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The binding of neutralizing antibodies 2F5 and 4E10 to human immunodeficiency virus type 1 (HIV-1) gp41
involves both the viral membrane and gp41 membrane proximal external region (MPER) epitopes. In this study, we
have used several biophysical tools to examine the secondary structure, orientation, and depth of immersion of gp41
MPER peptides in liposomes and to determine how the orientation of the MPER with lipids affects the binding
kinetics of monoclonal antibodies (MAbs) 2F5 and 4E10. The binding of 2F5 and 4E10 both to their respective
nominal epitopes and to a biepitope (includes 2F5 and 4E10 epitopes) MPER peptide-liposome conjugate was best
described by a two-step encounter-docking model. Analysis of the binding kinetics and the effect of temperature on
the binding stability of 2F5 and 4E10 to MPER peptide-liposome conjugates revealed that the docking of 4E10 was
relatively slower and thermodynamically less favorable. The results of fluorescence-quenching and fluorescence
resonance energy transfer experiments showed that the 2F5 epitope was more solvent exposed, whereas the 4E10
epitope was immersed in the polar-apolar interfacial region of the lipid bilayer. A circular dichroism spectroscopic
study demonstrated that the nominal epitope and biepitope MPER peptides adopted ordered structures with
differing helical contents when anchored to liposomes. Furthermore, anchoring of MPER peptides to the membrane
via a hydrophobic anchor sequence was required for efficient MAb docking. These results support the model that
the ability of 2F5 and 4E10 to bind to membrane lipid is required for stable docking to membrane-embedded MPER
residues. These data have important implications for the design and use of peptide-liposome conjugates as
immunogens for the induction of MPER-neutralizing antibodies.

The two broadly neutralizing human monoclonal antibodies
(MAbs) 2F5 and 4E10 target conserved core amino acid resi-
dues that lie in the membrane proximal external region
(MPER) of human immunodeficiency virus type 1 (HIV-1)
gp41 (6, 9, 18, 25, 29). Structural studies of 2F5 and 4E10 in
complex with their nominal epitope peptides led to the prop-
osition that the long hydrophobic heavy chain CDR3 (CDR
H3) loop might be involved in binding to the virion membrane
due to the lack of direct contact of the tip of the CDR H3 loop
with their bound epitopes (6, 25). MAbs 2F5 and 4E10 indeed
were found to have enhanced binding to gp41 MPER in the
presence of membrane (12, 25). Subsequent studies have re-
vealed the lipid reactivity of both the 2F5 and 4E10 MAbs (2,
14, 23, 27), emphasizing the need to understand how MAbs
2F5 and 4E10 recognize their epitopes in the context of a
membrane-gp41 MPER interface.

It has been hypothesized that the ability of MAbs 2F5 and
4E10 to interact with membrane lipids is required for binding
to the membrane-bound gp41 MPER region and subsequent
HIV-1 neutralization (2, 14, 15). The binding of both the 2F5
and 4E10 MAbs to their epitope peptides presented on syn-

thetic liposomes was remarkably different from that of epitope
peptides alone and was best described by a two-step “encoun-
ter-docking” model (2). In this model, neutralizing MPER
MAbs make an initial encounter complex, and such an inter-
action is associated with faster association and dissociation
rates. The formation of the encounter complex induces the
formation of the final “docked” complex, which is associated
with slower dissociation rates and provides the stability of the
overall interaction. A more recent study has also observed the
same mode of interaction for MAb 4E10 when it binds to
MPER peptide in liposomal form (31). The studies of Sun et
al. revealed that critical residues of the 4E10 epitope may be
buried in the viral membrane and that interaction of 4E10 with
lipids is important in extracting the immersed residues from
the lipid bilayer. Although 2F5 binding was not described in
the study, the model shows that the N-terminal helix of the
“L”-shaped MPER structure projects away from the mem-
brane and that residues K665 and W666 of the core 2F5 epitope
(residues DKW) are placed on the surface and in the interfa-
cial region, respectively, of the membrane lipid (31). Thus, as
for MAb 4E10, stable docking of 2F5 would also require some
level of conformational rearrangement of MPER to release
critical residues within the core epitope. This is consistent with
binding kinetics data that showed that the final docking of
MAbs 2F5 and 4E10 to MPER peptide-lipid conjugates might
require conformational rearrangements (2). It is also likely
that the CD4 and coreceptor-mediated triggering of HIV-1

* Corresponding author. Mailing address: Human Vaccine Institute,
Department of Medicine, Duke University School of Medicine, 106
Research Drive, MSRBII, Durham, NC 27710. Phone: (919) 668-6372.
Fax: (919) 684-4380. E-mail: alam0004@mc.duke.edu.

� Published ahead of print on 29 July 2009.

10211



Env (10, 28) that leads to the formation of the fusion interme-
diate conformation might also expose critical residues for
MPER MAb binding. Both the 4E10 and 2F5 MAbs bound
strongly to a recombinant trimeric gp41 intermediate design
and either bound weakly or failed to bind, respectively, to the
trimeric gp140 (11) and a putative prefusion-state trimeric
MPER (22). However, the orientation of the MPER sequence
in a viral-lipid-bound form is not known and, thus, it is possible
that in the early stages of the triggered intermediate state,
MPER residues may be lying in the plane of the membrane
head groups and interaction of MPER MAbs with lipids and
extraction of critical residues may be essential for stable dock-
ing (31).

In order to gain further understanding of the binding mech-
anism involved in the interaction of MAbs 2F5 and 4E10 with
their epitopes presented in the membrane environment, we
have constructed three different novel gp41 MPER peptide-
liposome conjugates, including a 2F5 nominal epitope peptide,
a 4E10 nominal epitope peptide, and a peptide having se-
quences of epitopes for both the 2F5 and 4E10 MAbs. Unlike
our previously designed constructs (2), the MPER peptides
used in the current study were anchored to the liposomes by a
hydrophobic sequence (YKRWIILGLNKIVRMYS), named
GTH1, placed at their carboxyl termini. Using these second-
generation peptide-liposome conjugates, we addressed the fol-
lowing questions. (i) How do MAbs 2F5 and 4E10 bind to the
different peptide-liposome conjugates? (ii) How do the kinet-
ics of MAb binding vary with temperature? (iii) How are the
peptides oriented in the liposomal membrane in each con-
struct? (iv) How does antibody binding correlate with differ-
ences in the membrane orientation of peptides? (v) Is there
any difference in the secondary structures adopted by the pep-
tides in the peptide-liposome complex?

