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The human immunodeficiency virus gp41 envelope protein mediates the entry of the virus into the target cell
by promoting membrane fusion. In order to gain new insights into the viral fusion mechanism, we studied a
35-residue peptide pertaining to the loop domain of gp41, both in solution and membrane bound, by using
infrared and fluorescence spectroscopy. We show here that the peptide, which has a membrane-interacting
surface, binds and interacts with phospholipid model membranes and tends to aggregate in the presence of a
membranous medium and induce the leakage of vesicle contents. The results reported in this work, i.e., the
destabilization and fusion of negatively charged model membranes, suggest an essential role of the loop
domain in the membrane fusion process induced by gp41.

Human immunodeficiency virus (HIV) is the causative agent
of AIDS, which acts by killing the CD4 T cells of the host
organism (15, 23, 32, 47). Membrane fusion, i.e., the attach-
ment and consequent fusion of viral and cellular membranes, is
mediated by envelope glycoproteins located on the outer sur-
face of the viral membrane. The HIV surface glycoprotein is
initially synthesized as a highly glycosylated precursor, gp160,
which is later cleaved endoproteolytically by one cellular con-
vertase into the surface protein gp120, which determines viral
tropism through the cellular surface receptors, and the trans-
membrane protein gp41, which is responsible for the mem-
brane fusion process. Both gp120 and gp41 remain nonco-
valently associated and supposedly trimeric in their native
prefusogenic state (15, 23).

The native state of the HIV gp4l envelope protein is
thought to be metastable by interacting with gp120 (32). For
fusion and mixing of the viral and cellular contents to occur,
gp4l must undergo a complex series of conformational
changes, apparently triggered by the attachment of gp120 to
CD4 and chemokine receptors of the target cell (13). It is
thought that gp41 catalyzes membrane fusion through the in-
duction of transient nonlamellar structures at the point where
both bilayers merge (15, 23). The gp4l sequence is highly
conserved and contains different functional regions within its
ectodomain that are critical for membrane fusion (Fig. 1). A
stretch of about 15 hydrophobic residues, named the fusion
peptide (FP) and located at the N terminus of gp41, is believed
to insert into and destabilize the membrane, thus facilitating
viral and cell membrane fusion (4, 21). Consecutive to the FP,
two heptad repeat regions, NHR and CHR, have been identi-
fied (22). Another essential segment for gp41-mediated fusion
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is the Trp-rich pretransmembrane domain (PTM) linking the
CHR to the membrane-embedded anchor, TM (44). In the
absence of lipid membranes, three NHR molecules fold into a
central parallel triple-stranded o-helical coiled coil, with an
outer layer of three antiparallel CHR «-helices wrapped anti-
parallel on the outside of this core and with each pair of NHR
and CHR molecules connected by an immunogenic, protease-
sensitive loop that reverses the polypeptide chain (6, 7, 48).
This trimeric helical hairpin structure is thought to form at a
late stage during the membrane fusion process (7). It has been
proposed that there is a prehairpin intermediate in gp41-in-
duced membrane fusion in which the N-terminal coiled coil is
formed but the C-terminal helices are not packed (50). The
transition from the prehairpin to the hairpin structure brings
the two membranes into close proximity, driving fusion. Al-
though much information has been gathered in recent years,
we do not yet know the exact mechanisms of membrane fusion
and the processes behind them.

While the FP and the PTM are essential for perturbation of
the membrane, other regions of gp41 are also involved in the
interaction and destabilization of the viral and host mem-
branes. It was shown recently that additional segments of the
gp41 ectodomain bind to and partition the surfaces of phos-
pholipid model membranes, change their conformation, and
induce the formation of nonlamellar structures, indicating that
these segments may play an essential role in the viral fusion
process in addition to the other membrane-perturbing domains
(12, 14, 26, 33, 34, 35, 38, 44, 45). These regions might interact
with biological membranes, contributing to the merging of the
viral envelope and the cell membrane. Since it is desirable to
identify critical gp41 segments that might be responsible for
the fusion process, we have studied a peptide of 35 amino
acids, analogous to residues 579 to 613 of the HXB2R strain,
comprising part of the conserved immunodominant region of
the gp41 ectodomain and the C-terminal region of the NHR
region (Fig. 1). The purposes of the present work were to study
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FIG. 1. (A) Schematic view of HIVyxp, gp41 ectodomain showing the structural and functional regions as well as their relative lengths. The
fusion peptide (FP), the loop, the N- and C-terminal heptad repeats (NHR and CHR), the pretransmembrane stretch (PTM), and the
transmembrane (TM) domain were drawn approximately to scale. The residue numbers correspond to their positions in gp160 of the HXB2 HIV
strain. The amino acid composition of the gp41 fragment studied in this work is also indicated. (B) gp41 hairpin conformation scheme showing

the membranotropic regions of gp41 (see reference 17).

this gp41 fragment both in aqueous solution and in the pres-
ence of different membrane model systems composed of dif-
ferent phospholipid mixtures, to evaluate its incorporation and
location in membrane model systems, and to study its effect on
the integrity and phase behavior of the membrane. The results
reported here suggest that this gp41 fragment binds and inter-
acts with negatively charged membranes and therefore that this
region of the gp41 protein, together with the FP and PTM
domains, might have a direct role in the conformational
change of the gp41 subunit and subsequent fusion activation.

