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ABSTRACT: Membrane fusion between the human immunodeficiency virus (HIV) and the target cell plasma
membrane is correlated with conformational changes in the HIV gp41 glycoprotein, which include an
early exposed conformation (prehairpin) and a late low energy six helix bundle (SHB) conformation also
termed hairpin. Peptides resembling regions from the exposed prehairpin have been previously studied
for their interaction with membranes. Here we report on the expression, purification, SHB stability, and
membrane interaction of the full-length ectodomain of the HIV gp41 and its two deletion mutants, all in
their SHB-folded state. The interaction of the proteins with zwitterionic and negatively charged membranes
was examined by using various biophysical methods including circular dichroism spectroscopy, differential
scanning calorimetry, lipid mixing of large unilamellar vesicles, and atomic force microscopy (AFM).
All experiments were done in an acidic environment in which the protein remains in its soluble trimeric
state. The data reveal that all three proteins fold into a stable coiled-coil core in aqueous solution and
retain a stable helical fold with reduced coiled-coil characteristics in a zwitterionic and negatively charged
membrane mimetic environment. Furthermore, in contrast with the extended exposed N-terminal domain,
the folded gp41 ectodomain does not induce lipid mixing of zwitterionic membranes. However, it disrupts
and induces lipid mixing of negatively charged phospholipid membranes (∼100-fold more effective than
fusion peptide alone), which are known to be expressed more in HIV-1-infected T cells or macrophages.
The results support the emerging model in which one of the roles of gp41 folding into the SHB conformation
is to slow down membrane disruption effects induced by early exposed gp41. However, it can further
affect membrane morphology once exposed to negatively charged membranes during late stages.

The initial step of viral infection is mediated by viral
envelope proteins (1). In the case of the human immunode-
ficiency virus (HIV)1, the envelope protein forms a trimer,
with each monomer consisting of two noncovalently associ-
ated subunits: a surface subunit gp120 and a transmembrane
subunit gp41. Gp41 and gp120 are proteolytic products of
the gp160 precursor (2). Gp41 is comprised of three

functional domains: a cytoplasmic domain, a transmembrane
domain, and an ectodomain, which is the most conserved
region of gp41. The ectodomain contains four major func-
tional regions: closest to the viral membrane is a Trp-rich
pretransmembrane domain (PTD), followed by a C-terminal
heptad repeat (CHR), an N-terminal heptad repeat (NHR),
and a stretch of 15 hydrophobic residues, located at the
N-terminus and termed the fusion peptide (FP) (2-4) (Figure
1).

Gp120 binds to a CD4 receptor in the target membrane
and undergoes conformational changes that allow it to
interact with a chemokine receptor, the coreceptor on the
target membrane (5). These interactions trigger a cascade
of conformational changes in gp120 and gp41 that result in
fusion induction of the viral envelope with the target
membrane, thereby initiating infection (6, 7). As a conse-
quence of the conformational changes, the N-terminus of
gp41 becomes exposed and interacts with the target cell
membrane. This creates a prehairpin intermediate (PHI) that
bridges both viral and cellular membranes (2, 8). The PHI
is characterized by exposed NHR and CHR regions, is short-
lived, and collapses after up to 30 min into a low-energy
conformation of six helix bundle (SHB) (9, 10). In the SHB
conformation, the R-helical CHR regions are packed into
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hydrophobic grooves on the surface of the NHR coiled-coil
in an antiparallel manner (8).

The necessity of SHB for the transition from the prefusion
to the postfusion state was demonstrated extensively by
mutagenesis (11, 12) and by ectodomain derived synthetic
peptides that inhibit its formation, resulting in the inhibition
of the fusion process (7, 10, 13-16). On the basis of these
findings and on the fact that SHBs are found in many viral
proteins, it has been assumed that the SHB is the postfusion
thermo-stable conformation of gp41 (8, 9, 14, 17), and it
serves to bring the viral and cell membranes into close
apposition, while the FP and the transmembrane spanning
domain are responsible for membrane fusion and pore
expansion (1, 2, 18). However, other regions were found
within gp41 that could be directly involved in membrane
destabilization and fusion (4, 19, 20, 34, 41-44). Further-
more, recent studies also revealed that a SHB core complex
comprised of synthetic peptides is stable in the presence of
zwitterionic PC phospholipid membranes that are the major
component of the outer surface of cells but are unstable in
the presence of negatively charged phosphatidylserine (PS)
membranes (19, 20). The outer leaflet of cells is composed
mainly of zwitterionic phospholipids. Nevertheless, studies
on the association of apoptosis (not bystander apoptosis, ref
21) with the progression of acquired immune deficiency
syndrome (AIDS) have revealed that PS, a hallmark of
programmed cell death, is expressed at elevated levels in
HIV-1-infected T cells or macrophages (22, 23). In addition,
syncytium formation has been shown to amplify apoptotic
signals (24).

