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Membrane-transferring Sequences of the HIV-1 Gp41
Ectodomain Assemble into an Immunogenic Complex
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Themembrane-proximal stem region of gp41 has been postulated to host the
two conserved membrane-transferring domains that promote HIV-1 fusion:
the amino-terminal fusion peptide (FP) and the highly aromatic pre-
transmembrane sequence. Our results confirm that the hydrophobic FP and
membrane-proximal sequences come into contact and form structurally de-
fined complexes. These complexes are immunogenic and evoke responses in
rabbits that compete with the recognition of native functional gp41 by the
2F5 monoclonal antibody. We conclude that co-assembly of the FP and the
pre-transmembrane sequencesmight exert a constraint that helpsmaintain a
gp41 stem region pre-fusion structure.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Envelope protein-induced fusion of the viral and
the plasma membranes enables the human immu-
nodeficiency virus type-1 (HIV-1) to enter into the
CD4+ target cell.1–4 The fusogenic activity of the
gp120/41 envelope glycoprotein is triggered by the
sequential binding of the surface gp120 subunit to
CD4 and to human chemokine receptors.5,6 Subse-
quently, and in conjunction with the formation of a
low-energy six-helix bundle structure, the trans-
membrane gp41 subunit promotes the merging of
the lipid bilayers.7–11 Mutational analyses indicate
that the activity of gp41 is dependent on two
hydrophobic ectodomain sequences: the free
amino-terminal fusion peptide (FP),12,13 which is
not exposed to the solvent in the metastable
structure primed for fusion,2,3 and the highly
aromatic pre-transmembrane region (preTM).14
Given the hydrophobic character of FP and preTM,

it has been postulated that during the process of
fusion these sequences insert into the target cell and
the virion membranes, respectively.15 When com-
n immunodeficiency
TM,
,1,3,3,3-hexafluoro-2-
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pared with other sequences that insert into mem-
branes, such as signal peptides or transmembrane
domains, the FP and preTM sequences display an
unusually high degree of conservation.14–17 Al-
though atomic structures of gp41 states prior to the
six-helix bundle form are not elucidated, predictive
work18 and epitope-mapping19 suggest that both
membrane-transferring regions might be located at
the same end of the ectodomain, proximal to the
virion envelope, in the native state. Here, we have
used the 2F5 monoclonal antibody (Mab2F5),20,21
which recognizes pre-fusion stem structures,22 to test
the hypothesis that the amino-terminal of gp41 and
the membrane-proximal hydrophobic regions as-
semble into a defined complex.
In support of this hypothesis, the FP increased

recognition of 2F5 linear epitope, a fact that
correlated with establishment of interactions
mediated specifically by the canonical FLG
tripeptide duplication.16 The FP also stabilized
distinct conformations and promoted self-oligo-
merization of a sequence that combined the 2F5
linear epitope and the preTM domain. Consistent
with a native-like epitope presentation, the com-
plexes formed could elicit in rabbits immunoglo-
bulins that competed efficiently for Mab2F5
epitope recognition. We conclude that FP may
impart a native-like orientation/conformation
onto the membrane-proximal gp41 residues. Our
findings may help understanding pre-fusion gp41
structure–function relationships, and guide future
d.
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strategies to modulate the immunogenicity of
gp41 epitope mimics.
Results

The gp41 ectodomain contains two sequences that
show a significant tendency to partitioning into
membrane interfaces: the amino-terminal FP and the
preTM15,23 (Figure 1(a)). The Mab2F5 antibody
recognizes the linear epitope 656NEQELLELDK-
WASLWN67124,25 that connects the gp41 carboxy-
helical C-terminal domain (in italics) with the highly
Figure 1. (a) A representation of the HIV-1 gp41
ectodomain and location of membrane-transferring
sequences. The interfacial hydrophobicity plot represents,
for a window of 11 amino residues, mean values of free
energies of transfer frommembrane interfaces towater (i.e.
positive values denote a tendency for partitioning into the
membrane interface). Free energy values for individual
residues were obtained from the Wimley–White scale.49