Our study of antibody interactions with their membrane-
anchored epitope peptides indicates that both the 2F5 and
4E10 MAbs bind to their nominal epitope peptide-liposome
conjugates with high affinity. The results of tryptophan fluo-
rescence-quenching and fluorescence resonance energy trans-
fer (FRET) experiments showed that the nominal 2F5 peptide
is exposed on the surface of the membrane close to the polar
head group, whereas the nominal 4E10 peptide is immersed in
the interfacial region of the lipid bilayer. Circular dichroism
(CD) spectroscopic studies revealed that the nominal epitope
and biepitope peptides adopted ordered structures when an-
chored to the liposomal membrane. The membrane orienta-
tion data and secondary structural features of MPER peptides
correlated well with antibody binding characteristics, thus sug-
gesting that membrane-anchored MPER peptide conforma-
tions are a physiologic component of the native 2F5 and 4E10
binding epitopes in HIV-1 virions.

MATERIALS AND METHODS

Antibodies. Anti-HIV-1 gp41 MPER MAbs 2F5 and 4E10 were purchased
from Polymun Scientific, Austria.

Peptides. Peptides were synthesized and purified by reverse-phase high-pres-
sure liquid chromatography. The purity of peptides was assessed by high-pres-
sure liquid chromatography to be �95% and was confirmed by mass spectro-
metric analysis. The peptides used in this study include the 2F5 nominal epitope
peptide (QQEKNEQELLELDKWASLWN), the 4E10 nominal epitope peptide
(SLWNWFNITNWLWYIK), and a biepitope peptide (NEQELLELDKWASL
WNWFNITNWLWYIK). To facilitate membrane anchorage, all of these pep-

tides were synthesized with the GTH1 sequence (YKRWIILGLNKIVRMYS),
attached to their carboxyl termini (Fig. 1) instead of the amino-terminal end as
described earlier (2).

Phospholipids. Chloroform stocks of phospholipids 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethano-
lamine (POPE), 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl)
(ammonium salt) (DANSYL-PE), 1-palmitoyl-2-stearoyl(6-7)dibromo-sn-glycero-3-
phosphocholine (67DBrPC), and 1-palmitoyl-2-stearoyl(9-10)dibromo-sn-glycero-3-
phosphocholine (910DBrPC) and cholesterol powder were purchased from Avanti
Polar Lipids and were used without further purification.

Preparation of liposomes. Peptide-liposome conjugates were prepared by us-
ing a lipid extrusion method as described earlier (2). Chloroform stocks of
POPC, POPE, DMPA and cholesterol were mixed in chloroform-resistant tubes
at a molar ratio of 45:25:20:1.33. For preparing peptide-liposomes, an appropri-
ate volume of the relevant peptide stock (made in chloroform-methanol, 7:3
[vol/vol]) solution was added to this mixture to give a final peptide-to-total-lipid
(P/L) ratio of 1:420. The mixture was dried in a stream of gaseous nitrogen. Any
residual chloroform was removed by placing dried lipid films under a high
vacuum overnight. Phosphate-buffered saline (pH 7.4) was added to the dried
lipid or lipid-peptide films, and the suspensions were vortexed rigorously and
incubated at 37°C for 45 min. The suspensions were then sonicated (3 cycles of
15 s of sonication at 70 W power output with a 30-s resting pulse between cycles)
in a bath sonicator (Misonix Sonicator 3000). Liposomes were prepared from
these suspensions by serial extrusion through polycarbonate membranes (400-nm
and 100-nm pore size) using mini extruders purchased from Avanti Polar Lipids.
The stability of peptide-liposomes upon storage was assessed by recording anti-
body binding. Peptide-liposomes were found to be stable for a week’s time if
stored at 4°C after capping with nitrogen to prevent oxidation. The surface
concentration of peptides was calculated from the concentrations of peptides and
lipids used in the experiment and from an aggregation number of 80,047 lipids
per 100-nm-diameter liposome and an area per lipid of 0.71 nm2. This calculation
yielded �190 and 760 peptides per liposome at P/L ratios of 1:400 and 1:100,
respectively.

Surface plasmon resonance measurements. All surface plasmon resonance
measurements were made using a BIAcore 3000 instrument, and data analyses
were performed using BIAevaluation 4.1 software (BIAcore). Peptide-free syn-
thetic liposomes and peptide-conjugated liposomes were captured on a BIAcore
L1 sensor chip which uses an alkyl linker for capturing liposomes. Before cap-
turing liposomes, the L1 chip was conditioned by immobilizing �3,000 resonance
units of bovine serum albumin in each of the four flow cells using amine coupling
chemistry. This step was necessary to minimize the nonspecific binding of MAbs
2F5 and 4E10 to the blank L1 chip surface (2). Prior to the capture of liposomes,
the surface of the L1 chip was cleaned with a 60-s injection of 40 mM octyl
�-D-glucopyranoside at 100 �l/minute, followed by washes with excess buffer to
remove any traces of detergent. Peptide-free synthetic liposomes and peptide-
conjugated liposomes were immobilized at a predetermined optimum level of
�500 resonance units. The MAbs, at a 100-�g/ml concentration, were then
injected for 120 s at a 20-�l/min flow rate. After each MAb injection, the surface
was cleaned by injecting 40 mM octyl �-D-glucopyranoside at a 100-�l/min flow

FIG. 1. Schematic representation of two different strategies of
membrane anchoring of MPER peptides. (A) Nonphysiologic anchor-
ing at the amino terminus of MPER used in our earlier report (2).
(B) Physiologic anchoring at the carboxyl terminus of MPER used in
this study. The hydrophobic membrane-anchoring sequence is shown
as a rectangle and was attached at either the amino or carboxyl ter-
minus of the MPER peptide, which is shown as a black line.
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rate, followed by a 5-s injection of 25 mM NaOH at a 50-�l/min flow rate. Using
BIAevaluation 4.1 software, the low levels of nonspecific binding to peptide-free
control liposomes were subtracted to obtain the peptide-specific binding of
MAbs and were used to analyze the binding of MAbs in a two-step encounter-
docking model as described previously (2).

FRET and fluorescence-quenching measurements. Steady-state fluorescence
spectra were recorded by using a Varian Cary Eclipse fluorescence spectrometer.
Peptide-conjugated liposomes or control liposomes were diluted as needed into
a rectangular fluorescence cuvette with a path length of 0.5 cm. The final con-
centration of the peptides varied from 10 to 20 �g/ml. Tryptophan fluorescence
spectra were recorded by exciting the samples at 280 nm with a slit width of 5 nm.
In the case of FRET experiments, tryptophan fluorescence spectra were re-
corded for peptide-liposomes and for 5 mol% DANSYL-PE label-containing
peptide-liposomes and peptide-free liposomes. For acrylamide quenching exper-
iments, the tryptophan fluorescence spectra of peptide-conjugated liposomes
were recorded at different concentrations of added acrylamide. The fluorescence
spectra from peptide-free liposomes at the same concentrations of added acryl-
amide were subtracted to obtain fluorescence arising from the peptides only. In
the case of DBr quenching experiments, 10 mol% of either 67DBrPC or
910DBrPC was included in the lipid mixture and the POPC fraction reduced
accordingly.

