that an
N-HR peptide (DP-107, T21) preferentially binds receptor-
activated Env, similar to a C-HR peptide (DP-178, T20). For
both DP-107 and DP-178 peptides, gp120 interactions with
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CD4 were sufficient and necessary to induce peptide binding to
gp41, but peptide binding was clearly enhanced when gp120
was activated by both CD4 and chemokine receptors. Using
Envs with point mutations in gp41, we also demonstrate that a
nonconservative mutation in the N-HR prevents C-HR pep-
tides from binding gp41 but not an N-HR peptide. These
studies indicate that both N- and C-HR regions in the fusion
intermediate are accessible to broadly active fusion inhibitors.

MATERIALS AND METHODS

Peptides. Peptide C34HA (WMEWDREINNYTSLIHSLIEESQNQQEKNE
QELLGGGYPYDVPDYAGPG) was synthesized by standard Fmoc (9-fluore-
nylmethoxy carbonyl) chemistry and purified by reversed-phase high-perfor-
mance liquid chromatography. Peptides 107HA (GGVQQQNNLLRAIEA
QQHLLQLTVWGIKQLQARILAVERYLKDQGGGYPYDVPDYAGPG), 107
FL (GGVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQ
GGGDYKDDDDY), and 178HA (YTSLIHSLIEESQNQQEKNEQELLELDK
WASLWNWFGGGYPYDVPDYAGPG) were expressed in Escherichia coli and
purified as previously reported (5) and are described below. Expression plasmids
with a TrpLE fusion protein containing coding sequences for residues 552 to 595
(pTCLE-G2C) or 638 to 673 (pTCLE-178) of the LAI envelope gene product were
gifts from Carl Wild (Panacos, Gaithersburg, Md.) and Terry Oas (Duke University,
Durham, N.C.). Briefly, pTCLE-G2C and pTCLE-178 were modified by PCR to
include sequences encoding GGG before the HA or FLAG epitopes at the C
terminus of the envelope coding sequences. Expresssion plasmids were transformed
into BL21(DE3) cells, induced with IPTG (isopropyl-�-D-thiogalactopyranoside),
and lysed by using a French press. Inclusion bodies were pelleted, washed, and
dissolved in 70% formic acid prior to cleavage with 50 mg of CNBr/ml. The dried
products were dissolved in 6 M guanidine-HCl and separated by Sephadex G-50 (26
mm by 70 cm) gel filtration chromatography with 5% acetic acid. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and analytic high-pressure liquid chroma-
tography indicated that all of the peptides were �95% pure. All peptides were
confirmed to have the expected molecular weight by using matrix-assisted laser
desorption ionization-time-of-flight mass spectroscopy and the expected inhibitory

activity by using infectivity assays. A peptide (DLIAYLKQATKFRKDIAAKY),
synthesized by combining T-cell epitopes from cytochrome c and sperm whale
myoglobin (residues 1 to 11 and 12 to 20, respectively) and which has no inhibitory
activity against HIV (data not shown), was obtained from Ira Berkower (Food and
Drug Administration, Bethesda, Md.) and used as a negative control.

Reagents and cells. Wild-type Env expression vector (pSM-HXB2), 293T cells,
and 3T3 cells expressing human CD4 and chemokine receptors were provided by
Dan Littman (New York University, New York). The Rev expression plasmid
was provided by Tristram Parslow (University of California, San Francisco), and
the furin expression plasmid was provided by Gary Thomas (Oregon Health
Sciences University, Portland) and James Binley (Aaron Diamond AIDS Re-
search Center, New York, N.Y.). sCD4 was a gift from Ray Sweet (SmithKline
Beecham Pharmaceuticals, King of Prussia, Pa.). The T22 chemokine antagonist
was purchased from BACHEM Bioscience (Philadelphia, Pa.). Phycoerythrin-
conjugated anti-CXCR4 and allophycocyanin-conjugated anti-CD4 antibodies
were purchased from (Pharmingen, San Diego, Calif.). Stromal cell-derived
factor 1 (SDF-1) and RANTES chemokines were purchased from Peprotech,
Inc. (Rocky Hill, N.J.). CHO cells stably expressing the HXB2 Env were previ-
ously described (23). Env mutants were created by oligonucleotide-directed
mutagenesis as previously described (25) and verified to have the desired muta-
tions by sequencing. 293T cells were cotransfected with Env and Rev expression
plasmids and an additional furin expression plasmid as needed. At 48 h after
transfection, cells were harvested for peptide coimmunoprecipitation as previ-
ously described (12).

