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Two heptad repeat regions in the ectodomain of the human immunodeficiency virus type 1 (HIV-1) trans-
membrane subunit (gp41) self-assemble into a six-helix bundle structure that is critical for virus entry.
Immunizations with peptides corresponding to these regions generated antibodies specific to the receptor-
activated conformations of gp41.

The envelope glycoprotein (Env) of the human immunode-
ficiency virus type 1 (HIV-1) mediates virus entry by fusing
viral and cellular membranes, resulting in delivery of the viral
nucleocapsid to the cell cytoplasm. Binding of the gp120 sur-
face subunit of Env to cellular receptors triggers in the oligo-
meric Env complex conformational changes that turn on
the membrane fusion activity of the transmembrane subunit
(gp41). Two heptad repeat regions in the gp41 ectodomain
(Fig. 1A) self-assemble into a six-helix bundle structure, which
has been proposed to form after receptor binding and to be
critical for membrane fusion (1, 11, 13). This structure consists
of a triple-stranded coiled-coil internal layer (N heptad) and an
external layer with three helices (C heptad) that pack in the
grooves of the coiled coil in an antiparallel manner (Fig. 1B).
Peptides corresponding to these heptad repeats are potent
inhibitors of HIV infection (7, 15, 16). They appear to block
virus entry by mimicking helices of the six-helix bundle and
forming a peptide-gp41 complex (4), which interferes with the
formation of the gp41 six-helix bundle in a dominant negative
manner (reviewed in reference 2).

To generate antibodies targeting the highly conserved, hep-
tad repeat domains of gp41 for studies of Env-mediated entry
and its inhibition, we immunized New Zealand White rabbits
with two versions of peptides corresponding to the N and C
heptad repeat domains (Fig. 1C). The N1 peptide corresponds
to the sequences of the coiled coil in the protease-resistant
six-helix bundle (1), and the N2 peptide corresponds to the
DP-107 peptide inhibitor (15). Both peptides potently inhibit
HIV infection and form helices in solution (1, 15), but the N2
peptide contains the immunodominant AVERY epitope at the
C terminus (12). The C1 peptide corresponds to the external
helices in the protease-resistant six-helix bundle (1), while the
C2 peptide corresponds to the DP-178 peptide inhibitor (16).

Although neither C peptide has a stable solution structure,
both potently inhibit HIV infection (8; C. Wild, T. Greenwell,
and T. Matthews, Letter, AIDS Res. Hum. Retrovir. 9:1051–
1053, 1993). The C2 peptide contains the epitope for the 2F5
gp41 neutralizing monoclonal antibody (10). Immunizations
with the individual peptides might generate antibodies that
preferentially target the heptad repeat domains in the recep-
tor-activated (fusion-active) conformations of Env, particularly
the fusion intermediate, when these domains could be most
exposed (Fig. 2).

In an attempt to create antibodies to the six-helix bundle
structure, rabbits were also immunized with mixtures of the
N1 and C1 or the N2 and C2 peptides. A recombinant gp41
(rgp41) (18), which contains the immunodominant loop con-
necting the N and C heptad regions, was also used for com-
parison. The N1-C1 peptide mixture (N11C1) has previously
been shown to form a thermostable six-helix bundle (8). The
N2 and C2 peptides have previously been shown to interact
with each other (Wild et al., letter), but the precise structure is
not known. All animals were primed subcutaneously with a
total of 200 mg of total peptide (equimolar for mixtures) in
complete Freund’s adjuvant and boosted twice with 100 mg of
total peptide in incomplete Freund’s adjuvant at approximately
4-week intervals.

All peptide immunogens proved to be immunogenic, even in
the absence of carrier protein. In enzyme-linked immunosor-
bent assays (data not shown), geometric mean endpoint titers
were 2.5 3 104 against the N peptides and 1.6 3 103 for the C
peptides, without significant difference between the two ver-
sions of the peptides. Geometric mean titers were 1.6 3 104

and 1.6 3 103 for the N11C1 and N21C2 immunogens, re-
spectively. It is unclear to what extent the peptides adopted a
coiled-coil or six-helix bundle structure when immobilized on
plastic.