CD spectroscopy measurements. Since liposomes prepared by the extrusion
technique lead to excessive light scattering in the CD spectrum, small unilamellar
liposomes were prepared by probe sonication. The aqueous suspensions (20 mM
phosphate buffer, pH 7.4) of lipid or peptide-lipid films were sonicated for 4 min
at a 50% duty cycle using a Misonix 3000 equipped with a titanium probe tip. The
liposomes were fractionated (4) by centrifugation at 70,000 rpm for 25 min at 4°C
using a Beckman TL-100 ultracentrifuge. CD spectra were measured on an Aviv
model 62 DS spectropolarimeter using a 1-mm quartz cuvette. Spectra were
obtained at 25°C at 0.5-nm intervals and times averaging from 1 to 2 s. Three
scans were averaged to obtain CD spectra. The CD signal from peptide-free
synthetic liposome samples was subtracted to remove the contribution to the
peptide-liposome CD signal of scattering arising from liposomes. The blank
subtracted CD spectra were smoothed using the Savitsky and Golay variation
method with a moving window of 10 to 25 points and a polynomial order of 3.

RESULTS

Interaction of MAbs 2F5 and 4E10 with membrane-an-
chored nominal epitope and biepitope peptides. We have pre-
viously described the binding kinetics of MAbs 2F5 and 4E10
to first-generation nominal epitope peptides and shown in a
two-step encounter-docking model that both antibodies bind
to peptide-liposome conjugates (having a nonphysiologic ori-
entation of MPER peptides, i.e., membrane anchored at their
N terminus) (Fig. 1A) (2). This mode of binding was not
observed with several nonneutralizing antibodies that either
failed to bind (2) or bound in a simple model (Langmuir
model) (S. M. Alam, M. K. Gorny, S. Zolla-Pazner, and B. F.
Haynes, unpublished data). In the current study, in addition to
nominal epitope peptide-liposome conjugates, we have de-
signed a longer (28 residues) biepitope peptide-liposome con-
jugate that includes both 2F5 and 4E10 binding epitopes an-
chored to the membrane at the C-terminal end (physiologic
orientation) of MPER peptides (Fig. 1B). Thus, we first com-
pared the binding kinetics of 2F5 and 4E10 to nominal epitope
and biepitope peptide-lipid conjugates and determined
whether the binding epitopes are similarly presented on the
membrane surface for efficient docking of the MAbs. Figure 2
displays the specific binding of 2F5 (Fig. 2A) and 4E10 (Fig.
2C) MAbs to their nominal epitope and biepitope peptide-
liposome conjugates. As described earlier for the nominal
epitope conjugates, the peptide-specific binding of both the
2F5 and 4E10 MAbs was also biphasic for the biepitope pep-
tide-lipid conjugates. The results in panels B and D in Fig. 2
show that the biphasic binding pattern of MAbs 2F5 and 4E10

could be best described by a two-step “encounter-docking”
model, consistent with our previous report (2) and the work of
Sun et al. (31). The association and dissociation rate constants
(ka and kd) of the encounter, as well as docking steps, are
collected in Table 1. The affinity of MAb 2F5 for both the 2F5
nominal epitope and biepitope peptide-liposomes was higher
than that of MAb 4E10 for the corresponding 4E10 nominal
epitope and the biepitope by an order of magnitude (1 to 2 nM
versus 20 nM). The relatively faster (two- to fourfold) dissoci-
ation rates of the docking step in MAb 4E10 binding compared
to those of MAb 2F5 primarily accounted for the weaker af-
finity of 4E10. This relatively lower docking efficiency is also
reflected in the longer (�50 to 80 s for 4E10 versus 28 to 35 s
for 2F5) time taken for half of the encounter complexes to be
converted to docked complexes (Fig. 2B and D). When the
results for their respective nominal epitope peptide-liposome
and biepitope peptide-liposome conjugates were compared,
the apparent binding constant (Kd) values of 2F5 and 4E10
interaction were similar. However, the docking dissociation
rates differed by twofold between the nominal epitope and the
biepitope conjugates (Table 1). These results suggested that
the orientation of the peptides on the liposomal surface may
differ between the shorter nominal epitope and the longer
biepitope peptides and that such differences might influence
the binding stabilities of the MAbs.

For the purpose of defining the mechanism of binding of
MAbs 2F5 and 4E10 to peptide-liposome conjugates and to
ascertain differences in the antibody binding stabilities be-
tween the nominal epitope and biepitope peptide-liposome
conjugates, we measured the temperature dependence of 2F5
and 4E10 binding to the nominal epitope and biepitope pep-
tide-liposome conjugates by recording the binding kinetics at
different temperatures (Fig. 3). The rate constants and binding
parameters obtained from fitting the time courses to the two-
step encounter-docking model and the free-energy changes
estimated from them are shown in Tables 2 and 3 for 2F5 and
4E10 binding, respectively. The increase in temperature in-
creased the Kd of 2F5 binding to biepitope peptide-liposomes
by 40-fold, because the docking was found to be thermody-
namically less favorable at higher temperature (kd2, �G2 and
%�G in Table 2). However, the Kd of 2F5 binding to its
nominal epitope peptide-liposomes was relatively less depen-
dent on temperature (Fig. 3B), showing only a threefold dif-
ference in Kd values at 10 and 30°C, respectively (Table 2). The
free-energy changes of 2F5 binding remained essentially in-
variant (Table 2). These data showed that 2F5 binding to the
biepitope conjugate was relatively more sensitive to tempera-
ture than binding to the nominal epitope conjugate.

In contrast, a more dramatic effect was observed with 4E10
binding to nominal epitope peptide-lipid conjugates (Fig. 3D).
As observed previously with MAb 2F5, the fitting of these data
to a two-step encounter-docking model revealed that the in-
crease in temperature had a greater effect on the docking step
than on the encounter step (Table 3). 4E10 docking to the
nominal epitope peptide-liposomes showed a 20-fold differ-
ence in kd2 values at 10 and 30°C, respectively (Table 3). 4E10
binding to the biepitope peptide liposomes, however, did not
exhibit such sensitive temperature dependence, showing only a
twofold difference in kd2 values at 10 and 30°C (Fig. 3C and
Table 3). Thus, the energetics of 4E10 binding to the biepitope
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liposomes (Table 3; compare kd2 and Kd2 values for nominal
epitope and biepitope liposomes) were more favorable, show-
ing greater stability over the temperature range studied (Fig.
3C andD).

These kinetics and thermodynamics data suggested that the
orientations of the nominal epitopes of 2F5 and 4E10 were
perhaps different in the two peptide-liposome conjugates. In

order to explain these differences in the binding of MAbs 2F5
and 4E10 to epitope peptides, we next determined the differ-
ences in the orientation assumed by the peptides in the mem-
brane and the variations in secondary structures adopted by
the peptides.