The regions designated below include: FP, fusion peptide;
HN, amino helix; HC, carboxy helix; preTM, pretrans-
membrane; TMD transmembrane domain. Amino acid
sequences are based on the BH10 isolate (Gen Bank
accession no. M15654). (b) model of gp41 anchored to the
viral membrane. The HN and HC cylinders corresponding
to the potential helical domains are depicted in the same
scale as the previous panel. The green and red areas denote
the regions spanned by the peptide library used in ELISA
experiments (Figure 2).
aromatic preTM sequence 664DKWASLW-
NWFNITNWLWYIK683. The epitope face bound
by the 2F5 antigen-binding fragment (Fab2F5) is
charged, while the non-bound side is hydropho-
bic.22 This arrangement implies that the hydropho-
bic surface of the unbound 2F5 epitope is occluded
by other portions of gp41 ectodomain. As a working
hypothesis, we proposed that the hydrophobic FP
might be occluding this surface (Figure 1(b)). In
order to identify the sequences in the amino-
terminal region of gp41 that are capable of orientat-
ing the 2F5 epitope, Mab2F5 epitope-binding en-
hancement was mapped by mixing a representative
2F5ep peptide (Table 1) with overlapping 15-mer
peptides that extended over the 497–559 region of
gp160 (see diagrams in Figure 1, green areas). ELISA
results displayed in Figure 2(a) show that the
VGIGAMFLGFLGAAG peptide was the most effec-
tive in enhancing Mab2F5 binding, in accordance
with the idea that the conserved FP domain was
sufficiently hydrophobic to orientate the 2F5 epitope
immobilized on plaques.
Membrane-proximal sequences containing the 2F5

ELDKWA core-epitope (see diagrams in Figure 1,
red areas) were further scanned to determine
whether they might increase the reactivity in the
presence of the genuine FP 23-mer (Table 1). The
greatest enhancement was observed with the 2F5ep-
like EQELLELDKWASLWN sequence (Figure 2(b)).
However, no improvement in FP-induced binding
occurred when the ELDKWA hexapeptide was
immobilized on the plaques, suggesting that the
effect was sustained by residues outside the core-
epitope that increase Mab2F5 affinity.25
These results indicated that the gp41 FP and the

membrane-proximal sequences may co-assemble
(Figure 1(b)), although any sequence that might
contribute sufficient hydrophobicity could be
expected to orientate the 2F5ep in plaques. In
order to determine whether there was specific
requirement for the FP-2F5ep complex to form,
over and above the non-specific capacity of the
hydrophobic elements to induce aggregation, we
first analyzed the interactions between water-solu-
ble derivatives by circular dichroism (CD, Figures 3
and 4) and subsequently confirmed the existence of
structure-specific effects for Mab2F5-2F5ep binding
in solution (Figure 5).
FPK3, which incorporated three Lys at its C

terminus26 (Table 1), and 2F5ep displayed CD
spectra that were characteristic of water-soluble
monomeric species with no predominant secondary
structure in the 10–300 μM range (not shown).
However, a comparison of the experimental spectra
(continuous lines) and those calculated for the
addition of non-interacting peptide signals (dotted
lines), revealed a conformational rearrangement in
the FPK3:2F5ep mixtures (Figure 3). The experimen-
tal spectra obtained in HFIP-free buffer displayed a
weaker negative band, a shoulder shifted towards
lower wavelengths, and more positive absorption at
190 nm. In the presence of 5% and 12.5% of
the structure-promoting 1,1,1,3,3,3-hexafluoro-2-



Table 1. Peptide sequences used in this study

Name Sequence Gp160 numbering

FP AVGIGALFLGFLGAAGSTMGARS 512–534
FPK3 AVGIGALFLGFLGAAGSTMGARSKKK 512–534-KKK
2F5ep NEQELLELDKWASLWN 656–671
preTM DKWASLWNWFNITNWLWYIK 664–683
2F5preTM NEQELLELDKWASLWNWFNITNWLWYIK 656–683