MATERIALS AND METHODS

Materials. The HIV envelope protein gp41 fragment (Arg-Ile-Leu-Ala-Val-
Glu-Arg-Tyr-Leu-Lys-Asp-Gln-Gln-Leu-Leu-Gly-Ile-Trp-Gly-Cys-Ser-Gly-Lys-
Leu-Ile-Cys-Thr-Thr-Ala-Val-Pro-Trp-Asn-Ala-Ser, with N-terminal acetylation
and C-terminal amidation) corresponding to amino acids 579 to 613 of
HIVyxgor Was obtained from Genemed Synthesis, San Francisco, Calif. The
peptide was purified by reverse-phase high-performance liquid chromatography
to >95% purity, and its composition and molecular mass were confirmed by
amino acid analysis and mass spectroscopy. Since trifluoroacetate has a strong
infrared absorbance at approximately 1,673 cm™!, which interferes with the
characterization of the peptide amide I band (46), residual trifluoroacetic acid,
used both in peptide synthesis and in the high-performance liquid chromatog-
raphy mobile phase, was removed by several lyophilization-solubilization cycles
in 10 mM HCI (53). Cholesterol (Chol), 1,2-dimyristoyl-sn-glycero-phosphatidyl-
choline (DMPC), 1,2-dimyristoyl-ds,-sn-glycero-3-phosphocholine (DMPC,),
1,2-dimyristoyl-sn-glycero-phosphatidylglycerol  (DMPG), 1,2-dimyristoyl-sn-
glycero-phosphatidic acid (DMPA), egg sphingomyelin (SM), egg phosphatidyl-
choline (EPC), egg phosphatidylglycerol (EPG), egg phosphatidic acid (EPA),
and bovine brain phosphatidylserine (BPS) were obtained from Avanti Polar
Lipids (Birmingham, Ala.). Lissamine rhodamine B 1,2-dihexadecanoyl-sn-glyc-
ero-3-phosphoethanolamine (N-Rh-PE), N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine  (NBD-PE), 8-aminon-
aphthalene-1,3,6-trisulfonic acid (ANTS), and p-xylene-bis-pyridiniumbromide
(DPX) were obtained from Molecular Probes (Eugene, Oreg.). Deuterium oxide
(99.9% by atom), Triton X-100, EDTA, and HEPES were purchased from Sigma
(St. Louis, Mo.). All other chemicals were commercial samples of the highest
purity available. Water was double distilled and deionized in a Millipore system
(Madrid, Spain).

Hydrophobic moments, hydrophobicity, and interfaciality. Hydrophobic mo-
ment calculations were performed according to the method of Eisenberg et al.
(17, 18), and the scale for calculating hydrophobic moments was taken from the
work of Engelman et al. (19). Hydrophobicity and interfacial values, i.e., whole-
residue scales for the transfer of an amino acid of an unfolded chain into the
membrane hydrocarbon palisade and the membrane interface, respectively, were
obtained from http://blanco.biomol.uci.edu/hydrophobicity_scales.html (49, 51).

Sample preparation. Aliquots containing appropriate amounts of lipid in
chloroform-methanol (2:1 [vol/vol]) were placed in a test tube, the solvents were
removed by evaporation under a stream of O,-free nitrogen, and finally, traces of
solvents were eliminated under a vacuum in the dark for more than 3 h. A
preweighed amount of freeze-dried protein was suspended by the addition of an
appropriate volume of buffer containing 20 mM HEPES, 50 mM NaCl, and 0.1
mM EDTA, pH 7.4 (in either D,O or H,O [see below]). The protein solution
was then added to the tube containing the dried lipid to obtain a final lipid/
peptide molar ratio of 15:1, unless otherwise stated, and the suspension was
vortexed at about 5°C above the transition temperature of the phospholipid to
obtain multilamellar vesicles. The mixture was freeze-thawed twice in order to
ensure complete homogenization of the sample and a maximization of contacts
between the peptide and the phospholipid and then was incubated for 10 min at
55°C with occasional vortexing. The freeze-thaw cycle was repeated again, and
the suspension was then centrifuged at 12,000 X g for 15 min in order to remove
any peptide that was not bound to the phospholipids in the membrane. The
freeze-thaw, incubation at 55°C, and centrifugation steps were repeated once
more in order to remove the unbound protein. The pellet was resuspended in
either D,O or H,O buffer and used for measurements. Except for temperature
studies, all data were obtained at 25°C. The phospholipid and peptide concen-
trations were measured by previously described methods (5, 16).