Orientation assumed by HIV-1 gp41 MPER peptides in
membranes. We reasoned that the differences in the docking
of MAbs 2F5 and 4E10 to the membrane-anchored nominal
epitope and biepitope peptides in our study could be due to the
differences in the overall orientation and, more specifically, to
the depth of immersion of key core residues of the MPER
epitope on the liposomes. Hence, it was necessary to compare
the membrane orientation of nominal epitope and biepitope
peptides. When anchored into liposomes, the nominal epitope
and biepitope peptides could assume one of the three possible
orientations: they could project out of the surface of the mem-
brane, lie on the surface or interfacial region of the membrane,
or be embedded into the outer monolayer of the membrane
(illustrated in Fig. 4A to C). To deduce whether the peptides

FIG. 2. Interaction of MAbs 2F5 and 4E10 with MPER peptide-liposome conjugates. (A) Results for binding of MAb 2F5 to 2F5 nominal
epitope peptide-liposome conjugate and biepitope peptide-liposome conjugate are shown. RU, resonance unit. (B) The binding of MAb 2F5 to
2F5 nominal epitope (top) and biepitope (bottom) peptide-liposome conjugates follows the two-step conformational change model. (C and D)
Binding of MAb 4E10 to the 4E10 nominal epitope and biepitope peptide-liposome conjugates as described for panels A and B. In each of the
overlays (B and D), the binding data are shown by solid lines and represent the observed total binding response. The component curves for the
encounter (dotted lines) and docked complexes (dashed lines) were simulated from the experimentally determined rate constants (Table 1). t50
is the time required for half of the encounter complex to be converted to docked complex.

TABLE 1. Rate constants of 2F5 and 4E10 binding to nominal and
biepitope peptide-lipid conjugates

MAb Peptide-lipid
conjugate

Encounter Docking

Kd (nM)ka
(105M�1

s�1)

kd
(10�2

s�1)

ka
(10�2

s�1)

kd
(10�4

s�1)

2F5 Nominal 1.79 5.72 3.06 1.05 1.09
Biepitope 2.34 5.02 2.37 2.32 2.08

4E10 Nominal 1.27 5.97 1.90 8.32 19.65
Biepitope 5.72 5.99 0.92 4.34 26.95
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project out of the surface of the membrane or remain associ-
ated with the membrane, we performed FRET experiments
(scheme is shown in Fig. 4D). The tryptophan fluorescence
spectra of the peptide-liposome conjugates were recorded
in the absence and in the presence of fluorescent probe
DANSYL attached to the polar head group of the lipid in the
liposomal membrane. Figure 4E to G shows the tryptophan
fluorescence spectra of MPER peptides conjugated to unla-
beled liposomes and to 5 mol% DANSYL-PE-labeled lipo-
somes. The decrease in tryptophan fluorescence emissions for
all three peptides, with concomitant increases in DANSYL
fluorescence at 520 nm (Fig. 4E to G), can be attributed to an
efficient FRET process from tryptophan residues of the pep-
tides to the DANSYL moiety attached to the head group of the
phospholipid. Tryptophan and DANSYL are a FRET pair with
a Forster distance of 17 Å (32). The observation of strong
quenching of tryptophan fluorescence suggests that in all three
peptide-liposome conjugates, the majority of tryptophan resi-
dues are either proximal to the membrane or remain mem-
brane associated, although one or two residues could be sol-
vent exposed.

FIG. 3. Temperature dependence of 2F5 and 4E10 binding to peptide-liposome conjugates. Binding kinetics of 2F5 (A and B) and 4E10 (C and D)
were measured at different temperatures, as indicated, for the biepitope (A and C) and 2F5 and 4E10 nominal epitope (B and D) peptide-lipid conjugates.
The specific binding signal was recorded with reference to the signal for peptide-free synthetic liposomes, as described in Materials and Methods. The
data recorded at different temperatures were normalized and are presented as the percent response. RU, relative units.

TABLE 2. Effect of temperature on binding parameters of MAb
2F5 with nominal and biepitope peptide-lipid conjugates

Parametera

Binding of 2F5 at indicated temp to:

Nominal epitope Biepitope

10°C 20°C 30°C 10°C 20°C 30°C

Rate constant
ka1 (105M�1 s�1) 0.84 2.48 2.97 2.74 3.70 3.15
kd1 (10�2 s�1) 16.6 8.30 9.80 4.66 8.81 13.6
ka2 (10�2 s�1) 3.06 3.15 2.79 3.05 3.12 4.72
kd2 (10�4 s�1) 5.28 1.24 1.48 0.20 2.85 4.48

Binding constant
Kd (10�9 M) 0.65 1.30 1.75 0.11 2.16 4.07
Kd1 (10�7 M) 1.21 3.34 3.30 4.63 2.38 4.31
Kd2 (10�2) 0.55 0.39 0.53 0.05 0.92 0.95

Free-energy change
�G (kcal) �12.10 �11.91 �12.13 �12.71 �11.62 �11.63
�G1 (kcal) �9.11 �8.68 �8.99 �8.35 �8.88 �8.82
�G2 (kcal) �2.98 �3.22 �3.16 �4.35 �2.73 �2.80
%�G (�G2/�G) 25 27 26 34 23 24

a ka1, ka2 for association and kd1, kd2 for dissociation processes in encounter
and docking steps, respectively. Kd, Kd1, and Kd2 for overall reaction, encounter,
and docking steps, respectively. �G, �G1 and �G2 for overall reaction, encoun-
ter, and docking steps, respectively.
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Furthermore, to distinguish whether the peptides remain at
the surface of the membrane or at the interfacial region of the
membrane, we have examined the quenching of tryptophan
fluorescence using aqueous and lipidic quenchers. Fluores-
cence quenching by acrylamide is a well established method to
explore the solvent accessibility of tryptophan residues in pro-
teins and peptides (20) and can be used to infer whether
tryptophan residues are exposed or immersed in the lipid bi-
layer (7). The results for quenching of tryptophan fluorescence
of MPER peptide-liposome conjugates by the aqueous
quencher acrylamide are shown in Fig. 5A to C. Plots of the
ratio of fluorescence intensity in the absence of quencher to
that at various concentrations of quencher (Fig. 5D to F)
yielded linear responses, indicating the dynamic nature of the
quenching process (20), with Stern-Volmer quenching con-
stant (KSV) values of 5.2 M�1, 3.4 M�1, and 3.0 M�1 for the
2F5 nominal epitope, 4E10 nominal epitope, and biepitope
peptide-liposomes, respectively. A comparison of KSV values,
which are a direct measure of quenching efficiency, shows that
the tryptophan residues in the 2F5 nominal epitope peptide
are more exposed to aqueous quencher than those of the other
two peptides and thus indicates that the C-terminal region of
gp41 MPER is more likely to be membrane embedded.