Numbering is based on the BH10 isolate (GenBank accession no. M15654).
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propanol (HFIP) similar experimental spectra were
measured, with positive bands centered at 195 nm
and negative bands at ca 208 nm and 222 nm,
Figure 2. Mapping of gp41 regions that enhance
Mab2F5 reactivity as detected in peptide-based ELISAs.
(a) Effect of the gp41 amino-terminal region on recognition
of 2F5ep byMab2F5 (0.075 μg/ml). The 15-mer consecutive
peptides (overlapping by 11 amino acid residues) which
span the gp160 497–559 region (displayed as green areas in
Figure 1) were mixed with 2F5ep at equimolar ratios in
DMSO, and immobilized in plaques (each at final
concentration of 1.4 μM). The central residue within the
sliding window is indicated by the bold characters. In each
experiment, the increase in absorbance was normalized to
the level detected in parallel control samples using 2F5ep
alone (1.0 absorbance). The signal from the amino-terminal
sequence alone was negligible in these assays (not shown).
The plotted values correspond to the means±standard
deviation of three independent experiments. (b) Effect of
the FP 23-mer on Mab2F5 recognition of consecutive 15-
mer peptides spanning the gp41 membrane proximal
region (red areas in Figure 1). To ensure recognition, the
ELDKWA control hexapeptide was applied to the plaques
at a higher concentration (26 μM) and mixed previously
either at an equimolar ratio or with 1.4 μMFP (not shown).
The effect of FP was comparable in both cases.
characteristic of complexes with a high content οf α-
helix. The shift of the positive red band together
with a [θ]222/[θ]208 ellipticity ratio >1 (Table 2)
supports the existence of helix–helix interactions
such as those described for heterodimeric coiled-
coils27,28 and/or transmembrane helical bundles.29
In contrast, the spectra calculated for non-interact-
ing peptides displayed prominent negative peaks
around 200 nm, which shifted and became progres-
sively more intense. In 25% HFIP, the experimental
and calculated spectra coincided. The positive peak
that reverted to 190 nm, together with the [θ]222/
[θ]208 ratios <1, are consistent with the disruption of
the helix–helix interactions (Table 2).28 Thus, the CD
signals derived from the mixtures suggested the
presence of heterodimeric interactions between
chains, consistent with the co-assemble FPK3 and
2F5ep into a complex.
Shorter water-soluble derivatives were then ana-

lyzed to define the FP sequence that sustained the
spectral differences observed in the FPK3:2F5ep
Figure 3. Assembly of FPK3 and 2F5ep sequences as
determined by CD. Spectra of a FPK3:2F5ep mixture (1:1
molar ratio, continuous lines) with a varying amount of
HFIP, as indicated in the panels. The dotted lines
correspond to the spectra calculated by adding the
individual FPK3 and 2F5ep signals. In 25% HFIP, both
spectra are superimposed.



Table 2. Interactions of FPK3 with sequences bearing the
2F5 epitope as inferred from CD spectroscopic data

Peptide mixture
(HFIP %)

[θ]222/[θ]208

Experimental Calculated b

FPK3:2F5epa (0) 0.62 0.46
FPK3:2F5ep (5) 1.53 0.63
FPK3:2F5ep (12.5) 1.34 0.78
FPK3:2F5ep (25) 0.76 0.78
FPK3:2F5preTM (0) 0.79 0.50
FPK3:2F5preTM (5) 1.12 0.75
FPK3:2F5preTM (10) 1.02 0.91
FPK3:2F5preTM (25) 0.84 0.83

a Equimolar mixtures.
b Spectra calculated as the sum of individual peptide signals.

Table 3. Sequences of shorter soluble peptides used to
assess the specificity of the FP–2F5ep interaction

Name Sequence Interaction a

IFPK2 LFLGFLGKK +
NFPK2 AVGIGALKK –
CFP GAAGSTMGA –
Scr1IFPK2 FFGGLLLKK –
Scr2IFPK2 FGLLGFLKK –
D-PheIFPK2 LfLGfLGKK –

a As inferred from CD spectroscopic data (Figure 4).
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mixture (Figure 4 and Table 3). Only the internal FP
sequence representing the IFPK2 oligopeptide in-
duced spectral differences that were qualitatively
similar to those induced by the complete FP
sequence (Figure 4(a)). In addition, experiments in
which 2F5ep was titrated with increasing amounts
of IFPK2 indicated that the oligopeptide-induced
spectral changes saturate at approximately equimo-
lar ratios (Figure 4(b)). In contrast, the amino-
terminal (NFPK2) and carboxy-terminal (CFP) deri-
vatives did not display any significant effects.
Internal FP sequences scrambled following an
ordered (Scr1IFPK2) or a disordered (Scr2IFPK2)
Figure 4. Specificity of FP-2F5ep interactions inferred
using soluble short derivatives. (a) Spectra of IFPK2:2F5ep
(right-handpanel) and D-PheIFPK2:2F5ep (left-handpanel)
mixtures (1:1 molar ratios) in 5% HFIP. Continuous and
dotted lines are as in the previous Figure. Sequences as
given in Table 3. (b) Increase in absorption at 224 nm
(experimental over calculated signal) as a function of the
IFPK2:2F5ep (circles and continuous line) and D-
PheIFPK2:2F5ep (squares anddotted line)molar ratios (Ri).
pattern did not affect the structure of 2F5ep either.
Moreover, D-PheIFPK2 did not cause the spectral
differences observed in the presence of IFPK2
(Figure 4(a) and (b)). Within this derivative, both
conserved L-Phe residues were substituted by the
corresponding D-Phe stereoisomers. Thus, even
though D-PheIFPK2 and IFPK2 sequences distribut-
ed hydrophobicity equally, it was expected that
these peptides would display different steric con-
straints within a putative complex. The observation
that D-PheIFPK2 did not affect the conformation of
2F5ep supports the existence of stereospecific inter-
actions between IFPK2 and 2F5ep, and suggests
structural grounds to explain the conservation of
FLGFLG tripeptide duplication.16
The results displayed in Figure 5 indicate that the