Infrared measurements. Infrared measurements were conducted essentially as
described previously (24). Fourier transform infrared spectra were obtained in a
Nicolet 520 Fourier transform infrared spectrometer equipped with a deuterated
triglycine sulfate detector and a sample shuttle accessory in order to average the
background spectra among the sample spectra over the same time period. Sub-
traction of the buffer spectra, determinations of frequencies at the center of
gravity, and band-narrowing strategies were applied as previously reported (24).
Protein secondary structure elements were quantified from a curve-fitting anal-
ysis by band decomposition of the original amide I’ band after spectral smooth-
ing (for details, see reference 24). Briefly, for each component, the following
three parameters were considered: band position, band height, and bandwidth.
The number and position of component bands were obtained through deconvo-
lution, and for decomposing the amide I’ band, gaussian components were used.
The curve-fitting procedure was accomplished in two steps: in the first one, the
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FIG. 2. Fluorescence anisotropy (A) and fluorescence emission maxima (B) of the gp41 fragment in the presence of increasing concentrations
of small unilamellar vesicles composed of EPG (¢ ), EPA (@), BPS (A), and EPC (O).

band position was fixed, allowing the width and height to approach final values,
and in the second one, band positions were allowed to change. When necessary,
these two steps were repeated. Band decomposition was performed with Spec-
traCalc software (Galactic Industries, Salem, Mass.). The fitting result was eval-
uated visually by overlapping the reconstituted overall curve onto the original
spectrum and by examining the residual obtained by subtracting the fit from the
original curve. The procedure gave differences of <2% in band areas after the
artificial spectra were subjected to the curve-fitting procedure. The frequency
positions of the band centers were independently evaluated by second-derivative
procedures, as they were always very close to the positions found by deconvolu-
tion.

Fluorescence measurements. Fluorescence measurements were performed es-
sentially as described previously (12). For binding and fluorescence anisotropy
experiments using the intrinsic fluorescence of Trp, small unilamellar vesicles
were used (12). Large unilamellar vesicle (LUV) liposomes were used to study
vesicle aggregation, lipid mixing, and leakage, and they were prepared by the
extrusion method (25) by the use of polycarbonate filters with a pore size of 0.1
pm (Nuclepore, Pleasanton, Calif.). The buffer used to prepare LUV liposomes
for assays of vesicle leakage also contained 25 mM ANTS and 90 mM DPX.
Nonencapsulated fluorescent probes were separated from the vesicle suspension
through a Sephadex G-75 filtration column (Pharmacia, Uppsala, Sweden) and
were eluted at room temperature with a buffer containing 10 mM HEPES, 130
mM NaCl, and 0.1 mM EDTA, pH 7.4. Steady-state fluorescence measurements
were taken as described previously (12, 24). The excitation and emission wave-
lengths were 295 and 359 nm, respectively, for observing peptide fluorescence.
All data were corrected for background intensities and progressive dilution, but
emission spectra were not corrected for photomultiplier wavelength dependence.
Fluorescence anisotropies were determined according to the following equation

(12):

_ Iy—Gly,
" I+ 2Gly

where Iy, and I, are the fluorescence intensities, with the subscripts indicating
the vertical (V) or horizontal (H) orientation of the excitation and emission
Glan-Thompson polarizers. The instrumental factor G (G = Iy /ly) was de-
termined by measuring the polarized components of fluorescence of the protein
or probes with horizontally polarized excitation. Partition coefficients were ob-
tained according to the following equation:

_ KpYrL + DrW
"T T DIKY

where L and r are anisotropies in the lipid and aqueous phases, respectively,
Y = @, /Py, D = 1/[(y[L]) — 1], and @, and Py, are the quantum yields in both
phases. Leakage was assayed by treating the probe-loaded liposomes (final lipid
concentration, 0.1 mM) with appropriate amounts of peptide in a fluorometer
cuvette. Changes in fluorescence intensity were recorded at excitation and emis-

sion wavelengths of 350 and 510 nm, respectively. One hundred percent release
was achieved by adding Triton X-100 to the cuvette at a final concentration of
0.1% (wt/wt). Leakage was quantified on a percent basis according to the fol-
lowing equation:

% Release = 110
0 KKelease = F1007F0

with Fbeing the equilibrium value of fluorescence after the peptide addition, F,
being the initial fluorescence of the vesicle suspension, and Fq, being the
fluorescence value after the addition of Triton X-100. Peptide-induced vesicle
lipid mixing was measured as described previously (43) by the use of LUV
liposomes. The concentration of both fluorescent probes, NBD-PE and N-Rh-
PE, was 0.6%. Labeled and unlabeled LUV vesicles at a ratio of 1:9 were placed
in a cuvette at a final lipid concentration of 0.1 mM and were treated with
appropriate amounts of peptide. Fluorescence was measured at excitation and
emission wavelengths of 470 and 585 nm, respectively. We were not able to
distinguish between complete fusion or hemifusion due to the ability of the
peptide to induce leakage of the vesicle contents.