Finally, to ascertain the depth of immersion of the trypto-
phan residues in gp41 MPER peptide constructs, we recorded
the tryptophan fluorescence spectra of peptide-liposome con-
jugates in the absence and in the presence of brominated
phospholipids with the bromine attached at either the 6,7 po-
sition or the 9,10 position of the acyl chain of the phospholipid
(schematically shown in Fig. 6A) (5, 16). Figure 6B to D dis-
plays the tryptophan fluorescence spectra of peptide-liposome
conjugates recorded with no DBrPC in the liposomes and with
10 mol% 67DBrPC- and 910DBrPC-labeled liposomes. As can
be seen from Fig. 6C, significant quenching was observed for
the 4E10 nominal epitope peptide when the DBr label was at
the 6,7 position, indicating that one or more tryptophan resi-
dues are lying proximal to this DBr label. The absence of any
significant quenching for the other two peptide liposome con-

jugates, the 2F5 nominal epitope (Fig. 6B) and the biepitope
(Fig. 6D), suggests that tryptophan residues in these peptides
are not proximal to the DBr labels placed at the two different
depths of the bilayer (Fig. 6A).

Taken together, these fluorescence-quenching studies indi-
cate that the 2F5 nominal epitope peptide lies proximal to the
polar head groups of the phospholipid, with its tryptophan
residues more exposed. On the contrary, the 4E10 nominal
epitope peptide resides at the interfacial region of the bilayer,
with much-reduced exposure of tryptophan residues, and one
or more of them are likely to orient into the acyl chain region
proximal to the bilayer interface. These findings are at least
qualitatively consistent with an earlier report based on mem-
brane immersion depth measurements using electron para-
magnetic resonance spectroscopy (31). The biepitope peptide,
based on the results, appears to assume an orientation which is
intermediate between those of the 2F5 and 4E10 nominal
epitope peptides, with the tryptophan residues having rela-
tively more shallow penetration in the membrane bilayer. The
data on the depth of immersion of the tryptophan residues are
consistent with our binding kinetics data. The efficiency of
MAb docking to MPER peptide-lipid conjugates is related to
the relative exposure of the binding epitope on the liposomal
surface. More efficient docking was observed when the MPER
epitope was relatively less immersed in the lipid bilayer. Thus,
our data suggest that the ability of both 2F5 and 4E10 to bind
to lipids may be required to interact with MPER epitopes
embedded into the viral membrane.

Secondary structures adopted by gp41 MPER peptides in
the liposomal membrane. Previously, MPER peptide struc-
tures in solution have been defined to be random by CD
spectroscopic analysis (21). However, more defined secondary
structures have been described for some shorter peptides
(D664–K683) both in solution and in micelle- or liposome-
bound states in infrared (17, 26, 30) and CD spectroscopic
studies (16). More recently, nuclear magnetic resonance spec-
troscopic studies of micelle-bound peptides corresponding to
E662–K683 (31) and S649–K683 (8) revealed that the C-terminal
half of MPER consists of two shorter helices separated by a
short hinge and that the N-terminal half of MPER is mostly
disordered.

In this study, we used sequences Q652–N671 for the 2F5
nominal epitope peptide, S668–K683 for the 4E10 nominal
epitope peptide, and N656–K683 for the biepitope peptide. All
these peptides were conjugated to liposomes via the mem-
brane-anchoring GTH1 sequence placed at their C termini
(Fig. 1B). Since there are no structural studies of membrane-
anchored MPER peptides available, we attempted to define
the secondary structures of these MPER peptides on the
liposomal surface, to obtain correlation between antibody
binding characteristics and the secondary structures
adopted by the epitope peptides in the membrane environ-
ment, by carrying out CD spectroscopic studies. The CD
spectra of the nominal epitope and biepitope peptides con-
jugated to small unilamellar vesicles (P/L ratio of 1:200)
made by probe sonication are shown in Fig. 7. CD spectra
collected for samples at a 1:400 P/L ratio were qualitatively
similar (not shown) and were not used to deconvolute the
different secondary structures due to a low signal-to-noise
ratio. As can be seen from the results in Fig. 7, all peptides,

TABLE 3. Effect of temperature on binding parameters of MAb
4E10 with nominal and biepitope peptide-lipid conjugates

Parameterd

Binding of 4E10 at indicated temp to:

Nominal epitope Biepitope

10°C 20°C 30°C 10°C 20°C 30°C

Rate constant
ka1 (105M�1 s�1) 0.66 1.42 1.92 2.59 2.50 2.21
kd1 (10�2 s�1) —a 5.84 8.13 10.4 9.47 12.4
ka2 (10�2 s�1) 2.77 2.02 1.20 1.15 0.80 1.07
kd2 (10�4 s�1) 0.76 8.34 15.6 4.18 6.29 9.65

Binding constant
Kd (10�9 M) —b 16.39 50.0 14.01 27.78 45.45
Kd1 (10�7 M) —c 4.11 4.24 4.01 3.79 5.62
Kd2 (10�2) 0.28 4.13 13.0 3.63 8.0 9.0

Free-energy change
�G (kcal) �15.48 �10.44 �10.12 �10.17 �10.13 �10.18
�G1 (kcal) �12.16 �8.56 �8.83 �8.28 �8.61 �8.66
�G2 (kcal) �3.31 �4.54 �4.01 �4.45 �4.16 �4.22
%�G (�G2/�G) 21 43 40 44 41 41

a 2.68 � 10�5 s�1.
b 1.11 � 10�12 M.
c 4.05 � 10�10 M.
d See Table 2, footnote a.
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especially the 4E10 nominal epitope peptide and biepitope
peptide, showed characteristic double minima at 222 and
205 nm, indicating the presence of 	-helical structure. In
order to quantify the different secondary structures assumed
by the peptides, the CD spectra were analyzed by using the
K2D program, which utilizes a self-organizing neural net-
work to extract secondary structural features present in the
data from a set of CD spectra of proteins with known struc-
tures (3); the results are shown in Table 4. The 4E10 nom-
inal epitope peptide assumed a predominantly 	-helical
(38%) structure with some �-sheet (8%) structure and sig-

nificant (54%) random structures. The 2F5 peptide adopted
a reduced 	-helical component (29%) with roughly the same
amount of �-sheet structure (29%) along with significant
random (42%) structures (Table 4). The biepitope peptide
adopted secondary structures that are somewhat intermedi-
ate between those assumed by the 2F5 and 4E10 nominal
epitope peptides. Since the membrane-anchoring sequence
was the same in all peptide-liposome conjugates, it is rea-
sonable to assume that the observed differences directly
reflect the differences in MPER peptide structure on the
membrane surface.

