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The gp41 subunit of the human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein plays a major
role in the membrane fusion step of viral infection. The ectodomain of gp41 contains a six-helix structural do-
main that likely represents the core of the fusion-active conformation of the molecule. A monoclonal antibody
(MAD), designated NC-1, was generated and cloned from a mouse immunized with the model polypeptide N36
(L6)C34, which folds into a stable six-helix bundle. NC-1 binds specifically to both the «-helical core domain
and the oligomeric forms of gp41. This conformation-dependent reactivity is dramatically reduced by point
mutations within the N-terminal coiled-coil region of gp41 which impede formation of the gp41 core. NC-1
binds to the surfaces of HIV-1-infected cells only in the presence of soluble CD4. These results indicate that
NC-1 is capable of reacting with fusion-active gp41 in a conformation-specific manner and can be used as a val-
uable biological reagent for studying the receptor-induced conformational changes in gp41 required for mem-

brane fusion and HIV-1 infection.

The envelope glycoprotein of human immunodeficiency vi-
rus type 1 (HIV-1) is synthesized as a precursor, gp160, that is
proteolytically processed to generate two noncovalently asso-
ciated subunits, gp120 and gp41 (1, 32). The surface glycopro-
tein, gp120, recognizes the target cell by binding to both CD4
and a coreceptor (reviewed in reference 23). The transmem-
brane glycoprotein, gp41, then promotes the fusion of viral and
cellular membranes (22). The ectodomain (i.e., extracellular
region) of gp41 contains a glycine-rich, N-terminal sequence,
referred to as the fusion peptide, that is essential for mem-
brane fusion (Fig. 1A). As in several other viral membrane
fusion proteins, the fusion peptide region of gp41 is followed
by two 4-3 hydrophobic (heptad) repeat regions predicted to
form coiled-coils (5, 9, 14). The N-terminal heptad repeat
region is located adjacent to the fusion peptide, while the C-
terminal heptad repeat region precedes the transmembrane
segment (Fig. 1A).

Limited proteolysis of a recombinant fragment correspond-
ing to the gp41 ectodomain generated a trimeric, a-helical
complex composed of two peptides, designated N-51 and C-43,
that are derived from the N- and C-terminal heptad repeat
regions, respectively (18). By further protein dissection, a sub-
domain within gp41 composed of the N-36 and C-34 peptides
was identified (19). A thermostable analog of this subdomain
was constructed by a single-chain polypeptide, N34(L6)C28,
consisting of N-34 and C-28 connected by a six-residue hydro-
philic linker (Fig. 1A) (20). Biophysical studies suggest that
these a-helical complexes fold into six-helix bundles (18). X-
ray crystallographic analysis confirmed the proposed model
(Fig. 1B) (6, 31, 34). Three N-terminal helices form an interior,
parallel, coiled-coil trimer, while three C-terminal helices pack
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in the reverse direction into three hydrophobic grooves on the
surface of this coiled-coil trimer.

Synthetic peptides corresponding to the N- and C-terminal
coiled-coil sequences of gp41 (designated the N and C pep-
tides, respectively) have potent antiviral activity (16, 35, 36).
Previous studies suggested that these peptides inhibit mem-
brane fusion, in a dominant-negative manner, by binding to vi-
ral gp41 (7, 13, 18, 36). Moreover, single-point mutations with-
in the N-terminal heptad repeat region of gp41l abolish the
fusion activity of gp41 (3, 8, 10). Taken together, these results
suggest that formation of a coiled-coil structure in gp41, as in
the influenza virus hemagglutinin (2, 4), is a critical step during
virus entry.

Binding of gp120 to both CD4 and a coreceptor (e.g., CCRS
or CXCR4) results in extensive conformational changes in
gp41 needed for initiating fusion (22, 23). These conforma-
tional changes are thought to be involved in the transition from
a native (nonfusogenic) to a fusion-active (fusogenic) state. The
six-helix core structure of gp41 resembles the proposed fusion-
active conformation of hemagglutinin and the transmembrane
subunit of Moloney leukemia virus (2, 4, 6, 12, 31, 34) and thus
likely adopts the conformation of fusion-active gp41 (18). We
show here that a conformation-specific monoclonal antibody
(MAD), designated NC-1, specifically recognizes the fusogenic
core structure of gp41. This MADb should facilitate the analysis
of the CD4-induced conformational change in gp120 and gp41
and the identification of the effectors of this receptor-mediated
activation of HIV-1 fusion.