RESULTS

To study the ability of the gp41 peptide fragment to interact
with membranes, we obtained fluorescence anisotropy values
in the presence of phospholipid model membranes at different
lipid/peptide ratios (Fig. 2A). In the presence of model mem-
branes, the anisotropy values of the gp41 fragment increased
upon increasing the lipid/peptide ratio, with the limiting value
being about 0.20 to 0.23, indicating a significant motional re-
striction of the Trp moieties of the peptide at a relatively high
lipid/protein ratio (28). However, differences in the anisotropy
values of the gp41 fragment were observed when it was in the
presence of the zwitterionic phospholipid EPC and in the pres-
ence of the negatively charged phospholipids BPS, EPG, and
EPA (Fig. 2A). This was further corroborated by a change in
the emission frequency maximum of Trp, as shown in Fig. 2B.
In solution, the peptide had an absorbance maximum at 295
nm and an emission maximum at 354 nm when excited at the
absorbance maximum, indicating that the Trp residues of the
peptide were in a hydrophilic environment. In the presence of
increasing concentrations of EPC, the emission maximum of
the Trp changed from 354 to 351 nm (Fig. 2B). However, in the
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FIG. 3. Effect of gp41 fragment on leakage data at 25°C for LUV contents (A) and phospholipid mixing (B) for different lipid compositions
and different lipid-to-peptide molar ratios. ¢, EPG; @, EPA; A, BPS; [0, EPC; X, DMPA-DMPC-SM-Chol.

presence of increasing concentrations of negatively charged
phospholipids, the emission maximum changed from 354 to
about 345 nm for EPG and from 354 to about 343 nm for EPA
and BPS, i.c., there was a difference of about 9 to 11 nm for
negatively charged phospholipids (Fig. 2B). Since upon an
increase in the environmental hydrophobicity the Trp fluores-
cence emission increases and the emission maximum fre-
quency decreases (28), the shift of the emission maximum of
Trp by about 11 and 9 nm in the presence of BPS and EPA
liposomes and EPG liposomes, respectively, suggested that
Trp sensed a low-polarity environment (entered a hydrophobic
environment) in the presence of liposomes containing nega-
tively charged phospholipids, but to a much lesser extent in the
presence of zwitterionic liposomes. The peptide, having a the-
oretical isoelectric point of 9.1, has a charge of about +1.91 at
pH 7.4, as used in this work. EPG, EPA, and BPS, in contrast
to the zwitterionic phospholipid EPC, are negatively charged
phospholipids, so the binding force of the peptide to liposomes
containing those phospholipids had an apparently electrostatic
origin. In these experiments, the phospholipid/peptide molar
ratio reached a very high value (2,300:1), and the spectral
contribution of free peptide was negligible. The change in
anisotropy values of the Trp fluorescence of the peptide al-
lowed us to obtain its apparent partition coefficient, K,. Using
ayvalue of 0.519 M™" (41), we obtained K, values of 1.9 X 107
+ 0.39 X 107 for EPC, 1.56 X 10* = 0.4 X 10° for EPA, 1.55
X 10° = 0.6 X 10° for EPG, and 3.2 X 10° = 1.4 X 10> for BPS,
indicating that the peptide was bound to the surfaces of neg-
atively charged phospholipid-containing model membranes
with a high affinity. Similar K, values have been found for other
peptides pertaining to the gp41 protein in the presence of
negatively charged phospholipid-containing membranes (12,
41).

In order to further explore the possible interaction of the
gp41 fragment with phospholipid model membranes, we stud-
ied the effect of the peptide on the release of encapsulated
fluorophores. For these experiments, we used unsaturated
phospholipids instead of saturated ones because of the large
amount of variability in the basal fluorescence of the latter;

nevertheless, the results were qualitatively similar for both
unsaturated and saturated phospholipids. Figure 3 shows the
results obtained with different liposome compositions, namely
EPC, EPA, EPG, BPS, and a mixture of DMPA, DMPC, SM,
and Chol at a molar ratio of 57:29:7:7. The peptide hardly
exerted any effect on liposomes made of EPC, but significant
leakage values were observed for LUVs composed of nega-
tively charged phospholipids, with higher values for EPG-con-
taining liposomes than for other liposomes (Fig. 3A). We also
studied phospholipid mixing, as shown in Fig. 3B, for which we
again found significant values for EPG-containing liposomes.
The curvature degree, i.e., the capability of obtaining nonla-
mellar phases, was higher for EPG than for the other phos-
pholipids used in this work, which might explain why we ob-
served lipid mixing for EPG-containing liposomes but not for
the other liposome types studied. The peptide also induced
liposome aggregation (results not shown), as observed by the
increase in light scattering for liposomes composed of either
EPG, EPA, or BPS, but not for those composed of EPC, and
only at a very low ratio of lipid to peptide, i.e., 5:1.