To assess whether the antibodies could bind native or re-
ceptor-activated Env, we performed immunoprecipitation as-
says using intact Env-expressing cells that were incubated with
sera in the presence or absence of the CD4 receptor (Fig. 3).
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Briefly, approximately 107 293T cells were transfected with an
Env expression vector (HXB2 strain) using FUGENE 6 ac-
cording to the manufacturer’s protocol and incubated with sera
in the presence or absence of 3 3 106 target cells or 8 mg of
soluble CD4 (sCD4; kindly provided by Ray Sweet, SmithKline
Beecham) per ml at 37°C for 1 h. Cells were then washed twice
with phosphate-buffered saline to remove antibodies prior to
lysis and immunoprecipitation as previously described (14).
Antisera against the N1 peptide (Fig. 3A, lane 3), the N2
peptide (Fig. 3B, lane 3), the N11C1 peptide mixture (Fig. 3A,
lanes 8 and 9), rgp41 (Fig. 3C, lane 3), and a monoclonal
antibody specific for the six-helix bundle (NC-1) (Fig. 3D, lane
2) immunoprecipitated gp41 from the cell surface. All C pep-
tide and N21C2 peptide antisera failed to immunoprecipitate

cell surface Env (Fig. 3A, lanes 5 and 6, and Fig. 3B, lanes 5
and 6 and lanes 8 and 9).

The weak gp41 bands seen in surface immunoprecipitations
with the N peptide antisera could be due to inefficient binding
to a transient fusion intermediate that exposes the N helix,
binding to a limited number of N-helix epitopes in the six-helix
bundle, or to an immunogen that does not efficiently mimic the
trimeric coiled coil. Importantly, sera from all three animals
immunized with the N11C1 peptide mixture were qualitatively
different from sera from animals immunized with a single pep-
tide (Fig. 3A and B and data not shown). All N11C1 peptide
antisera immunoprecipitated much more gp41 than did the
antisera raised against individual peptides. These results indi-
cate that the N11C1 peptides interacted to form a new struc-

FIG. 1. (A) Linear representation of domains in gp41. (B) Schematic diagram of the six-helix bundle structure generated by self-assembly of
the N and C heptad repeat domains. (C) Sequence of the N and C heptad repeat peptides. (D) Modeling of the interactions between the N and
C heptad repeat peptides. Images showing gp41 ribbon diagrams of heptad repeat regions from monomers were generated with RasMol V2.6, using
atomic coordinates from Weissenhorn et al. (13)

FIG. 2. Postulated HIV entry mechanism involving gp41 conformational changes and potential targets for antipeptide antibodies.
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ture distinct from the individual peptides, most likely a six-
helix bundle. Sera against the N21C2 peptide mixture did not
immunoprecipitate gp41 in the cell surface assay. This finding
is consistent with molecular modeling of the peptides (Fig.
1D), which shows that compared to the N11C1 peptides, the
N21C2 peptides overlap less well to form a six-helix bundle
and may consequently be less stable.

All sera that could bind cell surface Env showed strong
enhancement of immunoprecipitation in the presence of sCD4
(Fig. 3A through D). The N11C1 peptide antisera also showed
enhancement with CD41 CEM human lymphoblasts (Fig. 3E,
lane 3), but not with mutant CEM cells that lack CD4 expres-
sion (12E1 cells; Fig. 3E, lane 4). Thus, the CD4 receptor is
both sufficient and necessary for triggering the conformational
changes that allow the antibodies to bind. While increased
antibody binding after receptor activation might only reflect
increased accessibility of gp41 epitopes due to displacement of
gp120, this explanation seems unlikely to completely account
for the differences in antibody binding. The relatively weak
binding of the N peptide antisera compared to that of the
N11C1 peptide antisera and the lack of binding of the N21C2
peptide antisera, which all bind well to Env in cell lysates (see
below), suggest that gp41 on the cell surface is undergoing
conformational changes that lead to differential exposure of