Generation of MAbs directed against the six-helix core of
gp41. To generate mouse MAbs against the highly conserved
core structure of gp41, three BALB/c mice were primarily im-
munized intraperitoneally with 100 g of recombinant N36
(L6)C34 polypeptide formulated with Freund’s complete ad-
juvant. N36(L6)C34 is a stable subdomain consisting of two
peptides, N-36 and C-34, connected by a six-residue hydro-
philic linker. The structure and characterization of the model
polypeptide were described before (18-20). The secondary im-
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FIG. 1. A six-helix core structure within the gp41 ectodomain composed of two interacting peptides. (A) Schematic representation of gp41. Its important functional
features are shown. N and C peptides identified by protein dissection are indicated. The disulfide bond and four potential N glycosylation sites are depicted. The
residues are numbered according to their positions in gp160. (B) Ribbon diagram of the N34(L6)C28 subdomain. The graphics representations are based on the crystal
structure of the N34(L6)C28 trimer (31). The N-terminal helices are depicted in yellow and the C-terminal helices are in purple. The N-34 and C-28 termini are joined
by the six-residue linker Ser-Gly-Gly-Arg-Gly-Gly. The left panel shows an end-on view of N34(L6)C28 looking down the three-fold axis of the trimer. The right panel

shows a side view of the N34(L6)C28 trimer.

munizations were carried out intraperitoneally at 3-week inter-
vals with the same amount of antigen combined with Freund’s
incomplete adjuvant. Murine sera were assayed 10 days later
for reactivities specific to the N36(L6)C34 antigen by enzyme-
linked immunosorbent assay (ELISA) as described below. One
mouse having a strong serum antibody response to the antigen
received a final intravenous booster via the tail. Four days
later, the mouse was bled and sacrificed by cervical dislocation.
The splenocytes from this mouse were fused with SP2/0 my-
eloma cells and cultured in hypoxanthine-aminopterin-thymi-
dine medium in a 96-well plate. After incubation for 10 days,
the culture supernatants were collected and screened by ELISA
for antibodies to N36(L6)C34. After the first screening, 24 pos-
itive wells were selected for further cloning. Finally, one clone
of hybridoma cells, designated NC-1, that continuously se-
creted antibody at high concentrations was established. Immu-
noglobulin G (IgG) was purified from the ascites fluid obtained
from mice injected with NC-1 hybridoma cells and was used for
the immunological studies. The isotype of this MAb is IgG2a.

The ELISA was carried out as previously described (25).
Briefly, a peptide or protein antigen dissolved in 0.1 M Tris
(pH 8.8) was used to coat wells of a 96-well polystyrene plate

(Immulon II; Dynatech Laboratories, Inc., Chantilly, Va.) and
post-coat blocked with a blocking buffer (phosphate-buffered
saline plus 5% horse serum). Mouse sera and culture super-
natants containing antibodies or purified IgG were added to
the wells at various concentrations. Then, biotin-labeled goat
anti-mouse IgG (Boehringer Mannheim, Indianapolis, Ind.),
streptavidin-labeled horseradish peroxidase (Zymed, South
San Francisco, Calif.), and the substrate 3,3',5,5'-tetramethyl-
benzidine (Sigma Chemical Co., St. Louis, Mo.) were added
sequentially. The optical density at 450 nm (OD,s,) was read
in an ELISA reader (Dynatech Laboratories, Inc.). Each sam-
ple was tested in triplicate.

Specific recognition of conformational epitopes on the six-
helix core of gp41 by NC-1. Previous studies have shown that
the model polypeptide N51(L6)C43 represents the larger do-
main of gp41 (18, 19), while the N34(L6)C28 polypeptide folds
into a minimal six-helix core (20). To examine whether the
NC-1 MAD is capable of binding to the gp41 core, we examined
its reactivity to the N36(L6)C34 immunogen and the N51(L6)
C43 and N34(L6)C28 polypeptides by ELISA. As shown in Fig.
2, the antibody-binding properties of these polypeptides are
similar, with dilution endpoints of 2.0 ng of IgG/ml for N51
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FIG. 2. Binding of NC-1 to the model polypeptides containing N and C pep-
tides. Each of the N51(L6)C43, N36(L6)C34, and N34(L6)C28 polypeptides (~1
wM) were used to coat wells of a microplate. The binding of the purified NC-1
IgG at the indicated concentrations to each coated polypeptide was tested by
ELISA.

(L6)C43, 6.1 ng of IgG/ml for N36(L6)C34, and 2.3 ng of
IgG/ml for N34(L6)C28.

Protein dissection studies demonstrated that, in isolation,
the N-36 peptide is predominantly aggregated, while the C-34
peptide is unfolded; upon mixing, these peptides form a stable
trimer of heterodimers (Fig. 1B) (18, 19). To test whether the
NC-1 MAb recognizes conformational and/or sequential epi-
topes, 96-well plates were coated with the isolated N-36 and
C-34 peptides and an equimolar mixture of N-36 and C-34. As
measured by ELISA, NC-1 exhibits a strong reactivity to the
N-36-C and 34 complex (Fig. 3A). In contrast, the isolated
N-36 and C-34 peptides fail to bind the antibody (Fig. 3A).
These results indicate that the NC-1 MAD recognizes confor-
mational epitopes on the gp41 core.