The existence of structural changes induced by membrane
binding was investigated by looking at the infrared amide I’
band located between 1,700 and 1,600 cm ™' (1). The infrared
spectrum of the amide I' region of the fully hydrated peptide
in D,O buffer at 25°C and pH 7.4 is shown in Fig. 4A. The
spectrum was formed by different underlying components that
gave rise to a broad and asymmetric band with a maximum at
about 1,642 cm™'. The maximum of the band did not change
significantly upon increasing the temperature, indicating a high
degree of conformational stability of the peptide in solution. It
was also apparent that no aggregation of the peptide took
place, since no band was observed at 1,618 to 1,622 cm ™' (1).
In order to study the peptide when it was effectively bound to
the phospholipid membrane, we prepared all samples contain-
ing both phospholipids and the peptide by mixing and washing
the unbound peptide as described in Materials and Methods.
The infrared spectra in the amide I' and C=O regions of
samples prepared in this way and containing the peptide and
unsaturated phospholipid, either EPC, EPA, or EPG, are
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FIG. 4. Infrared (solid lines) and deconvolved (dotted lines) spectra of the amide I" and C=O0 regions of samples containing the gp41 fragment
in solution (A) and in the presence of EPC (B), EPA (C), EPG (D), DMPA (E), DMPC, and DMPG at a molar ratio of 1:1 (F), and DMPC,
DMPA, SM, and Chol at a molar ratio of 57:29:7:7 (G). For the unsaturated samples, the spectra shown are those obtained at 25°C, whereas for
the saturated ones, the spectra correspond to those recorded at 10°C above the T, of the phospholipid mixture. The phospholipid/peptide molar

ratio was 15:1 in all samples.

shown in Fig. 4B, C, and D, respectively. Whereas a small
quantity of peptide was bound to EPC liposomes (Fig. 4B), a
significant amount was bound to either EPA or EPG (Fig. 4C
and D, respectively). When EPC was used, the peptide was
recovered almost completely in the supernatant (not shown),
indicating that the peptide was only bound in significant
amounts to negatively charged membranes and not to zwitte-
rionic phospholipids. As shown in the deconvolved spectra

(Fig. 4C and D, dotted lines), two bands, at about 1,622 and
1,685 cm ™, with the former band being more intense than the
latter, can be discerned. The infrared spectra in the amide I’
and C=O0 regions of samples containing the gp41 fragment
and model membranes composed of saturated phospholipids,
either DMPA, DMPC, and DMPG at a molar ratio of 1:1, or
DMPC, DMPA, SM, and Chol at a molar ratio of 57:29:7.7, are
shown in Fig. 4E, F, and G, respectively. In all cases, a signif-
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FIG. 5. Amide I' band decomposition of gp41 fragment spectra in solution (A) and in the presence of DMPA (B), DMPC, DMPA, SM, and
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and the differences between the original and fitted spectra (dotted lines with increased spacing) are shown. In the upper part of each panel, the
deconvolved original (solid line) and fitted (dotted line) spectra are overlapped (see the text for details).

icant amount of peptide was bound to the model membrane
systems, as found previously for membranes containing nega-
tively charged phospholipids. The band envelope of the amide
I’ band of the peptide bound to these model membranes was
different from that found for the pure peptide in solution since,
as found above, two bands, at about 1,622 and 1,685 cm ™!,
were well resolved (Fig. 4E, F, and G). The frequencies of the
1,622- and 1,685-cm ™! bands and their relative intensities in-
dicate the presence of extended B-strands with strong inter-
molecular interactions (1). This was in contrast to the peptide
in solution, for which no bands at 1,622 and 1,685 cm ™! were
observed (Fig. 4A). It is interesting that the bandwidth at the
half-height of the amide I band envelope when the peptide
was bound to the membranes increased 4 to 5 cm ™! compared
to the peptide in solution. The increase in bandwidth indicates
the presence of additional structures contributing to the
broader envelope, more flexibility of the peptide, or both.

To observe the underlying components of the broad amide I’
band, we applied self-deconvolution and derivative methods to
the original envelope (1, 24). For the peptide in solution, we
identified different component bands at frequencies of about
1,680, 1,667, 1,652, 1,638, 1,623, and 1,605 cm™ ', with the

1,638-cm ™! band being the main one (Fig. 5A). The results of
the decomposition of the amide I’ band of the gp41 fragment
in the presence of three different model membrane systems,
i.e., DMPA, DMPC, and DMPG at a molar ratio of 1:1, and
DMPC, DMPA, SM, and Chol at a molar ratio of 57:29:7:7, are
shown in Fig. 5B, C, and D, respectively, in which it is also
possible to distinguish component bands with similar frequen-
cies to those found for the peptide in solution, i.e., bands at
about 1,680, 1,667, 1,652, 1,638, 1,623, and 1,605 cm™'. To
assign the component bands to specific structural features and
to estimate the percentage of each component, we decom-
posed the amide I" infrared band as described in Materials and
Methods. The most significant difference between the amide I'
band in solution and in the presence of model membranes was
the change in the intensity of the 1,623-cm ™" band: the change
was about 20% for the peptide in solution and about 27 to 30%
for the peptide in the presence of model membranes (Table 1).