stereospecific 2F5ep–IFPK2 interactions had an
effect also on epitope recognition by Mab2F5.
Antibody affinity to the linear epitope and to
IFPK2:2F5ep and D-PheIFPK2:2F5ep mixtures was
inferred from the ability of the peptide to block
antibody recognition of functional gp41 expressed
on cell surfaces (Figure 5(a)). The IFPK2: 2F5ep
mixture reverted the blockage of syncytium forma-
tion induced by Mab2F5 more efficiently than 2F5ep
alone (Figure 5(b)). Dependency of inhibition on the
molar ratio (Figure 5(c)) revealed a correlation
between Mab2F5-2F5ep binding enhancement and
stereospecific induction of structure by IFPK2
(Figure 4(b)). In contrast, the D-PheIFPK2 derivative
had no effect on the inhibition exerted by 2F5ep
(Figure 5(b) and (c)). These observations are
consistent with the Mab2F5 binding surface being
better mimicked within the 2F5ep structures that
were induced specifically by the interaction with
IFPK2.
When taken together, the results displayed in

Figures 3–5 are consistent with the existence of
FP-induced specific conformational effects on the
2F5ep region of gp41 in solution. The immuno-
logical studies described below further support
the hypothesis that FP residues might be involved
in the stabilization of the gp41 stem-like struc-
tures recognized by Mab2F5 (Figures 6–9). The
membrane-proximal sequence selected as immu-
nogen (represented by the peptide 2F5preTM)
combined the 2F5 epitope and the highly aro-
matic preTM sequence previously shown to form
homo-oligomers in solution (Table 1 and Figure
6(a)).23 Accordingly, preTM homodimers and
homotrimers could be observed in 5 μM and in



Figure 5. IFP-induced structure-specific enhancement
of epitope recognition by Mab2F5. (a) Mab2F5-2F5ep
binding was inferred from the recovery of gp41 fusion
activity by pre-incubation of Mab2F5 with peptides (i.e.
inhibition of Mab2F5-gp41 binding). CTL, untreated
control (100% Mab2F5-gp41 binding inhibition);
+Mab2F5, cells treated with Mab2F5 alone (5 μg/well,
0% Mab2F5-gp41 binding inhibition); +Mab2F5/+2F5ep,
Mab was pre-incubated with 2F5ep (1.2 μM) before
addition to the cells. (b) Percentage of fusion recovery by
pre-incubation with 2F5ep (1.2 μM) or IFPK2:2F5ep and D-
PheIFPK2:2F5ep mixtures (2:1 molar ratio). The value of
100% recovery was established as the number of nuclei
present in syncytial plaques (fused cells containing more
than four nuclei) per field in CTL samples (b). (c) Fusion
recovery increase (mixture over peptide-alone value) as a
function of the IFPK2:2F5ep (circles and continuous line)
and D-PheIFPK2:2F5ep (squares and dotted line) molar
ratios (Ri). Fixed 2F5ep concentration was 1.2 μM. Plotted
values in (b) and (c) represent the means plus standard
deviations of four independent experiments.

Figure 6. Membrane-proximal gp41 sequence used for
immunization assays and its assembly with FPK3 in
solution. (a) A representation of gp41 and the designation
of 2F5preTM. (b) Self-association of the gp41 preTM (left-
hand panel) and 2F5preTM (right-hand panel) sequences
in solution. PreTM was incubated alone (lane 1) or in
presence of 5 μM, 10 μM or 20 μM BS3 for 30 minutes
(lanes 2–4). 2F5preTM was incubated alone (lane 1) or in
the presence of 20 μM BS3 (lanes 2 and 3). The sample in
lane 3 was pre-mixed with FPK3 at a 1:1 molar ratio.
Molecular mass (kDa) markers were run as indicated. (c)
FPK3-2F5preTM assembly as determined by CD. Mea-
sured (continuous line) and calculated (dotted line) CD
spectra of the FPK3:2F5preTM mixture (1:1 molar ratio).
The amount of HFIP is indicated.
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10 μM bis[sulfosuccinimidyl]suberate (BS3) (Fig-
ure 6(b), left panel, lanes 2 and 3). Homodimers
were also prominent at a concentration of BS3 of
20 μM, conditions permissive to extensive preTM
cross-linking (Figure 6(b), left panel, lane 4).
PreTM homo-oligomerization was attenuated
within longer 2F5preTM peptides (lane 2 in the
right-hand panel of Figure 6(b)). However, incu-
bation of 2F5preTM with FPK3 promoted the
process (lane 3), suggesting that interactions
between 2F5ep and FP residues might also
stabilize oligomeric complexes in this case.
CD analyses offered further support for the