gp41 epitopes. The enhanced immunoprecipitation by the anti-
N11C1 sera in the presence of cellular receptors is consistent
with the hypothesis that the six-helix bundle forms after recep-
tor-induced conformational changes and further indicates that
CD4 is sufficient for triggering changes that lead to the forma-
tion of the six-helix bundle. Similar results were reported in
flow cytometry experiments with a monoclonal antibody spe-
cific for the six-helix bundle (6) and were seen in the cell
surface immunoprecipitation assays using this monoclonal
(Fig. 3D, lanes 1 and 2). Experiments using the envelopes from
the SF162 and JR-FL strains, which are relatively resistant to
shedding, gave results identical to those observed with the
HXB2 strain (data not shown).

Sera were also assessed for Env binding in immunoprecipi-
tation assays using cell lysates (Fig. 4). Briefly, approximately
4 3 106 Env-expressing cells per serum sample were lysed with
1% IGEPAL (CA-630; Sigma) in 150 mM NaCl–50 mM Tris
(pH 8), clarified, and stored at 220°C prior to immunoprecipi-
tation and immunoblotting as described above. All sera that
immunoprecipitated gp41 in the cell surface assays also immu-
noprecipitated gp41 from cell lysates. In contrast to the surface
immunoprecipitation, the N21C2 antisera also immunopre-
cipitated gp41 from cell lysates, though the intensity of the
gp41 bands was much less than for the N11C1 antisera. Over-

FIG. 3. Immunoprecipitation of gp41 expressed on cell surface in the presence or absence of sCD4 or target cells. (A) Sera from animals
immunized with N1, C1, or N11C1 peptides. (B) Sera from animals immunized with N2, C2, or N21C2 peptides. (C) Serum from an animal
immunized with rgp41. (D) Monoclonal antibody (NC-1) specific for the six-helix bundle. (E) Immunoprecipitation in the presence of sCD4 or
CD41CXCR41 cells (CEM) or CD4-CXCR41 cells (12E1) with sera from N11C1 animals. One representative immunoprecipitation is shown
for each immunogen. All sera were used at 1:50 dilutions, except the N11C1 and rgp41 antisera, which were used at 1:250, and the NC-1 hybridoma
supernatant was used at 1:10. Env-expressing cell lysate was run as a positive control. Pre, preimmune sera.

VOL. 75, 2001 NOTES 8861



all the gp41 bands from the cell lysate immunoprecipitations
were much stronger than the bands in the cell surface assay,
despite the fact that fewer cells were used in the lysates. Like-
wise, pooled sera from HIV-positive individuals showed much
stronger immunoprecipitations in the cell lysate assay than in
the cell surface assay (data not shown), indicating that most of
the cellular Env is intracellular, as previously reported (17). In
contrast to the cell surface immunoprecipitations, addition of
receptor did not enhance immunoprecipitation of gp41 from
cell lysates (Fig. 4A through C). These results suggest that a
significant fraction of Env in cell lysates may be in a nonnative
and/or receptor-activated conformation due to lysis conditions
and/or to being in an immature or misfolded state. The latter
possibility might explain why the majority of the total cellular
Env does not get transported to the cell surface.