We also studied the effects of the gp41 fragment on the
phase transitions of DMPA, DMPC4-DMPG, and a mixture of
DMPC, DMPA, SM, and Chol by infrared spectroscopy. The
temperature dependence of the CH, symmetric frequency of
pure DMPA is shown in Fig. 6A, in which a highly cooperative
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TABLE 1. Secondary structure content of gp41 peptide fragment, as determined by infrared spectroscopy”

. . % o-Helix (~1,650- % B-Sheet (1,625- % 3,0-Helix % B-Turn (1,670— % B-Aggregate
Peptide environment 1,655 cm 1) 1,640 cm 1) (~1,635-1,670 cm ™) 1,685 cm 1) (~1,620-1,625 cm ™ 1)
In solution 24 31 15 10 20
DMPA 23 25 16 10 26
DMPC-DMPA-SM-Chol 19 27 14 11 29
DMPA-DMPC, 20 25 15 9 30

“ Values are rounded off to the nearest integer.

change at approximately 48°C is shown, corresponding to the
gel-to-liquid crystalline phase transition, 7,,, of the phospho-
lipids (30). In the presence of the peptide, a small decrease in
the gel-to-liquid crystalline phase transition temperature was
observed, but the frequencies above and below the 7,, were
similar (Fig. 6). No significant effect was observed for the
DMPC-DMPA-SM-Chol mixture in the presence of the pep-
tide. However, for the sample composed of DMPC, and
DMPG, although no change was observed for the T,, of the
mixture, the frequency above but not below the 7,,, decreased,
indicating that the incorporation of the peptide increased the
proportion of trans isomers, i.e., the hydrocarbon chains of the
phospholipids were more ordered in the presence of the pep-
tide below the main phase transition.

After deconvolution, the broad C=O carbonyl band pre-
sented two components, at 1,742 and 1,727 cm™ !, which rep-
resented the sn-1 and sn-2 C=0 groups in their dehydrated

and hydrated forms, respectively (30). The frequencies of these
two components are not affected by temperature, but their
relative intensities change depending on the physical state of
the phospholipid bilayer (30). For pure DMPA, the frequency
at the maximum of the C=0O vibration band presented one
transition at approximately 48°C, since the 1,742-cm~' com-
ponent had a higher intensity than the 1,727-cm ™" component
below 7, and the opposite above it (Fig. 7A). In the presence
of the gp41 fragment, the two components of the C=O car-
bonyl band did not change in frequency compared to the pure
phospholipid, but they changed in relative intensity. This
change in intensity gave rise to a slightly broad transition, and
significantly, the maximum of the frequency above the 7,, was
higher in the presence of the peptide than in its absence (Fig.
7A). The same effect was observed for the other phospholipid
model membranes, DMPC,;-DMPG and DMPC-DMPA-SM-
Chol, in the presence of the gp41 fragment, i.e., there was a
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FIG. 6. Temperature dependence of the CH, (A, B, and D) and CD, (C) symmetric stretching frequency in the presence (m) and absence (O)
of the gp41 fragment in phospholipid samples containing DMPA (A), DMPC, DMPA, SM, and Chol at a molar ratio of 57:29:7:7 (B), and DMPC,
and DMPG at a molar ratio of 1:1 (C and D). The lipid-to-peptide molar ratio was 15:1.
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FIG. 7. Temperature dependence of the C=O stretching band frequency (A) and the maximum of the amide I’ band (B) for samples
containing the gp41 fragment and different phospholipid mixtures at a phospholipid-to-peptide molar ratio of 15:1. Samples contained DMPA (@
and O), DMPC,-DMPG (m and (), and DMPC-DMPA-SM-Chol (A and A). Filled symbols represent the frequencies of samples containing both
phospholipid and peptides, whereas open symbols represent those of the pure lipid mixtures.

slightly broad transition and a higher frequency of the maxi-
mum of the C=O carbonyl band (Fig. 7A). The presence of
the gp41 fragment did not induce any significant differences in
the frequency and width of the acyl chain CH, scissoring and
the PO, double bond stretching bands appearing at 1,468 and
1,220 cm ™!, respectively, compared with the pure phospholip-
ids, indicating that there were no differences in packing and
hydration between the pure phospholipid and the mixtures
containing the peptide (not shown).

The temperature dependence of the maximum of the amide
I’ band of the gp41 fragment in solution can be observed in Fig.
7B. At low temperatures, the frequency maximum was about
1,639 cm ™! and increased to about 1,645 cm ™! at the highest
temperature studied. In the presence of DMPC-DMPA-SM-
Chol, the frequency was about 1,633 cm ™' at low temperatures
and decreased to about 1,625 cm ™! at higher ones, whereas in
the presence of either DMPA or DMPC,-DMPA, it was about
1,625 cm ™! at all temperatures (Fig. 7B). It was possible to
distinguish a small increase in the intensity of the broad com-
ponent appearing at about 1,646 cm ™! for the peptide in the
presence of DMPA (Fig. 4E), but the maximum of the band
remained the same throughout all of the temperature range
studied. Moreover, no defined transitions were observed in the
amide I’ band which could be concomitantly ascribed to that
observed for the phospholipid in the same sample (Fig. 7B). A
similar behavior was observed for the gp41 fragment in the
presence of DMPC,-DMPG (Fig. 4F and 7B). However, it was
possible to observe a different behavior of the peptide in the
presence of the mixture composed of DMPC, DMPA, SM, and
Chol, since the maximum of the band decreased from about
1,633 at 20°C to about 1,625 cm™ ! at 70°C, i.e., a decrease of
about 9 cm~' (Fig. 7B). This decrease in frequency was ac-
companied by an increase in the intensity of the band at about
1,622 em ™! (Fig. 4G), indicating an increase in the extended
B-strands upon an increase in the temperature.