Despite the enormous studies described above, the influ-
ence of the membrane on the structure, core stability, and
membrane perturbing activity has not yet been studied using
the entire gp41 ectodomain. The poor solubility of gp41 when
expressed in Escherichia coli has required the use of chimera
proteins, deletion mutagenesis, or limited proteolysis to
generate soluble gp41 ectodomain constructs (14, 25-27).
These approaches have led to the removal of functional
determinants that are located outside SHB domain, such as
the FP, the PTD, and the loop, that are directly involved in
the lipid mixing event during membrane fusion (8, 17, 27, 28).

Here we report on the expression, purification, thermal
stability, and characterization in solution and membranes of
the entire gp41 ectodomain, as well as its two deletion
mutants (Figure 1): (i) the gp41 ectodomain lacking the FP
and the polar region (termed extended core/e-core) and (ii)
the gp41 ectodomain lacking the PTD, the polar region, and
the FP (termed core). The results support the emerging model

in which one of the roles of gp41 folding into SHB
conformation is to slow down membrane disruption effects
induced by early exposed gp41. However, it can further affect
membrane morphology once exposed to negatively charged
membranes during late stages.

MATERIALS AND METHODS

Materials. LPC and PC (from egg yolk) were obtained
from Sigma. LPS and PS (from porcine brain) were obtained
from Avanti. N-(lissamine rhodamine B sulfonyl) dio-
leoylphsphatidylethanolamine (Rho-PE) and N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl) dioleophosphatidylethanolamine (NBD-
PE) were purchased from Molecular Probes (Eugene, OR).
All other reagents were of analytical grade.

HIV-1 gp41 Ectodomain Cloning, Expression, and Puri-
fication. Gp41 from the HIV-1 strain HXB2 was cloned into
a pET24d plasmid (29) between HindIII and BamHI sites.
For this, the intrinsic HindIII site was canceled by directed
mutagenesis. Also the two cysteines in the loop were mutated
to alanines. The sequence of the ectodomain starts from 512
and extends to 684, the sequence of e-core starts from 546
to 684, and the sequence of the core starts from 538 to 666
(Figure 1). Asparagine and glycine were inserted between
TrpdelE and gp41 for future nonenzymatic cleavage. The
proteins were expressed in BL21 pLys S E. coli grown in
Luria Broth (LB) supplemented with kanamycin up to an
OD600 of 0.4. Then 1 mM of IPTG was added to induce
expression. The chimeras were located in inclusion bodies
and were purified by sonicating the cells and centrifugation
at 15 500 rpm at 4 °C for 30 min, following washing the
inclusion bodies six times with Lysis buffer (50 mM Tris at
pH 7.0, 100 mM NaCl, 5 mM ethylenediaminetetraacetic
acid, 0.1 mM phenylmethanesulphonyl fluoride, 0.1% Triton
X-100). The purified chimeras were then nonenzymatically
cleaved by hydroxylamine between asparagine and glycine
(30). The products of the reactions were separated by reverse
phase high-performance liquid chromatography at 80 °C
using a C18 column and a gradient of 25-80% acetonitrile
in water during 40 min. The eluted proteins were then
dialyzed for 24 h against 50 mM sodium formate buffer (pH
3) at 4 °C using a 3 kDa cutoff dialysis cassette. The dialyzed
proteins were concentrated by centricones (Millipore) and
verified by mass spectrometry. The construct of the core was
treated differently as it was in the soluble fraction of the
cell. Cells were lysed in the presence of glacial acetic acid,
and the protein was purified as previously described (31).