All sera were further assessed for the ability to inhibit virus
entry, using a single-round infectivity assay (3). For this assay,
80 ng of p24-containing HIV pseudovirion stock (HXB2 Env
strain) was mixed with serum and immediately added to U87-
CD41CXCR41 target cells at final serum concentrations of
1:20 and 1:40 and then incubated overnight at 37°C before
being washed and harvested 48 h after infection, as previously
described (14). Although the 2F5 anti-gp41 monoclonal anti-
body showed potent neutralization in this assay, none of the
gp41 peptide or rgp41 antisera showed significant inhibition
(data not shown). The lack of inhibition of virus entry with all
anti-N11C1 sera, which efficiently bind gp41 in all assays and
appear specific for the six-helix bundle, indicates that it may be
difficult to block infection with antibodies against this struc-
ture. A likely explanation for this result is that the six-helix
bundle structure is sterically inaccessible to antibodies at the
time that fusion occurs or that the six-helix bundle forms co-
incidently with membrane fusion (9). Immunoprecipitation of
gp41 in the presence of target cells (Fig. 3D) is probably due to
antibody binding the six-helix bundle after fusion occurs, but
we cannot rule out the possibility that the antibodies bind the
six-helix bundle during fusion without inhibiting the process.
Our results using the high-titered polyclonal sera are in agree-
ment with other studies showing that monoclonal antibodies

specific for the six-helix bundle are not neutralizing (5, 6).
Efforts are currently under way to modify virus neutralization
assays to optimize binding to receptor-activated structures and
to assess neutralization activity against additional virus isolates
in different assay formats.

Sera against the isolated N or C peptides did not show strong
binding to Env under physiologic conditions that permit mem-
brane fusion (Fig. 3). Therefore, it is difficult to draw conclu-
sions about blocking virus entry with antibodies targeting the
heptad repeat regions of the fusion-intermediate. The weak
binding of the N peptide antisera to gp41 in the surface im-
munoprecipitations could be due to difficulties binding a tran-
sient fusion intermediate or to peptide immunogens that do
not efficiently present stable structures. It was previously re-
ported that the N peptides aggregate in solution (8). More
structured immunogens that better mimic the heptad repeat
domains in the fusion-intermediate, such as the coiled-coil
trimer for the N heptad repeat, are needed to evaluate the
potential of antibodies to these regions to block virus entry.
Nevertheless, it is noteworthy that sera against the N peptides
immunoprecipitated CD4-triggered Env at the cell surface,
albeit weakly, despite strong binding to gp41 from cell lysates.
These results contrast with those for the N11C1 peptide an-
tisera, which show strong binding to receptor-activated gp41 at
the cell surface and in cell lysates. The different binding pat-
terns for these sera may possibly be explained by one serum
binding to the fusion intermediate and the other binding to the
six-helix bundle. The findings with the N peptide antisera sug-
gest that it may be possible to bind the fusion-intermediate
with antibodies, though it is conceivable that these antibodies
are binding to epitopes in the N heptad coiled coil, which may
be exposed in the six-helix bundle.

In summary, we have shown that gp41 peptides can effi-
ciently raise antibodies to receptor-activated conformations of
gp41. The N11C1 peptide mixture generated high-titered sera
against the six-helix bundle structure, though these antibodies
did not block HIV infection. The N heptad repeat peptides
elicited antibodies that could bind to Env in a CD4-dependent
manner, but these sera bound Env less well than the N11C1

FIG. 4. Immunoprecipitation of gp41 in cell lysates in the presence or absence of sCD4. (A) Sera from animals immunized with the N1, C1,
or N11C1 peptides. (B) Sera from animals immunized with the N2, C2, or N21C2 peptides. (C) Serum from an animal immunized with rgp41.
(D) Monoclonal antibody specific for the six-helix bundle (NC-1). Sera shown are the same as those of Fig. 3 at the indicated dilutions. Sera that
immunoprecipitated gp41 were two of two for the N1 peptide antisera, one of two for the N2 peptide antisera, zero of two for the C1 peptide
antisera, zero of two for the C2 peptide antisera, three of three for the N11C1 peptide antisera, one of two for the N21C2 peptide antisera, and
one of one for the rgp41 antisera. Env-expressing cell lysate was run as a positive control. Pre, preimmune sera. *, mouse immunoglobulin band.
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peptide antisera. The C heptad repeat peptides did not elicit
antibodies that could bind Env in our assays. These studies
provide information for generating conformation-specific an-
tibodies and designing novel immunogens that target receptor-
activated conformations of Env.
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