existence of FPK3–2F5preTM interactions within
the oligomeric complexes (Figure 6(c)). As com-
pared with the spectrum calculated for non-inter-
acting sequences (dotted line), the experimentally
measured FPK3:2F5preTM mixture spectrum in
buffer (continuous line) displayed weaker but
defined negative bands at ca 208 nm and 222 nm,
and positive absorption at 192 nm (Figure 6(c), left-
hand panel). In addition, the experimental mixture
spectrum, but not the spectrum calculated for non-
interacting sequences, displayed an [θ]222/[θ]208
ellipticity ratio >1 in 5% HFIP (Figure 6(c), right-
hand panel, and see Table 2).
The data shown in Figure 7 suggest that the

interactions established between FP residues and
2F5preTMwere also structure-specific. As evidenced
by the cross-linking experiments, IFPK2, but not D-
PheIFPK2 or Scr2IFPK2, sustained 2F5preTM homo-
oligomerization (Figure 7(a)). Similarly, calculated
(dotted line) and measured (continuous line) CD
spectra displayed in Figure 7(b) differed in the case of
IFPK2:2F5preTM mixtures (right-hand panel), but
were superimposed in the case of D-PheIFPK2:2F5-
preTM mixtures (left-hand panel). Thus, according
to the oligomerization and CD data, FP residues



Figure 7. Specificity of FP-2F5preTM interactions
inferred using soluble short derivatives. (a) Self-associa-
tion of 2F5preTM pre-mixed with IFPK2 (lane 1), D-
PheIFPK2 (lane 2) or Scr2IFPK2 (lane 3). Mixtures
(nonapeptide/2F5preTM, 3:1 molar ratio) were incubated
in presence of 1.5 mM BS3 for 30 min. Molecular mass
(kDa) markers were run as indicated. (b) Spectra of
IFPK2:2F5preTM (right-hand panel) and D-PheIFPK2:2-
F5ep (left-hand panel) mixtures (2:1 molar ratios) in 5%
HFIP. Continuous and dotted lines are as in Figure 6.

Figure 8. Inhibition of Mab2F5-gp41 binding by pre-
incubation with 2F5preTM (squares and dotted line) or
FPK3:2F5preTM mixture (1:1 molar ratio, circles and
continuous line). The assay was calibrated as described
in the legend to Figure 5. Plotted values represent the
means plus standard deviations of four independent
experiments. Half-maximal binding values (Kd(app)) were
inferred by fitting the experimental values to hyperbolic
functions and are given in the text (±standard errors).
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appear to induce the adoption of specific structures
by the 2F5preTM sequence.
In line with the existence of structure-specific

effects, the results displayed in Figure 8 confirm that
the FPK3-2F5preTM interactions also enhanced
Mab2F5 recognition. Both 2F5preTM and the
FPK3:2F5preTM mixture reversed the blockage of
syncytium formation induced by Mab2F5. Howev-
er, quantification of this inhibitory effect as a
function of peptide concentration (Figure 7(b))
revealed Kd(appar) values of 0.36(±0.15) μM and
0.82(±0.42) μM for the mixture (continuous trace)
and the 2F5preTM (dotted trace), respectively. The
lower dissociation constant suggests that the
Mab2F5 antigen was better mimicked by the FP-
stabilized complex.
In summary, the results displayed in Figures 6–