FIG. 4. Possible orientations of MPER peptides and membrane proximity of tryptophan residues of MPER peptides. (A to C) Pictorial
representations showing possible orientations that the MPER peptides could assume when conjugated to liposomes. (D) Schematic diagram
showing the location of DANSYL label (star) in the lipid bilayer. The Forster distance (R0) for observing 50% FRET efficiency for the
DANSYL-tryptophan pair is indicated (32). (E to G) Tryptophan-to-DANSYL FRET for 2F5 nominal epitope (E), 4E10 nominal epitope (F),
and biepitope (G) MPER peptide-liposome conjugates. In each panel, the solid curves show the fluorescence spectra of the peptide-liposome
conjugates in the absence of DANSYL-PE, the dashed curves show the fluorescence spectra of peptide-liposome conjugates having 5mol%
DANSYL-PE, and the dotted curves show the fluorescence of DANSYL-PE liposomes with no peptides.
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MPER peptide anchorage on the membrane surface facili-
tates efficient 2F5 and 4E10 binding. Recent studies that have
described the binding of MAbs 2F5 and 4E10 to MPER pep-
tides on liposomes used either no membrane anchor (31) or a
lipidic anchor (8) and relied on the inherent membrane affinity
of the MPER peptides. The importance of membrane anchor-
ing on peptide orientation and the effect on MAb binding have
not been studied. Here and in our previous study (2), we used
a membrane-anchoring sequence (GTH1) to facilitate homo-
geneity in orientation and structure. In order to test the sig-
nificance of membrane anchoring of MPER peptides for dock-
ing of 2F5 and 4E10, we examined their interactions with the
biepitope peptide-liposome conjugate that lacked the mem-
brane-anchoring GTH1 sequence used in our peptide-lipo-
some conjugate design. When added to liposomes, the
biepitope MPER peptide associated with the membrane and
remained at the bilayer interfacial region, as determined by an
increase in tryptophan fluorescence, as well as the existence of
FRET between tryptophans and membrane head group-lo-
cated DANSYL-PE (17, 27; our data not shown). We com-
pared the binding of MAbs 2F5 and 4E10 to the biepitope
MPER peptide anchored on liposomes via the GTH1 sequence
at a P/L ratio of 1:400 (�190 peptides per liposome) with their
binding to the liposome-bound biepitope peptide that lacked
the membrane anchor at P/L ratios of 1:400 and 1:100 (�190
and 760 peptides per liposome). At a surface concentration of
190 peptides per liposome, the steady-state binding of 2F5 to

the membrane-bound biepitope peptide construct was �2.5-
fold lower than its binding to the membrane-anchored
biepitope peptide construct (Fig. 8A). An increase in the sur-
face concentration of peptide to �760 peptides/liposome de-
creased this difference significantly (Fig. 8A). A strikingly dif-
ferent behavior for 4E10 binding to differently presented
(membrane-anchored versus membrane-bound) biepitope
peptide constructs was noted (Fig. 8B). Compared to its bind-
ing to the membrane-anchored biepitope peptide construct,
the binding of 4E10 to the membrane-bound biepitope peptide
construct was lower, and the improvement at the higher con-
centration was smaller than for 2F5 (Fig. 8B). Table 5 com-
pares the rate constants of the encounter and docking steps for
both these constructs. It is evident from the table that the rates
of the encounter step remained comparable and the main
difference was in the docking step. The relatively inefficient
docking of MAb 4E10 to the membrane-bound biepitope pep-
tide construct stems from the relatively slower formation (�19-
fold) and faster dissociation (�sevenfold) of docked com-
plexes.

In order to define whether this inefficient conversion of the
encounter complex into the docked complex is due to any
difference in the structure adopted by the peptide when pre-
sented differently on the membrane, we performed a CD spec-
troscopic comparison of these two constructs (Fig. 9). Inter-
estingly, unlike the membrane-anchored biepitope peptide,
which adopted some 	-helical structure, as revealed by char-

FIG. 5. Evaluation of exposure of membrane-anchored 2F5 and 4E10 nominal epitope and biepitope peptides to aqueous quencher. (A to C)
Tryptophan fluorescence emission spectra of 2F5 nominal epitope (A), 4E10 nominal epitope (B), and biepitope (C) peptide-liposome conjugates
at different added acrylamide concentrations. a.u., arbitrary unit. (D to F) Stern-Volmer plots for the quenching experiments whose results are
shown in panels A to C. Ratio of tryptophan fluorescence intensity of peptide-liposomes in the absence of acrylamide to that at different acrylamide
concentrations (F0/F) as a function of acrylamide concentration.
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acteristic double minima at 222 and 205 nm, the membrane-
bound biepitope peptide remained largely unstructured. Since
the membrane orientation of the membrane-anchored (with
GTH1) biepitope peptide described here is similar to that of
the membrane-bound (without GTH1) biepitope peptide
shown by Sun et al. (31), the difference in secondary structural
features seen in Fig. 9 might be due to constraints imposed by
the attached GTH1 anchor.

DISCUSSION

In this study, using synthetic peptide-liposome conjugates,
we have shown that (i) membrane anchoring is important for
the presentation of 2F5 and 4E10 MPER epitope structure; (ii)
the N and C termini of gp41 MPER are differentially exposed
on the membrane; and (iii) the stable docking of MAbs 2F5
and 4E10 to peptide-liposomes is influenced by the extent of

membrane immersion of the binding epitopes. The results
from our study, as summarized in Fig. 10, can be used to
construct a model that illustrates the presentation of gp41
MPER residues on the liposomal surface and their interactions
with MAbs 2F5 and 4E10. We observed that the docking of
MAb 2F5 to its nominal epitope-liposome conjugate was more
efficient than that of MAb 4E10 and that this difference in
MAb binding could be explained by the differences in the level
of immersion of the MPER epitopes in the lipid bilayer. Thus,
the efficiency of MAb docking correlated well with the more
exposed nature of the 2F5 nominal epitope peptide on the
membrane surface versus the less exposed orientation of the
4E10 nominal epitope peptide, which had one or more tryp-
tophans immersed into the acyl chain region of the bilayer. In
our biepitope peptide-liposome constructs, we observed more
efficient docking of both 2F5 and 4E10 and, thus, this construct

FIG. 6. Evaluation of membrane insertion of 2F5 and 4E10 nominal epitope and biepitope peptides. (A) Chemical structures of DBr lipids used
in the experiment. The positions of DBr labels and Forster distance (R0) requirements for observing 50% quenching efficiency (5) are also shown.
(B to D) Tryptophan fluorescence spectra of 2F5 nominal epitope (B), 4E10 nominal epitope (C), and biepitope (D) peptide-liposome conjugates.
In each panel, the solid curves show the spectra recorded with no DBr lipids and the dotted and dashed curves show the spectra recorded with
10 mol% 67DBrPC and 910DBrPC liposomes, respectively. a.u., arbitrary unit.
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design could be a potential immunogen for the induction of
neutralizing MPER antibodies.