Single-point mutations within the highly conserved N-terminal
heptad repeat region abolish the ability of gp120 and gp41 to
mediate membrane fusion (3, 8, 10). Studies of model peptides
demonstrated that these mutations also can disrupt formation of
the minimal N34(L6)C28 core subdomain (20). It was of interest
to see whether NC-1 reactivity to the N34(L6)C28 subdomain was
abolished by these fusion-defective mutations. Single-point mu-
tations (IS73L, 1573V, I573A, and I573P) were introduced into
pN34/C28-L6 by oligonucleotide-directed mutagenesis, and the
recombinant proteins were expressed and purified as previously
described (20). As shown in Fig. 3B, the mutant N34(L6)C28
peptides with conserved mutations (I573L and I573V) had bind-
ing activities for NC-1 similar to that of the wild-type molecule,
but those with the fusion-defective mutations (I573P and
I573A) did not bind to the NC-1 MAb. These results are
strong evidence that NC-1 specifically recognizes the six-helix
core structure of the gp41 molecule.

To determine whether MAb NC-1 has broad reactivity, we
tested the binding of NC-1 to the complexes reconstituted with
N-36 and C peptides derived from the transmembrane glyco-
protein sequences of HIV-14 (clade B), HIV-1y,4; (clade E),
HIV-15.5 (clade O), and HIV-2,4p. As shown in Fig. 3C,
NC-1 strongly bound to the complex formed by N-36 and the
C peptide from HIV-14., which belongs to the same clade as
HIV-1,;;, but not to those formed by N-36 and C peptides
from other HIV-1 and HIV-2 strains. These results indicate
that NC-1 recognizes the gp41 core domain derived from
strains closely related to HIV-1;;;5. A recent study has dem-
onstrated that N peptide from HIV-1 formed a heterotypic
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FIG. 3. Reactivity of NC-1 with the gp41 core domains. (A) Binding of NC-1
to complexes formed by N and C peptides. Wells of polystyrene plate were
coated with the isolated N-36 and C-34 peptides and a complex containing the
peptides at equimolar concentrations (2 uM) and then were reacted with the
purified NC-1 IgG (10 pg/ml). The following controls were included: wells
coated with unrelated peptides derived from the HIV-1;;5 V3 loop (ODysq
[mean * standard deviation] = 0.052 * 0.018) and from the immunodominant
region of gp41 (residues 572 to 598) (ODys, = 0.061 =+ 0.040) and wells with the
N-36 and C-34 complex reacted with normal mouse IgG (10 pg/ml) (OD,sq =
0.132 £ 0.033). (B) NC-1 reactivity is abolished by point mutations that disrupt
the six-helix core formations. The conserved Ile 573 in the minimal subdomain
N34(L6)C28 was replaced by Leu, Val, Ala, and Pro. The binding of the purified
NC-1 IgG to the wild type polypeptide was compared to binding to mutant
polypeptides in an ELISA. (C) Reactivity of NC-1 to the core domains formed
by N-36 and C peptides derived from the transmembrane glycoprotein sequences
of different HIV strains.
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FIG. 4. Detection of antibody binding to different forms of transmembrane
proteins from HIV-1 and HIV-2. The binding of the purified NC-1 IgG (10
ng/ml) to the electrophoretically separated protein from HIV-1;;5 and HIV-
2612281 Was tested by Western blotting. Normal mouse (NM) IgG and MAb
2F5 IgG were used as controls.

complex with C peptide from simian immunodeficiency virus
(21). It is likely that the N peptide from HIV-1;;,z and C pep-
tides from HIV-2 and other HIV-1 strains may also form six-
helix core domains. Therefore, the inability of NC-1 to bind to
these heterotypic complexes is probably due to the variation of
the residues on the surface of the helical core domain that parti-
cipate in the formation of discontinuous epitopes for MAb NC-1.