Coimmunoprecipitation assay. Briefly, 6 � 106 stable or transient Env-ex-
pressing cells were incubated with ca. 20 �g of peptides in the presence or
absence of 3 �g of sCD4 or 6 � 106 target cells in 1 ml of complete medium for
90 min at 37°C. Cells were then washed three times to remove unbound peptide
and then incubated with 15 �g of anti-HA antibody (12CA5; Roche, Indianap-
olis, Ind.) at room temperature for an additional hour. Cells were washed twice
and then lysed with 1% Nonidet P-40. Clarified supernatants were immunopre-
cipitated with 25 �l of a 25% suspension of protein A-agarose (Invitrogen,
Carlsbad, Calif.) overnight, and washed three times before separation by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting with an
anti-gp41 antibody (Chessie 8 [1]).

FIG. 1. Model of fusion-inducing conformational changes in Env. Env binding to receptors causes a stepwise transition from native confor-
mation to the prehairpin fusion intermediate to the six-helix bundle. Peptides inhibit entry by preventing formation of the six-helix bundle. N-HR
peptides could bind to N-HR of gp41 (pathway 1) and/or to C-HR of gp41 (pathway 2) of the prehairpin fusion intermediate. For simplicity, the
N-HR peptide is shown as a monomer, but it is likey to be in a monomer-oligomer equilibrium.
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Chemokine treatment and flow cytometry. A total of 2.3 � 107 3T3-CD4-X4
cells were incubated with 1 �g of SDF-1/ml, 1 �M T22, or 1 �g of RANTES/ml
in complete medium at 37°C for 1 h and then distributed into tubes for coim-
munoprecipitations or flow cytometry. For flow cytometry, 106 cells were stained
with 20 �l of anti-CD4 antibodies, anti-CXCR4 antibodies, or isotype control
antibodies for 30 min on ice. Cells were then washed and fixed with 2% para-
formaldehyde prior to flow cytometry (Becton Dickinson LSR).

RESULTS

N-HR peptide binding to Env. An epitope-tagged N-HR
peptide (107HA) was incubated with Env-expressing cells
(HXB2 strain) in the presence or absence of soluble CD4
(sCD4) at 37°C (Fig. 2A). In samples treated with sCD4, the
107HA coimmunoprecipitated gp41 (Fig. 2A, lane 2), similar
to the C-HR peptide (178HA) (Fig. 2A, lane 4; see also ref-
erence 12). In some experiments, small amounts of gp41 were
seen in samples incubated with 107HA or 178HA without

exposure to CD4 (Fig. 2B, lane 1), but sCD4 consistently
showed strong enhancement of coimmunoprecipitation of
gp41 by both peptides in all experiments. 107HA binding to
gp41 was dose dependent (Fig. 2B, lanes 1 to 4) and could be
competed for by a fivefold excess of 107 peptide with a differ-
ent epitope tag (107FLAG) but not by a fivefold excess of an
irrelevant amphipathic peptide (myoglobin; Fig. 2B, lanes 5
and 6, respectively). These results demonstrate that the N-HR
peptide binding to receptor-activated Env cells is specific and
saturable. Similar findings were previously reported for a
C-HR peptide (12).

Receptor requirements for peptide binding. Experiments
with sCD4 indicated that the CD4 receptor was sufficient for
inducing conformational changes in Env to the prehairpin fu-
sion intermediate that allow interactions with the N-HR and
C-HR peptides. To more clearly define the receptor require-
ments for peptide binding, experiments were repeated with
mouse 3T3 cells that express different combinations of the
human CD4 and CXCR4 receptors on the cell surface (Fig. 3).
Flow cytometry showed that all CD4-bearing cells expressed
similar levels of CD4 (not shown). 3T3 target cells lacking
human receptors or expressing only the CXCR4 receptor (Fig.
3, lanes 1 and 3, respectively) did not induce coimmunopre-
cipitation of gp41 by 107HA. However, 107HA coimmunopre-
cipitated gp41 in the presence of target cells expressing human
CD4 only (Fig. 3, lane 2), which was further enhanced by the
expression of both CD4 and CXCR4 receptors (Fig. 3, lane 4).
Similar findings were reported for 178HA (12).