FIGURE 1: Cartoon of the HIV primary structure showing the structural and functional regions as well as their relative lengths. Below the
scheme are displayed the proteins that were expressed and utilized in this study. The residues are numbered according to their position in
gp160.
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Preparation of Large Unilamellar Vesicles. Thin films of
PC or PC:PS (3:2) were generated from a solution of the
lipids in a 2:1 (v/v) mixture of CHCl3/MeOH that was dried
under a stream of nitrogen while rotating. Two populations
of films were generated: (1) lipid only mixtures, termed
unlabeled, and (2) the same lipid mixture containing 0.6%
molar of NBD-PE and Rho-PE each, termed labeled. The
films were lyopholized overnight, sealed with argon gas to
prevent oxidation, and stored at -20 °C. Before the
experiment, the films were suspended in phosphate buffered
saline (PBS) buffer -/- (without Ca2+ and Mg2+) and
vortexed for 1.5 min. The lipid suspension underwent five
cycles of freezing-thawing and then extrusion through
polycarbonate membranes with 1 and 0.1 µm diameter pores
to create LUVs as envisioned by negative staining electron
microscopy.

Fluorescence Spectroscopy. All fluorescence measure-
ments were performed on a SLM-AMINCO Bowman series
2-luminescence spectrometer at room temperature. Typical
spectral bandwidths were 8 nm for excitation and 8 nm for
emission. The sample was placed in a 5 mm × 5 mm quartz
cuvette with constant magnetic stirring. The data were
corrected for background intensities and progressive dilution.

Lipid Mixing Assay. Lipid mixing of LUVs was measured
using a fluorescence-probe dilution assay. LUVs were
prepared with PBS, as described above, and then diluted with
50 mM sodium formate buffer at pH 3 to a final concentra-
tion of 100 µM in a mixture of unlabeled and labeled films,
at a 9:1 ratio. The basal fluorescence level was measured
initially for a 400 µL vesicle mixture. Then, proteins
dissolved in a maximum volume of 20 µL of sodium formate
buffer were added. Fluorescence was monitored for a
maximum of 10 min after addition of the protein, to ensure
a steady state, as indicated by a plateau. The emission of
NBD, the energy donor, was monitored at 530 nm with the
excitation set at 467 nm. Fluorescence intensity before
protein addition was referred to as 0% lipid mixing. A 100%
lipid mixing was normalized according to the signal obtained
after addition 0.03% Triton-X-100.

Preparation of Supported Lipid Bilayers for Atomic Force
Microscopy (AFM). Supported lipid bilayers were prepared
using the vesicle fusion method (32). Briefly, PC and PC:
PS (3:2) LUV suspensions (1 mM, 70 µL) were deposited
onto freshly cleaved mica squares (1 cm2) and allowed to
adsorb and fuse on the solid surface for 4 h at 25 °C. Samples
were then placed in an atomic force microscope.

AFM Experiments. Supported bilayers were investigated
using a MultiMode atomic force microscope with Nanoscope
V controller (Veeco Metrology LLC, Santa Barbara, CA)
equipped with a small scanner (E-scanner). AFM images
were obtained in semicontact mode in the buffer solution at
room temperature (23-25 °C). The long series of images
has been taken regularly before protein injection. This was
done to verify that the effect of protein interaction with the
membrane is not produced by the prolonged scanning itself.
Furthermore, before adding the protein solution, the AFM
probe was withdrawn on 150-200 nm only to ensure a
change tracking at the same area. The scanning has been
resumed immediately after protein injection and continued
over the same amount of time as the series before the
injection. In addition, the “reference point”, like single small
membrane corrugation, was checked before and after the

protein injection where it was possible to verify again that
the same area was scanned. The proteins were dissolved in
50 mM sodium format buffer (pH 3). Next, they were
injected into the buffer to reach approximately 0.9 µM
protein concentration, and images were taken continually
every 3-5 min. All images were recorded using oxide-
sharpened microfabricated Si3N4 cantilevers (DNP-S, Veeco
Metrology LLC, Santa Barbara, CA) with a spring constant
of ∼0.12 N/m (manufacturer specified) and at a scan rate of
1.5-3.5 Hz.

