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The amino-terminal extremity of the human immunodeficiency virus type 1 transmembrane protein (gp41)
is thought to play a pivotal role in the fusion of virus membranes with the plasma membrane of the target cell
and in syncytium formation. Peptides with sequences taken from the human immunodeficiency virus type 1
gp41 fusogenic (synthetic peptides SPwt and SP-2) and nonfusogenic (SP-3 and SP-4) glycoproteins adopt
mainly a -sheet conformation in the absence of lipid, as determined by attenuated total reflection Fourier
transform infrared spectroscopy, and after interaction with large unilamellar liposomes, the 3-sheet is partly
converted into an a-helical conformation. Peptides SPwt and SP-2 but not SP-3 or SP-4 were able to promote
lipid mixing as assessed by fluorescence energy transfer assay and dye leakage in a vesicle leakage assay. By
using polarized attenuated total reflection Fourier transform infrared spectroscopy, SPwt and SP-2 were found
to adopt an oblique orientation in the lipid membrane whereas SP-3 and SP-4 were oriented nearly parallel to
the plane of the membrane. These findings confirm the correlation between the membrane orientation of the
a-helix and the lipid mixing ability in vitro. Interestingly, the data provide a direct correlation with the
fusogenic activity of the parent glycoproteins in vivo.

The human immunodeficiency virus type 1 (HIV-1) enve-
lope glycoprotein precursor gp160 is proteolytically cleaved by
a cellular enzyme into a surface glycoprotein (gp120) and a
transmembrane glycoprotein (gp41). This cleavage generates
in gp4l the exposure of an N-terminal highly hydrophobic
amino acid stretch, which has been proposed to interact with
the lipid membrane during the fusion event. Involvement of
the N termini of the glycoproteins of different enveloped vi-
ruses has been confirmed by mutational analysis: mutations
which disrupt the distribution of the hydrophobic amino acids
in the N terminus of the influenza virus hemagglutinin (HA)
(8), gp41 of HIV-1 (5, 16, 29), and gp32 of simian immunode-
ficiency virus (SIV) (1) inhibit syncytium formation in trans-
fected cells. The mode of interaction of the fusion peptide with
the lipid membrane, in particular the mechanism of insertion
into the membrane and the mechanism by which this facilitates
the fusion between membranes, is not fully understood. The
available evidence suggests that peptide hydrophobicity is im-
portant but that other factors such as the distribution of the
amino acids on a helical motif are also involved, as well as the
orientation of the peptide at the lipid/water interface (7, 14, 22,
35).

A possible way to elucidate the molecular mechanism of
membrane fusion is to study the interaction of synthetic pep-
tides corresponding to the amino terminus of viral fusion pro-
teins with model membranes. Synthetic peptides correspond-
ing to the N-terminal segment of the influenza virus HA, (18,
24, 27, 34) have been shown to interact with the lipid bilayer
and to promote fusion of lipid vesicles. Similar observations
have been made with SIV and HIV-1 fusion peptides (20, 25,
26).
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In an attempt to establish a relationship between peptide
fusion activity, structure, and orientation, we have recently
investigated in a liposomal system the activity of a 12-residue
synthetic peptide corresponding to the N-terminal extremity of
SIV gp32 and modified SIV fusion peptides and have found
that the oblique membrane insertion of the SIV fusion peptide
is an essential requirement for membrane fusion (22). It is
likely that this oblique orientation alters the parallelism be-
tween the phospholipid acyl chains, giving rise to new lipid
phases which we now think to be associated with the initial
events of membrane fusion.

Using an expression vector for the HIV-1 glycoprotein,
Schaal et al. (29) have recently identified several deletions in
the HIV-1 gp41 fusion peptide which abolish syncytium for-
mation of transfected cells. In the present study, we asked
whether the same mutations, when introduced into synthetic
peptides, lead to corresponding changes in their physical in-
teractions with membrane lipids and whether we can validate
the correlation between peptide orientation and fusogenic ac-
tivity. To correlate the activity of synthetic peptides with the
activity of mutant glycoprotein, three mutant peptides corre-
sponding in sequence to the N-terminal extremity of one active
glycoprotein lacking two amino acids (SP-2) and two inactive
glycoproteins lacking three and four amino acids (SP-3 and
SP-4) were compared with a peptide with the wild-type se-
quence (SPwt). The membrane activity of the peptides in vitro
conforms with the fusion activity of the parent glycoprotein.
The presence or absence of fusion activity is correlated with
the orientation of the peptides in the lipid bilayer established
by Fourier transform infrared spectroscopy (FTIR).