DISCUSSION

Membrane fusion reactions are involved in many important
biological processes, but strong electrostatic, hydration, and
steric repulsion forces represent large energetic barriers (11).
In biological systems, these barriers are overcome by fusion

proteins, with the simplest membrane fusion reaction being the
one produced by the entry of enveloped viruses into host cells
(3, 15, 23). Different structural conformational changes in-
duced by a complex series of protein-protein and protein-
phospholipid interactions occur in fusion proteins. However,
little is known about how these conformational changes drive
membrane apposition and how they overcome the energy bar-
rier for membrane fusion (29). Several lines of evidence indi-
cate that, in addition to classical fusion peptides, different
regions of fusion proteins, including the HIV gp4l ectodo-
main, are essential for membrane fusion (8, 12, 27, 37, 40, 45).
Therefore, destabilization of the lipid bilayer appears to be the
result of the interaction of different segments of fusion pro-
teins with the membrane and therefore might play a critical
role in membrane fusion. Understanding the factors that de-
termine the specificity and stability of the metastable (native)
and stable (fusogenic) conformations is required for an under-
standing of the mechanisms of viral membrane fusion and
consequent viral entry into cells (3).

Many studies have been performed to examine the interac-
tions of synthetic peptides mimicking the N-terminal fusion
peptide and the Trp-rich proximal membrane regions of HIV
gp41. However, fewer studies have been done on the interac-
tion of other segments of the gp41 protein with membranes.
We have recently shown the presence of different membrano-
tropic regions within the gp41 ectodomain, i.e., the FP, the
proximal region connecting the FP to the NHR, the PTM, and
the loop (33). Moreover, an analysis of the hydrophobic and
interfacial properties of the gp41l ectodomain surface (not
shown) identified the already known membranotropic se-
quences in the gp41 ectodomain, i.e., the FP, PTM, and TM
domains, and strongly suggests the presence of a stretch with
interfacial hydrophobicity characteristics in the loop region. In
this study, we have focused on the possible roles of the loop
region in the membrane fusion process by studying a peptide
which originated from this region. This 35-amino-acid peptide
binds with a high affinity to negatively charged membranes,
with a binding force of an apparently electrostatic origin. We
previously found similar binding affinities for shorter peptides
pertaining to the loop region of the gp41 protein in the pres-
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FIG. 8. Schematics of the hypothetical intermediates of gp41-induced membrane fusion. Dark segments represent membranotropic regions of
gp41. The different segments which intervene in the fusion process are shown as cylinders but are not necessarily helical. The formation of gp41
complexes at the membrane surface would create fusion-competent monomers and oligomers, the folding of gp41 into hairpins would align
membrane-associated TM and FP domains, and the loop would be placed near the membrane surface and would participate along with the PTM
and FP domains in the fusion process; the oligomerization of hairpins should stabilize the pore at the fusion site, leading to complete fusion.

ence of negatively charged phospholipid-containing model
membranes (12). However, significantly, the 35-amino-acid
peptide studied here is also capable of binding, although with
a lower affinity, to membranes containing zwitterionic phos-
pholipids (see above). After binding, the Trp residue resides in
an environment with a low dielectric constant showing signif-
icant motional restriction, confirming that this portion of the
peptide enters a hydrophobic environment but remains located
at the surface of the membrane, as indicated by the absence of
significant effects on the frequency of the CH, and CD,
stretching bands of the hydrocarbon chains of the phospholip-
ids. The strong binding of the peptide to negatively charged
membranes was also confirmed by infrared spectroscopy. Only
the amide I' band corresponding to the bound peptide was
present in model membranes composed of negatively charged
phospholipid-containing membranes, being nearly absent in
model membranes formed by DMPC.

The infrared spectra of the amide I' region of the fully
hydrated peptide in D,O buffer at 25 and 70°C were very
similar, indicating the stability of its conformation in solution,
even at high temperatures. However, when the peptide was
bound to negatively charged phospholipids, its conformation
changed, as the intensity of the 1,622-cm™" band, assigned to
oligomeric structures (10), increased significantly. Although we
have worked with phospholipid model membranes, the binding
to the surface and the modulation of the phospholipid biophys-
ical properties which take place when the peptide is bound to
the membrane, i.e., partitioning into the membrane surface,
aggregation, and perturbation of the bilayer architecture, may
be related to the conformational changes which occur upon
binding of the HIV-1 envelope glycoprotein to its receptors.