8 suggest the existence of an oligomeric FPK3–
2F5preTM complex in solution, whose conformation
is defined by the interaction between both
sequences. Figure 9 illustrates the results of experi-
ments performed to compare this complex and the
linear 2F5preTM peptide in their ability to induce
immune responses in rabbits. The sera of rabbits
immunized with 2F5preTM (‘‘linear’’) contained
anti-2F5preTM and anti-2F5ep antibodies, but hard-
ly any anti-preTM antibodies (Figure 9(a), left-hand
panel). A similar response was observed in rabbits
immunized with the FPK3:2F5preTM mixture
(‘‘mixture’’) in alum (center panel). Given that
lowering the polarity of the medium induced
complex dissociation (Table 2), we also analyzed
the immunogenicity of the mixture presented in
water-in-oil emulsions (Freund’s adjuvant). Sera
recovered from rabbits immunized with the
FPK3:2F5preTM mixture in Freund’s adjuvant (mix-
ture (Freund)) were different (right-hand panel).
They recognized 2F5preTM immobilized in plaques,
but displayed a weaker affinity for 2F5ep or preTM.
Competitive ELISA demonstrated that only the

IgGs recovered from ‘‘mixture’’ sera competed
efficiently with Mab2F5 for epitope recognition in
plaques (Figure 9(b)). These IgGs also interfered
with Mab2F5-gp41 binding (Figure 9(c)), since cell-
IgG pre-incubation blocked the capacity of Mab2F5
to inhibit fusion (filled bars). In comparison, IgGs
from the immunization with the linear peptide and
those generated with mixture (Freund) exerted no
significant effect. Notably, the ‘‘linear’’ IgGs recog-
nized in plaques a recombinant gp41 ectodomain
lacking the FP (open bars) more efficiently than the
mixture IgGs. In comparison, gp41 was poorly
recognized by the mixture (Freund) IgGs under all
conditions. In conjunction, these results are consis-
tent with the presence of antibodies that bind a
native 2F5 epitope in functional gp41 in the
‘‘mixture’’ IgGs, while those IgGs induced by the
linear sequence did not recognize a similar structure.
Discussion

The two membrane-transferring regions that are
folded as part of the protruding gp41 ectodomain
seem to constitute a functional determinant.15,23
Upon translocation, these regions are postulated to
provoke the kind of membrane perturbations that
ensure fusion-pore opening.15,30–33 However, the
organization of these hydrophobic sequences within
the pre-fusion, metastable gp41 ectodomain remains
unclear, which impairs our understanding of the
mechanisms that drive the initial stages of fusion.



Figure 9. Immunogenicity of FPK3:2F5preTM mixtures and linear 2F5preTM peptide. (a) Sera obtained from rabbits
immunized with 2F5preTM (linear) or FPK3:2F5preTM (mixture) in alum, or FPK3:2F5preTM (mixture (Freund)) in
Freund’s adjuvant, were titrated using 1.4 μM2F5preTM (circles and dotted line), 2F5ep (squares and continuous lines) or
preTM (triangles and broken line) immobilized in plaques. (b) Inhibition of Mab2F5-2F5ep binding by IgGs isolated from
mixture (circles and continuous line), mixture-Freund (squares) and linear (triangles) sera. Comparable amounts of the
linear and mixture IgGs bound to plaques were obtained by applying 2F5ep to the plaques at concentrations of 1 μg/ml
and 2.5 μg/ml, respectively. (c) Inhibition of Mab2F5 (5 μg) binding to gp41 as inferred from the recovery of cell–cell
fusion in syncytium assays (black bars) and recognition of gp41rec (1 μg) in ELISA plaques (white bars). Means plus
standard deviation of three independent measurements are represented. In both assays 40 μg/ml of IgG were used.
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Our results suggest that a carboxy-stem native
structure recognized by Mab2F5 might be grafted
into the amino-terminal FP. Indeed, the FP appears to
be an element in gp41 that would be suitable to
occlude the hydrophobic face of the epitope not
bound by the antibody (Figures 1 and 2). The
existence of specific tertiary interactions between
these elements (Figures 3 and 4) relevant to the
structure of gp41 stem (Figure 5) might well account
for the high degree of conservation of FP residues
such as the FLG tripeptide,16 which cannot be
explained by the simple hydrophobicity or amphi-
pathicity necessary to produce membrane insertion.
Current knowledge on the conformation/orienta-