MATERIALS AND METHODS

Materials. Egg phosphatidylethanolamine (PE) and egg phosphatidylcholine
(PC) were purchased from Sigma Chemical Co., St. Louis, Mo. N-(Nitrobenzo-
2-oxal,3-diazol)phosphatidylethanolamine (NBD-PE) and N-(lissamine rhoda-
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mine B sulfonyl)phosphatidylethanolamine (Rh-PE) were from Avanti Polar
Lipids Inc., Birmingham, Ala. 8-Aminonaphthalene-1,3,6-trisulfonic acid sodium
salt and p-xylylenebis(pyridinium) bromide were from Molecular Probes Inc.,
Junction City, Oreg.

Calcein (Sigma) was purified by chromatography on Sephadex LH-20 (Phar-
macia). Calcein was loaded on the column as a sodium salt solution and eluted
with water at neutral pH. The concentration of calcein was determined spectro-
photometrically by using 7.0 X 10* as the molar extinction coefficient at 492 nm
(12).

High-pressure liquid chromatography-purified synthetic peptides in their
amide form were purchased from Quality Controlled Biochemical, Inc., Hop-
kinton, Mass.

Vesicle preparation. Multilamellar vesicles (MLV) were obtained by vortexing
a lipid film in Tris buffer (10 mM Tris, 150 mM NaCl, 0.1 mM EDTA, 0.02%
NaNj; [pH 7.4]). Large unilamellar vesicles (LUV) were prepared by the extru-
sion procedure of Hope et al. (13) with an extruder (Lipex Biomembranes Inc.,
Vancouver, Canada). Briefly, frozen and thawed MLV were extruded 10 times
through two stacked polycarbonate membranes with a pore size of 0.1 um
(Nuclepore Corp., Pleasanton, Calif.).

Lipid mixing. Lipid mixing was determined by measuring the fluorescence
intensity change resulting from the fluorescence energy transfer between two
probes, NBD-PE and Rh-PE, inserted into the lipid bilayer, as described by
Struck et al. (30). Fluorescence was monitored with a model 8000 spectrofluo-
rimeter (SLM Instruments Inc., Urbana, Ill.) with excitation and emission slits of
4 nm. Probes were added to the lipid film, and LUV were prepared as described
above. Liposomes containing both probes at 0.6% (molar ratio) each were mixed
with probe-free liposomes at a 1:9 molar ratio and a final lipid concentration of
3 X 10™* M. The initial fluorescence of the 1:9 (labeled/unlabeled) suspension
was taken as 0% fluorescence, and the 100% fluorescence value was determined
with an equivalent concentration of vesicles prepared with 0.06% of each fluo-
rescent phospholipid. The suspensions were excited at 470 nm, and the NBD
fluorescence was recorded at 530 nm.

Vesicle leakage assay. Dry lipid films were rehydrated to a concentration of 20
mg/ml in 10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)
buffer (pH 7.2) containing 62 mM calcein purified as described in Materials and
Methods. Unencapsulated dye was removed by passing the liposome preparation
over a Sephadex G-50 gel filtration column equilibrated with 10 mM HEPES-
150 mM NaCl-1 mM EDTA buffer (pH 7.2). The liposome concentration was
estimated by measuring the phosphorus content in the lipids (23). Release of the
fluorescent dye from preloaded LUV at a final lipid concentration of 3 X 10™*
M was monitored with an SLM 8000 spectrofluorimeter. Experiments were
conducted in a 1-ml stirred cuvette with right-angle illumination. Excitation and
emission wavelengths were set at 490 and 520 nm, respectively, with a slit width
of 4 nm. The addition of Triton X-100 to a final concentration of 0.1% (vol/vol)
was used to determine maximal release. The percentage of total fluorescence was
defined as % F, = [(I, — 1y)/(I100 — 1)] X 100, where I, is the initial fluorescence,
I, is the total fluorescence observed after addition of Triton X-100, and 7, is the
fluorescence observed after addition of fusion peptide at ¢ = 600 s, corrected for
dilution.