CD Spectroscopy. The CD spectra of the proteins were
measured in an Aviv 202 spectropolarimeter. The spectra
were scanned with a thermostatted quartz optical cell with a
path length of 1 mm. Spectra were recorded at 1 nm intervals
with an average time of 10 s, at a wavelength range of
260-190 nm. The proteins were scanned at a 5 µM
concentration in three different environments: 50 mM sodium
formate buffer (pH 3), LPC 1%, and LPC:LPS 1% (3:2).
The signals of the buffer, LPC 1%, and LPC:LPS 1% (3:2)
before adding the proteins were subtracted from the signals
after protein addition. Following spectral acquisition, thermal
melts were recorded at 222 nm and were based on the
following parameters: temperature range (25-110 °C),
temperature step of 3 °C, 10 s averaging time, 2 min
incubation prior to each measurement, and 1 min ramp for
each 2 °C temperature increase.

DSC. DSC was run in a Nano II differential scanning
calorimeter (Calorimetry Sciences Corp., Linden, UT). The
cell volume was 0.34 mL. The gp41 ectodomain (4.2 mg)
was dissolved in 2 mL of 50% acetonitrile/water with 0.1%
trifluoroacetic acid and dialyzed in Pierce dialysis cassettes
(10kD cutoff) against two changes of 500 mL each of 50
mM formic acid, pH 3 at 4 °C. The final solution concentra-
tion was 40 µM protein, as determined by the bicinchoninic
acid (BCA) protein assay (Pierce) in triplicate aliquots of
20 µL each. Protein was kept at 4 °C until use. DSC was
run from 20 to 125 °C, at 2°/min, against 50 mM formic
acid at pH 3. Data were plotted in Origin 5.0 and analyzed
with the program DA-2 provided by MicroCal, Inc.

RESULTS

Expression and Purification of gp41 Ectodomain, e-Core,
and the Core. We expressed the gp41 ectodomain fused to
trpdelE carrier protein in E. coli. The trpdelE directs the
protein to inclusion bodies, thus surpassing the problem of
the nonsolubility of the protein. After purification of the
expressed chimera, nonenzymatic cleavage (30), purification,
and refolding were performed. Both the entire ectodomain
and the extended core were isolated using this methodology.
Figure 2 shows an example of sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) of samples
taken from three stages in the expression and purification
process of the full-length HIV gp41 ectodomain. Note that
the purified protein appears in two lanes. Both lanes are the
pure protein as verified by mass spectrometry and represent
monomer and dimer states. SDS is an acidic detergent which
disrupts the isolated SHB core (8, 19) and hence prevents
the formation of trimers. However, because of the high
hydrophobicity of the entire ectodomain, it can dimerize
under these conditions similarly to those of membrane
proteins. The core alone of gp41 is not toxic to the cells,
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and hence it was expressed in E. coli as a soluble protein.
All experiments were done in an acidic environment, since
it has been shown previously that the gp41 ectodomain,
containing the core and the loop of HIV-1 (33) and simian
immunodeficiency virus (SIV) (26), and gp41 tend to
aggregate at neutral pH, whereas at pH 3 the protein stays
in its soluble trimeric state. All three proteins analyzed in
this work were treated with proteinase K and revealed a
protease resistant core (data not shown), which implies
correct folding under the conditions used. In addition, CD
analysis showed a high R-helical structure, as described
below.

Lipid Mixing ActiVity of gp41 Ectodomain and Its Mutants.
We compared the lipid mixing activity of gp41 ectodomain,
e-gp41, and the core segment using both zwitterionic (PC)
and negatively charged (PC/PS) lipids. PC is the major
component of the outer leaflet of uninfected cells, whereas
PS, a hallmark of programmed cell death, is expressed at
elevated levels in HIV-1-infected T cells or macrophages
because of the association of apoptosis with the progression
of AIDS (22, 23). We used as a reference the fluorescent
signal obtained after the addition of 0.03% Triton to the
liposome solution. The data, shown in Figure 3 panels a and
b, reveal that all three proteins are remarkably active in
inducing fusion of negatively charged membranes, while they
are practically inert toward zwitterionic membranes. The
gp41 is active already at a 0.0005 peptide/lipid molar ratio.
For comparison, the most fusogenic domain of gp41 found
so far, which comprises the 70-aa of the extracelluar domain
of gp41, containing both the FP and the NHR (34) or a
trimeric HIV-1 FP construct (18), is about 10-fold less active
under similar conditions, whereas the FP alone is about 100-
fold less active (20, 34). Note that this pH is lower than that
commonly used in fusion assays of HIV-1 derived peptides
(pH ≈ 7.0) (18, 34). Under low pH, protonation of the
carboxyl group in the PS headgroup in PS vesicles results
in major changes in the effective shape of PS (35). However,
fusogenic regions within gp41 such as N-54; ref 20) preserve
their ability to induce fusion of PS/PC vesicles also at pH 3
(data not shown). We also monitored the kinetics of the
membrane fusion, and the data are shown in Figure 3c. The
data reveal that all three proteins act immediately after their
addition to the liposome solution.