tion of the pre-fusion native states of membrane-
proximal gp41 regionderives from thepeptide-epitope
structures bound to antigen-binding antibody frag-
ments 2F5 (Fab2F5) and 4E10 (Fab4E10).22,34,35
Fab2F5 binds the gp41 657EQELLELDKWASLW670
sequence in an extended+turns non-helical confor-
mation.22 The 2F5 epitope-representing sequences
have been shown to be structurally flexible, adopting
several conformations in solution, including turns
and 310-helical and α-helical structures.25,36,37 When
compared to the addition of CD signals arising from
non-interacting FPK3 and 2F5ep, FPK3:2F5ep mix-
tures in buffer displayed weaker negative bands
centered at ≈200–205 nm and positive absorption at
190 nm (Figure 3), which might denote a more
populated type I β-turn conformer in the sam-
ples.38,39 Nonetheless, an increase in β-type extended
structures cannot be excluded, since small β-rich
proteinsmay exhibit similarCD spectra.40,41 Inmedia
with a low content of HFIP, CD changes were com-
patible with interacting helices.27,28 However, similar
spectra have been correlated with conformers con-
taining a considerable type I β-turn population.38,39
Thus, our CD results are compatible with the idea
that specific interactions with FP might stabilize
2F5ep native-like conformations when co-assembled.
In contrast, Fab4E10 binds the sequence 670WNW-

FNITNW678 adjacent to 2F5 epitope adopting an
almost fully helical structure,34 a conformation that is
stable also in membrane environments.23,42,43 The
Fab4E10-bound peptide structure also shows interdi-
gitation of indole side-chains of two helices that inter-
act through the faces not bound by the antibodies.34
This fact would be consistent with our results sho-
wing that the preTM region may oligomerize in
solution (Figure 6).23 Also in accordance with this
observation, FPpromotes specifically the formation of
oligomeric 2F5preTM complexes that are recognized
byMab2F5with higher affinity than the peptide alone
(Figures 6–8). We surmise that FP interactions might
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impart specific conformations and orient the 2F5
epitope charged face towards the solvent, thereby
reducing the electrostatic repulsion between amino-
terminal acidic residues that might hinder self-
association. The amphipathic complexes formed
would emulate in solution a native structure of
cognate gp41 (Figure 8) and retain the conformational
constraints required to elicit in rabbits IgGs capable of
interfering with Mab2F5-gp41 recognition (Figure 9).
The models displayed in Figure 10 illustrate that

proposal. Packing of hydrophobic FP into an assem-
bled FP–2F5preTM complex might sustain two
effects (Figure 10(a)): (i) attainment by the linear 2F5
epitope stretch of a native-like orientation-conforma-
tion; and (ii) self-association of the aromatic-rich
preTM domain. A similar structural organization
might also sustain the folding of membrane-parti-
tioning elements within the globular gp41 ectodo-
main (Figure 10(b)). In support of thismodel, epitope-
mapping studies have shown that Mab 25C2
(mapping amino acid residues 526 to 543) is able to
block binding of Mabs interacting with both amino-
terminal (D40) and membrane-proximal (T3) gp41
determinants.19 In addition, early structural models
proposed that the FP position relative to membrane-
proximal sequences in the pre-fusion gp41 ectodo-
main were reminiscent of that found in the influenza
fusogenic subunit.18 This proposal was based on
pioneering structural work byWiley and co-workers,
showing that conserved FP tucked into a pocket
apposing carboxy-terminal sequences in the native
pre-fusion HA2 ectodomain.44 Thus, besides the
compact six-helix bundles as fusion promoters,3,44
class I fusion proteins might utilize similar motifs to
Figure 10. (a) Putative arrangement of the FP-
2F5preTM complex and (b) a schematic model for its
organization within extraviral gp41 stem region. Amino-
terminal FP (green arrow) would interact with 2F5
continuous epitope region and stabilize native-like
structures (red line). PreTM domain (light gray cylin-
ders) would self-assemble into trimers. In the Env
complex, this region is followed by the transmembrane
domain (dark gray cylinders). Preceding the FP region, a
trimeric coiled-coil HN region (white cylinders) might
exist occluded by surface gp120 subunit (transparent
spheres).
hide and control the membrane-active sequences
within metastable structures.
Mab2F5 recognizes poorly characterized pre-fu-

sion native structures, as well as fusion-intermediate
forms of gp41.45–47 Therefore, the model in Figure
10(b) might represent the native gp41 ectodomain
structure predominant in the virion Env complex, or
else an intermediate in the fusion pathway trapped
by the FP interaction. Conversely, Mab2F5 reactivity
is inhibited by six-helix bundle formation, indicating
that the epitope is occluded within the low-energy
gp41 structure.48 Thus, our data in Figures 6–9
would support the formation of an FP-2F5preTM
complex that might occur before FP insertion into
membranes and six-helix bundle formation. A dock-
ing surface for neutralizing antibodies that recognize
gp41 might assemble within such a complex. This
raises the possibility that recreating FP-induced
interaction structures might be important to the
design of effective synthetic AIDS vaccines.
Materials and Methods