The mechanism that leads to the affinity enhancement at the
membrane interface could be due to direct interaction of
MAbs 2F5 and 4E10 with membrane lipids via their CDR3
loops (6, 25), thereby increasing the stability of the MAb-
epitope complex. It has also been suggested that the lipid
binding properties of MAbs 2F5 and 4E10 (14, 27) aid in their
gaining proximity to the membrane-bound MPER epitopes
and thereby result in a stable MAb-epitope interaction, as the
binding of 2F5 and 4E10 was best explained by the two-step
encounter-docking model (2). The requirement of lipid bind-
ing in HIV-1 neutralization is supported by the results of our
recent studies that showed loss of neutralization of HIV-1 by

CDR H3 2F5 and 4E10 mutants that were designed to have
impaired lipid binding ability without alteration of epitope
binding (1; S. M. Alam, presented at HIV Vaccines: Progress
and Prospects, Banff, Alberta, Canada, 27 March to 1 April
2008). While these reports demonstrated the role of lipid re-
activity in binding to membrane-embedded MPER epitopes
and in HIV-1 neutralization, the orientation of the epitopes
and its influence on antibody binding remained to be de-
scribed.

The binding characteristics of both 2F5 and 4E10 to the
carboxyl terminus-conjugated nominal epitope MPER pep-

FIG. 7. CD spectra of MPER peptides conjugated to small unila-
mellar liposomes. Smoothed CD spectra (see Materials and Methods)
are shown for 2F5 nominal epitope (A), 4E10 nominal epitope (B),
and biepitope (C) MPER peptide-liposomes. The P/L ratio was kept at
1:200.

FIG. 8. Comparison of 2F5 and 4E10 binding to biepitope MPER
peptide presented differently on liposomes. Binding of 2F5 (A) and
4E10 (B) to membrane-anchored biepitope MPER peptide (solid
lines) at a P/L ratio of 1:400 and membrane-bound biepitope MPER
peptide at P/L ratios of 1:400 (dotted lines) and 1:100 (dashed lines).
The surface concentrations of peptides are also indicated. RU, reso-
nance unit.

TABLE 4. Secondary structures adopted by MPER peptides when
conjugated to liposomesa

Peptide % 	-Helix % �-Sheet % Randomb

2F5 nominal epitope peptide 29.0 29.0 42.0
4E10 nominal epitope peptide 38.0 8.0 54.0
Biepitope peptide 33.0 17.0 50.0

a Determined by deconvolution of CD spectra of the peptide-lipid conjugates.
b Includes beta bends, which are not well estimated by the method employed

here (3).

TABLE 5. Comparison of rate constants of 4E10 binding to
membrane-anchored and membrane-bound biepitope

MPER peptide constructs

Peptide-lipid
conjugate

Encounter Docking

Kd (nM)ka
(105M�1

s�1)

kd
(10�2 s�1)

ka
(10�3 s�1)

kd
(10�3 s�1)

Membrane
bound

1.9 6.6 0.6 3.4 20.0

Membrane
anchored

1.0 4.7 11.1 0.5 19.4
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tide-liposomes used in this study, which are more physiologic
than the amino terminus-conjugated constructs used previ-
ously (2), were quite similar. As observed with the N terminus-
conjugated peptide-liposomes, the binding of MAbs 2F5 and
4E10 was biphasic and best described by a two-step encounter-
docking model, with the 2F5 MAb forming a more favorable
complex than 4E10 (Fig. 2 and Table 1) (2). Striking differ-
ences, however, were evident in the binding stability of the
MAbs (Table 1 and Fig. 3A and B) (2). The marked binding
stability noted for MAb 2F5 in the constructs used here might
be due to the more native C-terminal anchoring of peptides,
unlike the N-terminal anchoring strategy used before (2). It is
likely that the relatively lower 2F5 binding stability observed in
the previous study (2) was due to the constraints imposed on
the 2F5 epitope region by the membrane upon N-terminal
anchoring of peptides. The biepitope peptide-liposome conju-
gate is a more physiologic mimic, as it consists of the entire
MPER region anchored to the liposomes and offers the ad-
vantage of using the same construct to examine the binding of
both 2F5 and 4E10 (solid lines in Fig. 2A and C). Our results
clearly show that the biepitope peptide-liposome construct
provides a more favorable MPER epitope orientation for
docking of both 2F5 and 4E10 (Fig. 2).

We have used an artificial peptide membrane anchor in our
design of peptide-liposome complexes, and therefore, such
liposome constructs may not be similar in the membrane ori-
entation of MPER within the context of the envelope trimer.
However, recent studies using such artificial systems have pro-
vided data to generate models of gp41 MPER membrane ori-
entation (31). The clear correlation that exists between effi-
cient docking of antibodies and the nature of the orientation of
epitope peptides in the liposomal membrane is noteworthy.
Antibody docking was more efficient when the epitope peptide
was solvent exposed (stable docking of 2F5 to its nominal
epitope peptide) but was less efficient if the epitope peptide
was immersed in the membrane (less efficient docking of 4E10
binding to its nominal epitope). The efficiency of docking to
the biepitope peptide of 2F5 and 4E10 remained in between
the above two extremes, suggesting that the peptide assumes a

somewhat intermediate orientation with probably minor vari-
ations in the immersion depth of key residues involved in MAb
binding. These data also suggest that the length of the peptide
sequence plays a role in determining the membrane immersion
depth of key residues. A recent study (17) which calculated the
energetics of interaction of different segments of MPER with
the membrane interface reported that the free energy for par-
titioning from water into membrane interfaces was highest for
the D664–K683 stretch of MPER and that extending the se-
quence at the N terminus of this stretch progressively de-
creased the free energy. Based on these energetics data, one
would predict that the S668–K683 stretch of MPER that we used
in our 4E10 nominal epitope peptide would be more readily
immersed in the membrane than the longer biepitope peptide
that contains 12 additional amino acid residues N terminal to
it (N656–K683), while the 2F5 nominal epitope peptide (Q652–
N671), which contains residues of the N terminus of MPER,
would be the least immersed in the membrane. Thus, our
membrane immersion data and the energetics of 2F5 and 4E10
binding are in agreement with this prediction.

Besides the differences in the nature of their membrane
orientations, any variation in the structure adopted by the
epitope peptides could influence the mode of their interaction
with MAbs 2F5 and 4E10 differently. Thus, a key question that
needed to be addressed was whether the MPER peptides
adopted a unique structure in the membrane environment that
favored the docking of 2F5 and 4E10. Even though high-
resolution structures of MPER peptides of various lengths in
micelles or bicelles have been reported (8, 31), no high-reso-
lution structure of membrane-bound MPER peptide is avail-
able except for a structure based on the electron paramagnetic
resonance-measured membrane immersion depth parameters
of MPER amino acid residues (31). The CD spectroscopic

FIG. 9. CD spectra of biepitope MPER peptides presented differ-
ently on small unilamellar liposomes. Smoothed CD spectra of mem-
brane-anchored and membrane-bound biepitope MPER peptides at a
P/L ratio of 1:200.