Real-Time AFM Exhibits Nanoscale Holes in NegatiVely
Charged Membranes Induced by the gp41 Ectodomain and
Its Mutants. Topographic images obtained for PC and PC:
PS (3:2) bilayers in sodium formate buffer (50 mM, pH 3)
revealed a single phase, continuous membrane layer, roughly
5 nm deep (data not shown). The ectodomain, the e-core,
and the core (∼0.9 µM) were added under the same
conditions to the two different types of bilayers. Topographic
images of a constant square (1 µm × 1 µm) were taken every
3-5 min. Figure 4 shows three representative pictures of
each protein with the two different bilayers. In agreement
with the lipid mixing results, all three proteins acted in a
similar way: their effect on PC bilayers was insignificant,
while on PC:PS they caused a dramatic and equivalent
damage to the membrane. The membrane destruction caused
by the proteins was gradual; after the first 25 min, the
nanoholes depth extended only to the upper layer (∼2 nm),
and after 40 min it expanded to the whole bilayer (∼4 nm)
(see movie in the Supporting Information).

Secondary Structures of gp41 Ectodomain and Its Mutants
in Solution and Micelles. CD spectroscopy was used to
examine the influence of zwitterionic and negatively charged
membrane mimetic environments on the structure of the three
proteins. The CD spectrum of each protein was recorded at
25 °C, in 50 mM sodium formate buffer at pH 3 and in two
different membrane mimetics, 1% LPC and 1% LPC:LPS
(3:2) micelles. The data, shown in Figure 5, clearly dem-
onstrate that the spectra of all proteins examined in buffer
and in micelles have double minima at ∼208 and ∼222 nm,
characteristic of an R-helical structure. The data reveal the

FIGURE 2: SDS-PAGE of samples taken from three stages in the
expression and purification process of the HIV gp41 ectodomain.
Lane a, uninduced cells; lane b, induced cell by IPTG where the
most obvious band represents the ectodomain attached to the
trpdelE; lane c, pure gp41 ectodomain obtained by nonenzymatic
cleavage and separation in the HPLC. The two bands in c represent
monomer and dimer states (see Results section).

FIGURE 3: Dose-dependent lipid mixing of PC:PS (3:2) LUV (a)
and PC LUV (b), induced by the ectodomain, the extended core,
and the core. Bars in a and b indicate the standard deviation of
experimental measurements. Protein aliquots were added to 100
µM LUV containing 10% prelabeled LUV with 0.6 mol % NBD-
PC and Rho-PC in PBS buffer. Fluorescence intensity was measured
5 min after addition of the proteins. The reference was the
fluorescent signal obtained after the addition of Triton X-100 to
the LUV solution to a final concentration of 0.03%. The results in
panel a were plotted as a function of the peptide/lipid molar ratio.
The kinetics of the lipid mixing assay (c). The changes in the
fluorescence (arbitrary units) plotted vs time (s), after adding a
protein (peptide to lipid molar ratio of 0.0025), are shown. The
protein’s core, the extended core, and the ectodomain are shown
in panels A, B, and C.
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following order of helicity: core > e-core > ectodomain
(Figure 5). This is expected since the core segment is the
main contributor of the R-helical structure in the gp41
ectodomain and the fractional helicity of a protein is directly
proportional to its mean residue ellipticity at 222 nm.
Furthermore, the ratio θ222/θ208 can be indicative of the extent
of coiled-coil in proteins (36, 37). Here a reduction in the
ratio θ222/θ208 in micelles compared to buffer suggests less
coiled-coil structure in the micelles compared to buffer. The
smallest effect is observed with the entire ectodomain in
which the contribution of the R-helical structure is the lowest
one.