To confirm the role of the chemokine receptor in triggering
conformational changes that allow peptide binding, further
experiments were undertaken with 3T3 cells expressing both
CD4 and CXCR4 that were pretreated with CXCR4 antago-

FIG. 2. Coimmunoprecipitation of gp41 by N-HR peptide
(A) N-HR peptide binds receptor-activated gp41. HA-tagged peptides
preferentially pull down receptor-activated gp41 (lanes 2 and 4).
(B) Peptide binding is specific and saturable. N-HR peptide immuno-
precipitates gp41 in a dose-dependent manner (lanes 1 to 4) and can
be competed out by a fivefold excess of an untagged peptide (lane 5)
but not by irrelevant peptide (lane 6). Gels shown are representative of
at least three independent experiments. Control, surface immunopre-
cipition of Env-expressing cells with HIV� immunoglobulin G (IgG);
❋ , gp160 and/or a nonspecific bands; ❋❋ , nonspecific (heavy-chain)
band.

FIG. 3. Receptor requirements for peptide binding to gp41. CD4 is
sufficient, but chemokine receptor enhances peptide binding to Env
cells. CD4 is sufficient (lane 2) and necessary (lane 3) for triggering
conformational changes that allow the N-HR peptide to coimmuno-
precipitate gp41, but the combination of CD4 and chemokine receptor
is more efficient (lane 4). Lane 1 contains control cells without recep-
tors. Gels shown are representative of at least three independent
experiments. ❋ , gp160 and/or a nonspecific bands; ❋❋ , nonspecific
(heavy-chain) band.
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nists. Cells were incubated with SDF-1 or RANTES chemo-
kines (specific for CXCR4 and CCR5 receptors, respectively)
or T22, a peptide that was previously reported to block che-
mokine interactions with CXCR4 (19). Both SDF-1 and T22
blocked detection of CXCR4 at the cell surface, but RANTES
had little effect on CXCR4 levels (Fig. 4A), a finding consistent
with its specificity for CCR5. Pretreating cells with SDF-1 or
T22 significantly inhibited 107HA and 178HA binding to gp41
(Fig. 4B, lanes 3 to 4 and 7 to 8), whereas pretreatment with
RANTES did not (Fig. 4B, lanes 5 and 9). Our combined
results indicate that CD4 is both sufficient and necessary for
triggering conformational changes to the prehairpin interme-
diate in this Env, but the combination of CD4 and chemokine
receptor further facilitates peptide binding.

Effects of Env mutations on peptide binding. To investigate
the binding sites for the peptides on gp41, we repeated peptide
coimmunoprecipitation experiments with Envs that contain
point mutations in the central region of the N-HR. An iso-
leucine-to-proline subsitution in position 573 (I573P) of the
HXB2 Env was previously reported to abolish HIV infectivity,

whereas an isoleucine-to-leucine (I573L) substitution pre-
serves infectivity (10). When we reconstructed these mutations
with our own expression vectors we found the same effects on
Env function (data not shown), but the proline mutant had
reduced precursor processing and cell surface expression com-
pared to wild-type Env. To normalize Env processing and
expression at the cell surface among mutant and wild-type
Envs, cells were cotransfected with an expression plasmid con-
taining furin along with the Env expression plasmid (Fig. 5B,
lanes 6 to 8).