NC-1 reacts with the oligomeric forms of gp41. The gp120
and gp41 complex exists as either trimers or tetramers on the
surfaces of virions and HIV-1-infected cells (11, 27, 29, 33).
We examined the reactivity of the NC-1 MAD to viral gp41
by Western blot assay (25, 27). Strips with electrophoreti-
cally separated HIV-1,;;3 and HIV-255,,,5; proteins were
obtained from Cambridge Biotech, Worcester, Mass. The
attachment of the MAb NC-1 IgG was detected with biotin-
ylated goat anti-mouse IgG antibody (Boehringer Mann-
heim) followed by streptavidin-conjugated horseradish per-
oxidase and the substrate from the Western blot kit. Human
MAD 2F5, which recognizes an epitope encompassing residues
662 to 667 (ELDKWA) (24), was purchased from Polymun
Scientific Immunbiologische Forschung GmbH, Vienna, Aus-
tria, and was used as a control. As shown in Fig. 4, NC-1 binds
to two bands with molecular masses of about 120 and 160 kDa
in the HIV-1 strip. Since NC-1 did not react with gp120 and
gp160 (MicroGenesis, Meriden, Conn.) in a separate Western
blot assay (data not shown), we assume that these two bands
are probably gp41 trimers and tetramers. MAb 2F5 bound to
bands in the HIV-1 strip with molecular masses of about 40,
80, 120, and 160 kDa, which correspond to gp41 monomers,
dimers, trimers, and tetramers, respectively, consistent with
previous observation (26). By contrast, neither MAb NC-1 nor
2F5 reacted with any protein in the HIV-2 strip (Fig. 4). These
results indicate that the NC-1 MADb can recognize the discon-
tinuous epitopes on the oligomers of HIV-1,;;; gp41 but can-
not react with the transmembrane glycoprotein of an HIV-2
strain. We have not yet able to coprecipitate the transmem-
brane glycoproteins with MAb NC-1 in a radioimmunoprecipi-
tation assay.

Binding of NC-1 to gp41 upon addition of sCD4. Numerous
studies have led to the proposal that the binding of gp120 to
the CD4 receptor triggers a major conformational change in
gp41 that induces fusion of viral membranes with target cell
membranes (22, 23). Evidence for this conformational change
includes soluble-CD4 (sCD4)-induced dissociation (shedding)
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of gp120 from the viral surface (15, 30) and an increased expo-
sure of epitopes on gp41 (28). Several lines of evidence strong-
ly suggest that the six-helix structure within the gp41 ectodo-
main represents the fusion-active conformation (6, 13, 18, 31,
34). We surmised that the NC-1 MAb would bind to gp41 only
after its conformational change to the fusion-active state.
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FIG. 5. Binding of MAb NC-1 to transmembrane glycoproteins expressed on
HIV-infected cells by flow cytometric analysis. HIV-1;p-infected cells were
reacted with the MAbs NC-1 (A) and 2F5 (B) (5 pg of IgG/ml) in the presence
or absence of sCD4 (10 pg/ml) and analyzed by flow cytometry. Binding of NC-1
to HIV-2gop-infected cells was also tested (C). Normal mouse (NM) IgG was
used as a control.
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To test this hypothesis, we used flow cytometry to analyze
the binding of the NC-1 MAb to HIV-infected cells. The NC-1
IgG was incubated with HIV-1,;z-infected H9 cells and HIV-
2rop-infected U937 cells in the presence or absence of sCD4
(ImmunoDiagnostics, Bedford, Mass.) at 37°C for 30 min.
MADb 2F5 IgG was used as a control. The cells were incubated
with biotinylated goat anti-mouse IgG (or anti-human IgG for
2F5) and streptavidin-conjugated fluorescein isothiocyanate
(Zymed) sequentially. After extensive washes, the cells were
fixed with 1% formaldehyde and analyzed by flow cytometry.
Remarkably, the binding of NC-1 to the surfaces of HIV-1-
infected cells was detected only after addition of sCD4 (Fig.
5A). In contrast, the 2F5 MADb had similar reactivities with
HIV-1-infected cells in the presence and absence of sCD4 (Fig.
5B). NC-1 did not bind to HIV-2-infected cells even in the pres-
ence of sCD4 (Fig. 5C). We conclude that the NC-1 MADb rec-
ognizes conformation-specific epitopes on fusion-active HIV-1
gp4l.

MAb NC-1 has no detectable inhibitory activity for HIV-1
infection. To determine whether the NC-1 MAb has neutral-
izing activity, we examined its ability to block fusion between
HIV-1g-infected cells and uninfected MT-2 cells (16, 17).
The MADb had no detectable inhibitory activity, even at a con-
centration of 200 pg/ml. In contrast, the 2F5 MAD inhibited
HIV-1 infection at a 50% inhibitory concentration of about 12
wg/ml (data not shown). There are two possible explanations
for the inability of the NC-1 MADb to block HIV-1 membrane
fusion. Firstly, the conformational epitope(s) in the gp41 core
recognized by the antibody may not be a virus-neutralizing
epitope(s). Secondly, the NC-1 epitopes may be buried in the
gp120 and gp41 complex and therefore not accessible to the
antibody. Nevertheless, MAb NC-1 is directed against the con-
formational epitopes on the putative fusogenic core of gp4l
and will facilitate the characterization of the receptor-induced
conformational changes in gp41.
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