Thermal Stability of gp41 Ectodomain and Its Mutants in
the Absence and Presence of Lipids. The stability of a protein
depends on its tertiary structure. We analyzed the thermal
stability of the gp41 ectodomain, e-gp41, and the core protein
in membrane mimetic and aqueous environments, by moni-
toring the melting profile at 222 nm using CD spectroscopy.
Figure 6 shows the thermal denaturation profiles of the
ectodomain, the e-core, and the core in three different
environments: 50 mM sodium formate buffer at pH 3, 1%
LPC, and 1% LPC:LPS (3:2). In micelles all three proteins
exhibit a similar phenomenon; they all have a gradual linear

decrease (R2 ) 0.99) in their R-helical structure. In the
sodium formate buffer, each protein behaves differently and
has a different Tm point. The Tm of the e-core is 70 °C; the
Tm of the core could not be precisely defined, though a
reduction in its helical structure started to be observed at
100 °C. For the ectodomain, a characteristic Tm curve in the
graph is not seen at all, since its Tm might exceed 110 °C,
which was the maximum value of the temperature scan.
Interestingly, although the proteins exhibit different thermal
stability in the sodium formate buffer and in the membrane
environment, the final extent of the profile change at 222
nm between 25 and 110 °C in the two types of environments
for each protein is similar. These results support the notion
that the SHB is less stable in a membrane environment
compared to buffer.

Thermal Stability of the Core in Solution and Micelles
Determined by DSC. We used DSC to determine the thermal
stability of the core so as to access higher temperatures and
to monitor unfolding processes not involving changes in
secondary structure. Experiments were performed both in
solution or when the proteins were bound to zwitterionic LPC
micelles. Addition of the protein to LPS resulted in the
solution acquiring a homogeneous intense turbidity and

FIGURE 4: Real-time AFM images (1 µm × 1 µm; z scale, 5 nm) showing the interaction between PC:PS (3:2) (A) and PC (B) bilayer
membranes and the core, the extended core, and the ectodomain. The interactions were imaged in real time, in aqueous buffer with AFM.
After protein addition to the bilayer, new topographic images were taken every few minutes.
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therefore was not studied further. In all cases DSC was run
from 20 to 125 °C, at a scan rate of 2°/min, in 50 mM sodium
formate, pH 3. The results for the protein alone are shown

in Figure 7A. A denaturation peak was found in the first
heating scan (scan 1) at 104.6 °C, with an enthalpy of 86
kcal/mol of monomer and a van’t Hoff enthalpy of 190 kcal/
mol (Table 1). This corresponds to a cooperative unit size
of two, indicating that the thermal unfolding occurs by the
cooperative unfolding of two monomers. The calorimetric
enthalpy of unfolding of 86 kcal/mol monomer corresponds
to 5.7 cal/g. This value is lower than that of the average
soluble protein denaturation at about 100 °C that has an
enthalpy of ∼10 cal/g (38). It is, however, higher than the
value for many integral membrane proteins that is about 3
cal/g (see ref 39). Thus, the value is intermediate between
that of a soluble protein and that of an integral membrane
protein. Interestingly, it is close to the value of 4.5 cal/g
reported for the hemagglutinin fusion protein of the influenza
virus (40). In the present example of the gp41, the protein
is an ectodomain. However, the transmembrane segment
represents a small fraction of the total protein. With the gp41
ectodomain, denaturation was partially reversible after heat-
ing to 125 °C, showing a peak in the cooling scan (scan 2)
at 104 °C with a minor broader component at 93.5 °C. In
the second heating scan (scan 3) and second cooling scan
(scan 4), both components were still present but with
progressively reduced enthalpy. Table 1 shows the thermo-
dynamic parameters of the scans. Overall, the partial revers-
ibility of the renaturation/denaturation process further sup-
ports the presence of a stable core of gp41. The DSC data
are also in agreement with the data obtained by using CD
spectroscopy; that is, the melting of the core in aqueous
solution starts at about 100 °C in the CD experiments and is
in agreement with the DSC experiments (Figure 7).