Modeling of two overlapping C-HR peptides (C34HA and
178HA) by using atomic coordinates of the six-helix bundle
suggested that the helix modeled by the C34HA peptide might
be more directly affected by the mutation in the 573 position
compared to the helix modeled by the 178HA peptide. There-

FIG. 4. Contributions of chemokine receptor in allowing peptide
binding. (A) Flow cytometry of 3T3-CD4-CXCR4 cells treated with
chemokine receptor inhibitors. SDF-1 and T22, but not RANTES,
reduced detection of CXCR4 at the cell surface without reducing CD4
levels. The mean fluorescent intensity (MFI) was normalized to un-
treated control. (B) Chemokine receptor inhibitors diminish peptide
binding to gp41. Pretreatment of CD4� CXCR4� 3T3 cells with SDF-1
(lanes 3 and 7) and peptide T22 (lanes 4 and 8) inhibits the ability of
the peptides to coimmunoprecipitate gp41, but RANTES (lanes 5 and
9) does not. Control, surface immunoprecipition of Env-expressing
cells with HIV� IgG; X4, CXCR4; ❋ , gp160 and/or a nonspecific
bands; ❋❋ , nonspecific (heavy-chain) band. Results shown in both
panels are representative of at least three independent experiments.

FIG. 5. N-HR mutations in gp41 block C-HR but not N-HR pep-
tide binding. (A) A nonconservative mutation (I573P) in the N-HR of
gp41 blocks C-HR peptide binding (lanes 9 and 10) but not N-HR
peptide binding (lanes 7 and 8). The I573P substitution also makes
N-HR peptide binding CD4 independent. (B) A conservative mutation
(I573L) in the N-HR of gp41 does not impair C-HR peptide binding
(lanes 4 and 5) or N-HR peptide binding (lanes 2 and 3). Mutant and
wild-type Envs are processed and expressed at the cell surface at
comparable levels (lanes 6 to 8). The gels shown are representative of
at least three independent experiments. Surface immunoprecipitation
of Env-expressing cells used HIV� IgG. ❋ , gp160 and/or a nonspecific
bands; ❋❋ , nonspecific (heavy-chain) band.
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fore, both C34HA and 178HA were tested for binding to the
mutant Envs. We found that the proline (Fig. 5A, lane 10), but
not the conservative leucine substitution (Fig. 5B, lane 5),
greatly reduced the ability of both C34HA and 178HA (not
shown) to coimmunoprecipitate gp41. These results strongly
suggest that the C-HR peptides directly bind to the N-HR of
gp41, as predicted from the structural studies of the six-helix
bundle and a genetic study of a virus resistant to a C-HR
peptide (DP-178) (20). In contrast, the I573P substitution did
not impair the ability of 107HA to coimmunoprecipitate gp41
and surprisingly allowed this peptide to bind gp41 in a CD4-
independent manner (Fig. 5A, lanes 7 and 8). Because 107HA
binding to the I573P mutant was not measurably diminished
compared to wild-type Env, these results suggest the peptide is
binding to the C-HR of gp41 (pathway 2), at least with the 573
mutant. Additional mutants in the C-HR of gp41 were created
to more directly assess peptide interactions with this region,
but all nonconservative mutants tested were impaired in sur-
face expression and/or precursor processing, despite extensive
efforts to normalize expression to wild type. Consequently,
appropriate C-HR mutants were not available to directly assess
peptide binding to this region.

DISCUSSION

Our comparative studies of how N-HR and C-HR peptides
bind gp41 shed light on the entry mechanism of Env and
provide new information for drug and vaccine design. Using
intact Env under fusogenic conditions, we show that both
N-HR and C-HR peptides preferentially bind receptor-acti-
vated Env, rather than native Env. For both peptides, CD4 is
sufficient for triggering conformational changes that expose the
peptide-binding sites in the prehairpin intermediate, but the
combination of CD4 and CXCR4 receptors is more efficient.
These findings raise questions about the role of chemokine
receptors in membrane fusion and the need for chemokine
receptors to fully trigger conformational changes that lead to
exposure of the fusion peptide or the six-helix bundle. In the
case of the HXB2 Env, we show that CD4 is sufficient to expose
the N-HR region, which is adjacent to the fusion peptide.
CD4-induced triggering of Env to the six-helix bundle, in the
absence of chemokine receptor, has also been previously re-
ported (9, 14).