The change in conformation and the possible formation of
oligomeric forms in the presence of membranes may indicate
the propensity of the peptide to self-assemble and suggest that
these changes might be part of the structural transition that
transforms gp41 from the inactive to the active state, which is
most probably the dominant form during membrane fusion (9).
It should be taken into account that the location of the peptide
at the surface of the membrane may effectively reduce the
head-group area of the phospholipid and promote the forma-
tion of nonbilayer phases (3, 12).

It has previously been suggested that hairpin folding drives
the fusion reaction by initiating pore formation, but it was
recently shown that fusion pore formation occurs prior to hair-
pin formation and that hairpins might be required for pore
stabilization (31). Folding into a hairpin would bring the ap-
posing membranes together, align the target membrane fusion
domains with the transmembrane region of the viral envelope,
and imply a direct interaction of the two membrane-proximal
regions with their respective membrane targets (42). Since
membrane fusion can be described by a succession of steps,
i.e., the apposition of membranes, hemifusion of the outer
leaflets, pore formation, and pore enlargement, exposed re-
gions of the prehairpin intermediates should be responsible for
the very first steps of fusion until pore initiation. Membrane
fusion requires membrane destabilization, and many studies
have shown that different regions of the gp41 ectodomain can
significantly perturb membranes (8, 12, 27, 33, 37, 40, 45). The
gp41 peptide fragment that we studied binds to, interacts with,
and perturbs phospholipid model membranes, and at the same
time, tends to aggregate in a membranous environment.
Therefore, it would be tempting to consider that the region
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where this sequence resides in the native protein plays a sig-
nificant role in the fusion mechanism induced by gp41. More-
over, it is supposed that the B-sandwich structure of the gp120
inner domain is associated with the gp41 loop by specific hy-
drophobic interactions before gp120 interacts with its recep-
tors (52). The loop domain of gp4l, exposed after gp120 in-
teracts with its receptor, may bind to and destabilize the host
cell membrane as well as stabilize the trimeric helical hairpin
after it is formed (36). It should also be noted that the energy
required for the conformational changes which take place dur-
ing this process may be provided by membrane binding (36).
Interestingly, the study of different mutations at residues lo-
cated in the loop region suggested that the loop region has a
direct role in the events that take place in the membrane fusion
process, possibly affecting both the formation of fusion pores
and their expansion (2).

Taking into account all of these data, we have summarized in
a simplified model the roles of the different membranotropic
regions of gp41 (Fig. 8). Following the triggering of the enve-
lope glycoproteins by receptors and coreceptors, the gp41 pro-
tein, which is free to oscillate, inserts the FP, most likely in the
B-sheet conformation (39), into the target membrane, joining
them together. gp41 monomers interact with both membranes
through the FP, the PTM, and the loop; at the same time that
this interaction is taking place, it might be capable of inducing
the self-assembly of gp41 oligomers at the membrane surface
where the fusion site will be located (20). Even so, the two
interacting faces of gp4l might interact with their adjacent
membranes before or concomitantly with hairpin formation,
i.e., the NHR and CHR domains have the multiple functions of
binding to membranes, destabilizing them, and folding into the
hairpin conformation in coordination with the loop, PTM, and
FP regions (31, 42). The change in free energy associated with
the structural changes taking place should be sufficient to cause
lipid mixing and membrane fusion. The existence of specific
lipid domains (rafts) in the membranes may be important at
this step (42). In this way, the locations of complexes of gp41
would define a specific interfacial hydrophobicity distribution
on the membrane surface and thus drive fusion pore enlarge-
ment (29). This interfacial hydrophobicity would also be re-
sponsible for the tendency of segments derived from rafts to
oligomerize at the membrane surface (see above).

The HIV entry process is considered an attractive target for
chemotherapeutic intervention, as blocking HIV entry into
target cells leads to a suppression of viral infectivity, viral
replication, and the cytotoxicity induced by virus-cell contacts
(15, 54). The importance of identifying drugs that prevent
membrane fusion is emphasized by the success of drug com-
bination regimens for the treatment of AIDS, which are mainly
directed towards inverse transcriptase and viral proteases. Sev-
eral compounds are being developed to specifically target each
of the steps leading to virus entry, and some compounds have
reached early clinical development. However, other problems,
such as long-term toxicity, cost, and the emergence of multiple
drug-resistant strains, remain far from being solved (54). Re-
sistance would be minimized, though not eliminated, by the use
of entry inhibitors in combination with existing reverse tran-
scriptase and protease inhibitors. Therefore, the inhibition of
membrane fusion by a direct action on gp120 and/or gp41 is
increasing in importance as an additional approach either to
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directly combat HIV infection or to prevent its spread. An
understanding of the structural features of the prefusogenic
and fusogenic intermediates is thus very important because
gp41 appears to be an attractive drug target. The results re-
ported in this work sustain the notion that peptides originating
from the loop region of gp4l are capable of modifying the
biophysical properties of phospholipid membranes, providing
an additional driving force for the merging of viral and target
cell membranes. In conclusion, the data shown in this work
suggest that this region might play a significant role in the
membrane fusion mechanism induced by gp41.
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