For the DSC runs with micelles, the protein was diluted
1:1 with 2 mg/mL LPC in 50 mM formic acid, pH 3, at
a lipid/protein molar ratio of 95. The mixture in solution
was clear. The DSC was run under the same conditions
as in Figure 7. We found only a residual small feature in
the range of 100-120 °C in LPC (Figure 7B). The control

FIGURE 5: CD spectra of the core, the e-core, and the ectodomain were taken at 25 °C. A 5 µM portion of each protein was added to 50
mM sodium formate buffer (pH 3) [b], LPC 1% in 50 mM sodium formate buffer [-], and LPC:LPS (3:2) 1% in 50 mM sodium formate
buffer [+]. The measured ellipticity was converted to molar ellipticity.

FIGURE 6: Thermal stability of the folded core, the e-core, and the
ectodomain as measured by the CD spectra. The curve was recorded
at 222 nm after addition of 5 µM of each protein to 50 mM sodium
formate buffer (pH 3) [b], LPC 1% in 50 mM sodium format buffer
[-], and LPC:LPS (3:2) 1% in 50 mM sodium formate buffer [+].
The measured ellipticity was converted to molar ellipticity.
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with LPC in the absence of protein showed a flat line over
the entire range (Figure 7B, note the 20-fold change in
scale).

DISCUSSION

Many studies have been carried out on the interaction
between synthetic peptides derived from HIV-gp41 and various
model phospholipid membranes. These peptides were shown
to induce destabilization of lipid bilayers and fusion of lipo-
somes and cells (4, 19, 20, 34, 41-44). Here we investigated
the interaction between the entire extracellular domain of gp41
with membranes and membrane mimetic micelles. We first
expressed and purified the full-length HIV-gp41 ectodomain
in a soluble form without addition of a foreign proteinaceous
attachment to assist the protein solubility. Importantly, we show
that the folded gp41 ectodomain is extremely efficient in
inducing lipid mixing of negatively charged membranes,
whereas its activity is negligible toward zwitterionic membranes
(Figure 3 and Supporting Information). Its activity is about 100-
fold higher than that of the FP (20, 45). The high lipid mixing

FIGURE 7: (A) Thermal unfolding of the soluble core by DSC. A 0.625 mg/mL portion of the gp41 ectodomain (42 µM) dialyzed against
50 mM formic acid, pH 3 at 4 °C, was successively scanned by DSC at a scan rate of 2°/min using 50 mM formic acid, pH 3, in the
reference cell. Odd-numbered scans are successive heating scans, and even numbers are successive cooling scans. (B) Thermal unfolding
of the membrane bound core by DSC. DSC profile of 42 µM gp41 ectodomain diluted 1:1 with 2 mg/mL LPC in 50 mM formic acid, pH
3. Lipid to protein molar ratio is 95. Scans run at 2°/min against formic acid, pH 3. Odd numbers are successive heatings and even numbers
successive coolings. (C) Control with 4 mM LPC with no added protein. Note the 20-fold expansion of the Y-axis in comparison with
section A.

Table 1: Thermodynamic Parameters for the Denaturation of the Soluble
Core Determined from DSC Scansa

scan no. peak type TD (°C)
∆H° (kcal/mol

monomer)
∆H*

(kcal/mol)

1 major 104.6 86 190
2 major 104 58.5 310
2 minor 93.5 28 210
3 major 103 50 340
3 minor 93.5 24 230
4 major 101 44 250
4 minor 93.5 18 150

a TD ) denaturation temperature; ∆H° ) calorimetric enthalpy; ∆H*
) van’t Hoff enthalpy related to cooperativity.
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ability of the entire ectodomain compared to its synthetic
fragments is probably due to a synergism among all of the active
domains. This is demonstrated, for example, by the finding that
the FP and NHR regions act synergistically only when linked
together but not when mixed as separate peptides (20, 34). An
interesting observation is that all three proteins showed similar
fusogenic activities. This can be explained by the fact that all
of the constructs contain regions that have been shown to induce
lipid mixing. These include the FP, the NHR, the loop, and
the membrane proximal domain (4, 19, 43, 45, 46). It has
been shown that the core is destabilized in the presence of
negatively charged membranes (19, 20). Therefore, these
membrane active regions should be more exposed to act
synergistically to perturb the membrane. In contrast, the core
of gp41 remains stable in the presence of zwitterionic
membranes, as has been shown previously with synthetic
NHR and CHR peptides (20), and here with the entire
ectodomain, although less compared to buffer (Figure 7).
Further support comes from the AFM results, revealing that
all three proteins damage the negatively charged membrane
bilayer significantly (Figure 4 and Supporting Information).
A similar phenomenon was observed with the ectodomain
of the influenza hemagglutinin fusion protein which is
triggered by low pH to induce damage to bilayers deposited
on mica (47). Note that the kinetics in the lipid mixing assay
is faster than that of the AFM studies. This is because the
experiments of membrane fusion were done by mixing
together the proteins and vesicles, both in solution, whereas
in the AFM experiments the peptides reach the lipid layer
by diffusion, which is a slow process.