Nevertheless, the combination of CD4 and chemokine re-
ceptor enhances peptide binding to the prehairpin intermedi-
ate, but the reasons for this are not clear. The enhancement
could reflect improved efficiency in triggering conformational
changes when both receptors are present, and this level of
efficiency may be required for membrane fusion. Alternatively,
the chemokine receptors could promote membrane fusion by
ensuring that the fusion peptide inserts into the target mem-
brane rather than allowing it to insert into the viral membrane.
In this scenario, enhanced peptide binding by the combination
of CD4 and chemokine receptors might be explained by slower
folding into the six-helix bundle when the fusion peptide is
anchored into the target membrane, compared to folding when
the fusion peptide inserts into the viral membrane during or
after six-helix formation. It is also possible that Env association
with the chemokine receptors promotes higher-order organi-
zation of Env-receptor complexes in specialized domains in the

membrane, which may facilitate fusion-inducing conforma-
tional changes in multiple Envs.

Recent studies with HR peptides from the fusion protein of
the simian virus 5 paramyxovirus show a mechanism of action
similar to the HIV peptides (22). For both viruses, attachment
of the viral fusion protein to target cells is required for peptide
binding and inhibition of fusion. For simian virus 5, additional
experiments involving temperature- and lipid-arrested fusion
intermediates revealed that the N-HR peptide inhibited an
earlier fusion intermediate than the C-HR peptide. To date,
studies involving temperature shifts with the HIV N- and C-
HR-peptides have not shown differences in binding to tempo-
rally distinct fusion intermediates (13, 18), but additional stud-
ies that focus on this issue are needed.

Experiments with the Env mutants further show that the
peptides can bind to two regions in the prehairpin intermedi-
ate. A nonconservative mutation in the N-HR greatly reduced
binding by two different C-HR peptides (178HA and C34HA),
whereas a conservative mutation did not, indicating that the
C-HR peptides most likely make direct contact with the N-HR
in the hairpin intermediate. The I573P substitution probably
disrupts local helical structure in the N-HR of gp41, and it is
expected that C-HR peptide binding to the N-HR requires
helical or coiled-coil structure in this region (2). Our peptide
binding results are consistent with genetic changes in a virus
resistant to the DP-178 C-HR peptide (20). Although only the
C34HA peptide can be modeled to directly overlie the N-HR
in the region of residue 573, the proline substitution in this
position probably alters local structure of the N-HR region to
affect nearby residues directly involved in binding to the
178HA peptide.

In contrast to the C-HR peptides, 107HA binding was not
reduced by the same mutations in the N-HR of gp41, indicat-
ing that N-HR peptides corresponding to wild-type sequences
of gp41 bind Env well even when they cannot bind the N-HR
of gp41. As shown by the I573P mutant, our data strongly
suggest that the N-HR peptide predominantly binds the C-HR
of gp41 and mimics interactions in the six-helix bundle (path-
way 2). In this model, the N-HR peptides probably bind the
C-HR as an oligomer (2).

N-HR peptides with mutations that prevent binding to the
C-HR have also been shown to inhibit HIV infection, presum-
ably by binding to the N-HR of gp41 (2). Thus, we cannot rule
out the possibility that N-HR peptides corresponding to wild-
type sequences could also bind to the N-HR (pathways 1) in
Envs with mutations in the C-HR or to either or both HR
(pathways 1 and 2) of wild-type Env. If this can occur, then
viruses may have to develop multiple mutations to resist inhi-
bition by N-HR peptides. Finally, the I573P Env unexpectedly
allowed the N-HR peptide to bind in a CD4-independent man-
ner, implying that the N-HR region in native Env affects ex-
posure of the C-HR. That the I573P Env was also inefficiently
processed further indicates that this region of N-HR affects
exposure or conformation of the cleavage site.

In summary, we show that peptides corresponding to wild-
type sequences in the N- or C-HR of gp41 can trap the pre-
hairpin fusion intermediate at two sites. The appeal of target-
ing these regions of gp41, which are exposed only transiently
during the entry process, comes from the fact that these do-
mains are among the most conserved regions of Env. Although
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the N-HR is better conserved than the C-HR, both HR pep-
tides demonstrate potent inhibition against most HIV strains
in vitro, and one C-HR peptide (T20) has already demon-
strated efficacy in reducing viral load in vivo (16).
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