FIG. 10. Pictorial representation of differential membrane immer-
sion of nominal epitope and biepitope MPER peptides influencing the
efficiency of 2F5 and 4E10 docking. The 2F5 and 4E10 binding regions
of MPER are rendered from their respective Fab-bound crystal struc-
tures (6, 25). The different immersion depths indicated for nominal
epitope and biepitope peptides in the lipid bilayer were inferred from
the fluorescence-quenching and FRET experimental results. The rel-
ative stabilities of 2F5 and 4E10 docking shown were derived from the
temperature dependence of antibody binding to the respective nomi-
nal epitope and biepitope peptide-liposome conjugates. N/A, not ap-
plicable. Trp-exposed row, �� and � indicate a KSV value of 5.0 and
�3.0 M�1, respectively, in acrylamide quenching experiment. Trp-
burried row, � and � represent a �25% and 
25% quenching of
tryptophan fluorescence, respectively, by dibromo lipids. Rows of 2F5
and 4E10 docking, �� and � represent no change and a twofold
change, respectively, in %�G (�G2/�G) on increasing temperature
from 10 to 30°C.

VOL. 83, 2009 MECHANISM OF 2F5 AND 4E10 BINDING TO HIV-1 gp41 MPER 10221



experiments showed that the nominal epitope and biepitope
peptides adopted ordered structures with different helical con-
tents (Table 4). The 4E10 nominal epitope peptide had the
highest helical content, whereas the 2F5 nominal epitope pep-
tide had a lower helical content, with the biepitope peptide
adopting a helical content intermediate between these two
peptides. These low-resolution structural data provide some
insight about the overall secondary structural elements present
in the membrane-anchored state but do not give the much-
needed information on the conformation of the epitopes.

However, we have managed to address this very important
issue for the 4E10 epitope region by exploring the significance
of membrane anchorage of MPER peptides. The comparison
of the antibody binding characteristics and secondary struc-
tures of membrane-anchored and membrane-bound biepitope
MPER peptides clearly revealed that membrane anchorage
induces helical structures of MPER peptides, resulting in en-
hanced binding of MAb 4E10. Our finding is consistent with
the crystal structure showing 4E10-bound epitope peptide
adopting a helical structure (6). Together, these observations
indicate that perhaps a transmembrane domain is needed for
the 4E10 epitope region of the MPER to adopt a proper
helical structure. On the other hand, 2F5 binding does not
seem to have a preference for a more ordered structure of
biepitope MPER peptide, because an increase in peptide con-
centration could reduce the difference in 2F5 binding levels
between membrane-anchored and membrane-bound biepitope
MPER peptides. Thus, it is possible that the 2F5 epitope re-
gion of the membrane-displayed biepitope MPER peptide
does not have an ordered structure. This interpretation is con-
sistent with recent nuclear magnetic resonance studies of mi-
celles at pH 6.0 that showed that the N-terminal part of MPER
did not have a regular secondary structure by itself (8) or in its
2F5-bound state (25). It is likely that the N terminus of gp41
MPER is engaged with some other component of HIV-1 Env
protein (19). Such interactions might make the 2F5 epitope
inaccessible to gp41 MPER-specific antibodies.

An important implication of our results is that only rare
MPER antibodies that can bind to both lipids and MPER
epitopes will be able to bind to native gp41 on the viral mem-
brane surface. There are several lines of evidence that favor
this hypothesis. Our binding kinetics data suggest that although
some gp41 antibodies might be able to form the encounter
complex with gp41 MPER, their inability to interact with mem-
brane-embedded residues will make them ineligible to form a
stable docked complex. This is particularly true for the 4E10
epitope that remains largely immersed in the membrane inter-
facial region (31). The results described above also show that
MAb docking was enhanced in the biepitope peptide-liposome
construct, in which the depth of membrane immersion of the
binding epitope was relatively more favorable for antibody
binding. Nonneutralizing antibodies, like 13H11, that do not
bind to lipids failed to bind peptide-lipid conjugates (2). Other
nonneutralizing MAbs, like the cluster II MAbs 126-6 and
167-D, were only able to form the encounter complex, and the
resulting weak-affinity interactions with peptide-lipid conju-
gates (Alam et al., unpublished data) could explain their in-
ability to neutralize HIV-1. The 2F5 epitope, although more
solvent exposed than the C-terminal region of MPER, may still
have a critical residue immersed in the lipid bilayer. A possible

candidate might be the W666 residue in the core 664DKW666

epitope (31). Moreover, the randomness of the N-terminal
region suggests that in the prefusion gp41 state, this portion of
the MPER may interact with some other component of HIV-1
Env (19) or be occluded in the gp41 trimer (11, 22) and may
not be accessible to MAb binding (22). Thus, both the 2F5
epitope and the 4E10 epitope of gp41 MPER may not be
exposed in the prefusion state of gp41(11, 22). This is consis-
tent with our recent finding that MPER MAbs, including 2F5
and 4E10, do not bind to native prefusion gp41 on native virion
membranes (S. M. Alam, M. Morelli, S. M. Dennison, H. Liao,
R. Zhang, S. Xia, S. Rits-Volloch, L. Sun, S. Harrison, B. F.
Haynes, and B. Chen, unpublished data) and the designed
trimer of Liu et al. (22). Since both 2F5 and 4E10 bound
strongly, with slower dissociation rates, to a trimeric gp41 in-
termediate protein (11), it is likely that the MPER-neutralizing
epitopes are only exposed in the fusion intermediate state
following coreceptor triggering of HIV-1 Env. It is possible,
therefore, that the membrane-embedded residues may be ex-
posed in the intermediate gp41 structure; this is consistent with
our binding kinetics data showing more favorable docking of
4E10 to the biepitope construct, in which the C-terminal re-
gion was relatively less immersed in the membrane bilayer.
Since we observed strong binding of both 2F5 and 4E10 to the
MPER peptide-liposome conjugates, we can conclude that the
liposomal form of our MPER peptide constructs is not repre-
sentative of the prefusion gp41 state but is likely to be repre-
sentative of an advanced intermediate or postfusion state of
gp41.

Our findings are very significant in the context of HIV-1
vaccine development. To date, attempts to elicit broadly neu-
tralizing MPER antibodies have not been successful. It is be-
lieved that the neutralizing MPER antibodies are not made
either due to the difficulty in presenting the correct MPER
conformation to the immune system or due to the tolerance
mechanism involving the immune system (13, 24). The study
described here is an important step forward in designing im-
munogens that encompass both the membrane and epitope
components for the purpose of presenting a near-native
MPER structure. We have demonstrated that membrane-an-
chored MPER peptides adopt structures and/or orientations
that favor efficient docking of MPER antibodies. Thus, the
MPER peptide-liposome conjugates described here can poten-
tially be used as immunogens for inducing HIV-1-neutralizing
MPER antibodies either alone or with appropriate adjuvants
incorporated in them.
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