Stability of the Proteins. Our data also reveal that all three
proteins exhibit R-helical structures and high thermal stability
in an aqueous solution, indicating that all three proteins can
form a highly stable SHB in aqueous environment. The core
of all three proteins is also substantially stable in a zwitte-
rionic membrane mimetic environment. However, there is a
reduction in the secondary structure of the protein as shown
by a decrease in the magnitude of the ellipticity, and that
unfolding transition is essentially eliminated, as shown by
DSC (Figure 7). The latter might indicate that the structural
transition is broader and less cooperative because of a
transition to a less folded conformation. In addition, there is
an overall reduction in the θ222/θ208 ratio in the lipidic
environment which suggests a reduction in the coiled-coil
conformation (36, 37). Taken together, these data indicate
that the membrane mimetic environment drives the proteins
into a partially unfolded conformation. Indeed, an X-ray
structure of N34(L6)C34 in the presence of SDS revealed
that the lower ellipticity in the presence of SDS is due to a
partially unfolded region in the molecule (48).

Interestingly, no significant difference was observed in the
structure of the proteins and their thermal stability in the
presence of negatively charged or zwitterionic membrane
environments, as revealed by using CD spectroscopy, though
in the DSC study (data not shown) a precipitation appears
as the proteins interact with LPS. It seems that the strong
interaction between the LPS and the core seen in the DSC
study and not in the CD spectroscopy is due to higher
concentrations of both the proteins and LPS needed for the
DSC experiments.

Role of the Hairpin in Membrane Fusion. Identification
of the sequential events that take place from the prefusion

to the postfusion step have been brought to the front of HIV
fusion research since the crystal structure of the gp41 core
was resolved (8). When gp41 is released from its metastable
constrains, the N-terminal FP is thought to be inserted into
the target membrane, and gp41 adopts an extended confor-
mation (prefusion intermediate) (49, 50). The transition from
the prefusion step to the hairpin (postfusion step) structure
brings the two membranes into close proximity, driving
fusion and stabilizing fusion pores (50). The insertion of the
FP into the target zwitterionic membrane causes membrane
destabilization though this destabilization appears to also be
a result of the interaction of additional segments of gp41
with the membrane (3, 4, 8, 13). These interactions provide
a way to lower the barrier for fusion to take place, which
correlates with the ability of the prefusion intermediate of
gp41 to direct membrane fusion through the stage of pore
formation (50). The latter is supported by the findings that
the exposed N-70 trimer (composed of the FP and the NHR)
is highly fusogenic toward zwitterionic membranes which
compose the outer leaflet of the normal cell (34). In contrast,
as seen in this study, constructs that form stable cores are
nonfusogenic to zwitterionic membranes and probably ablate
fusogenic function of the extended conformation toward
zwitterionic membranes. This correlates with a viral fusion
role for the hairpins that involves stabilization of fused
bilayer structure (50).

Accumulating evidence suggests that most of gp41 seg-
ments and also gp41 as a whole, as demonstrated in this
study,caninteractwithnegativelychargedphospholipids(20,43,44).
Although the outer leaflet of cells is composed mainly of
zwitterionic phospholipids, studies on the association of
apoptosis (not bystander apoptosis (21)) with the progression
of AIDS have revealed that PS, a hallmark of programmed
cell death, is expressed at elevated levels in HIV-1-infected
T cells or macrophages (22, 23). In addition, syncytium
formation has been shown to amplify apoptotic signals (24).

Overall, the results support the emerging model in which
one of the roles of gp41 folding into SHB conformation is
to slow down membrane disruption effects induced by early
exposed gp41. However, it can further affect membrane
morphology once exposed to negatively charged membranes
during late stages. The ability to work with the entire soluble
gp41 ectodomain should facilitate future investigations of
the fusion process induced by HIV.
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