Materials

The sequences displayed in Tables 1 and 3 were
synthesized in C-terminal carboxamide form by solid
phase methods using Fmoc chemistry, purified to near
homogeneity by HPLC and characterized by MALDI-TOF
mass spectrometry. Overlapping HIV-1 consensus subtype
BEnv (15-mer) peptides 8886 to 8898 and 8925 to 8927were
obtained from the NIH AIDS Research and Reference
Reagent Program (contributed by Anaspec, Inc.). Peptide
stock solutions were prepared in dimethyl sulfoxide
(DMSO: spectroscopy grade) and the concentrations
determined by the bicinchoninic acid microassay (Pierce,
Rockford, IL, USA). Recombinant gp41 from HXB2
molecular clone (Env amino acid residues 546–682, i.e.
the gp41 ectodomain in the absence of the FP sequence)
expressed in Pichia pastoris was obtained from the EU
Programme EVA/MRC Centralized Facility for AIDS
Reagents, NIBSC, UK (grant number QLK2-CT-1999-
00609 and GP828102). Mab2F5 was kindly donated by H.
Katinger (Polymun Inc., Vienna, Austria).

ELISAs

Antibody specificity was determined by standard
enzyme-linked immunosorbent assay (ELISA). Synthetic
peptides (alone or mixed as complexes pre-formed in
DMSO) and gp41recwere dissolved in phosphate-buffered
saline (PBS) and immobilized overnight in C96 Maxisorp
microplate wells (Nunc, Denmark). The degree of Mab
binding was revealed through detection with alkaline
phosphatase-conjugated goat immunoglobulin (Pierce,
Rockford, IL, USA). Color was developed subsequently
with the substrate p-nitrophenyl phosphate (Sigma, St.
Louis,MO,USA), and absorbance at 405 nmwasmeasured
with a Synergy HT microplate reader (Bio-TEK Instru-
ments Inc., VT, USA). Reactions were scored positivewhen
absorbance was above the mean value plus three standard
deviations of negative BSA controls. For competition
ELISA, defined volumes of competing IgGs were pre-
mixed with the Mab and added to the blocked wells.
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Secondary structure determination

Circular dichroism (CD) measurements were carried
out with a temperature-controlled Jasco J-810 CD spectro-
polarimeter calibrated routinely with (1S)-(+)-10-cam-
phorsulfonic acid, ammonium salt. Peptide stock
samples consisted of single sequences or mixtures pre-
incubated in DMSO, lyophilized and finally dissolved at a
concentration of 0.03 mM in 2 mMHepes (pH 7.4). Spectra
were measured in a 1 mm path-length quartz cell
equilibrated initially at 25 °C. Data were taken with a
1 nm band-width, a speed of 20 nm/min, and the results
of five scans were averaged.
Chemical cross-linking

Peptide homo-oligomerization was analyzed as de-
scribed.23 Samples consisted of 50 μg of peptide
incubated in DMSO for 30 min before lyophilization.
Lyophilized samples were resuspended in buffer and
incubated in the presence or in the absence of the
bifunctional cross-linking reagent BS3 (Pierce) for 1 h at
37 °C. Cross-linked complexes were prepared for SDS-
PAGE and resolved on Tris-tricine 16.5% (w/v) poly-
acrylamide gels. Gels were stained with Gelcode blue
stain reagent (Pierce).
Blockade of syncytium inhibition

Syncytium formation assays were carried out using
CHO-Env and HeLaT4+ cells (ARRRP-NIH, contributed
by C. Weiss and J. White, and by R. Axel, respectively).
Fusion was inhibited by incubating Mab2F5 for 90 min
with CHO-Env cells prior to co-culturing with HeLaT4+

cells. The reversion of the inhibitory effect was achieved
by incubating Mab2F5 with peptides for 90 min before
adding it to the CHO-WT cells. In the case of the
competition assay, IgGs and Mab2F5 were co-incubated
with CHO-WT cells for 90 min before co-culturing with
HeLaT4+ cells.
Rabbit immunization

For immunization, 2F5preTM (linear) and FPK3:2F5p-
reTM (1:1molar ratiomixture)were prepared bydissolving
them first in DMSO. After incubation for 15 min, the
samples were lyophilized and subsequently reconstituted
in 0.5ml of PBS. Reconstituted samplesweremixedwith an
equal volume of 1.3% (w/v) Alhydrogel (Superfos Biosec-
tor, Denmark) or Freund’s adjuvant (Sigma). The IgGswere
purified from the sera using protein-G-Sepharose HiTrap
protein G HP columns (Amersham Biosciences Europe
GmBh, Freiburg, Germany).
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