Attenuated total reflection (ATR)-FTIR. Spectra were recorded at room tem-
perature on a Perkin-Elmer 1720X FTIR spectrophotometer equipped with a
liquid nitrogen-cooled mercury-cadmium-telluride detector at a nominal resolu-
tion of 4 cm ™! and encoded every 1 cm™!. The spectrophotometer was contin-
uously purged with air dried on a silica gel column (5 by 130 cm). The internal
reflection element was a germanium plate (50 by 50 by 2 mm; Harrick EJ2121)
with an aperture angle of 45°, yielding 25 internal reflections. For each spectrum,
128 scan cycles were averaged; in each cycle, the ratio of the sample spectra with
respect to the background spectra of a clean germanium plate was measured,
using a shuttle to move the sample or reference into the beam. For polarization
experiments, a Perkin-Elmer gold wire grid polarizer was positioned before the
sample and the reference.

Samples were prepared by adding HIV-1 peptides, dissolved in dimethyl sul-
foxide (DMSO) at a final concentration of 1 mg/ml, to liposomes (LUV PC/PE,
1:1) at various molar lipid/peptide ratios. After a 1-h incubation at 37°C, the
lipid-peptide complex was separated from the free peptides on a Sephadex G-50
column (Pharmacia). Oriented multilayers were obtained by slow evaporation of
the liposomes under an N, stream and at room temperature (9) on one side of
the germanium plate. To differentiate between the o-helix and the random
structures, the multilayers were exposed for 3 h to D,O-saturated N, (2).

Determination of the secondary structure was based on the vibrational bands
of protein or peptide, particularly the amide I band (1,600 to 1,700 cm ™), which
are sensitive to the secondary structure (6). This amide I band, located in a
region of the spectrum often free of other bands, is made of 80% pure C=0
vibration (11). The strong overlapping of the different components of the amide
I arising from the different secondary structures usually results in a broad,
featureless envelope. The combination of resolution enhancement methods with
a band-fitting procedure allows the quantitative assessment of various compo-
nents of protein or peptide secondary structure such as a-helix, B-sheet, and
unordered structures (15, 31). Each band was assigned to a secondary structure
according to the frequency of its maximum. The areas of all bands assigned to a
given secondary structure were then summed and divided by the total area. This
ratio gives the proportion of the polypeptide chain in that conformation. This
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Sbwt (16 aa) AVGIGALFLGFLGRAG
SPwt.13 (13 aa) AVGIGALFLGFLG
SIVwt (16 aa) GVEFVLGFLGFLATAGS
SIvwt.12 (12 aa) GVEVLGFLGFLA
SP-2 A IGALFLGFLGAAG
SP-3 A GALFLGFLGARAG
SP-4 A ALFLGFLGAAG

FIG. 1. Amino acid sequences of synthetic peptides (SP) corresponding to
the gp41 N terminus of HIV-1 (strain HIVy; 43) and deletion mutants (29). For
comparison, analogous fusion-active SIV peptides of comparable length used in
a previous study (20) are also depicted. aa, amino acids.

procedure, extended to a series of well-characterized proteins, provided a correct
estimation of the a-helix and B-sheet structure content with a standard deviation
of 8.7% when X-ray structures were taken as the reference (9). The percentages
of the different secondary structures were quantified by an iterative curve fitting.
The frequency limits for each structure were first assigned according to data
determined theoretically (17) or experimentally (31): 1,662 to 1,645 cm ™!, a-he-
lix; 1,689 to 1,682 cm ! and 1,637 to 1,613 cm ™", B-sheet; 1,644.5 to 1,637 cm ™!,
random; 1,682 to 1,662.5 cm ™!, B-turns. These limits have been slightly adjusted
to obtain a good agreement between the proportion of each structure deter-
mined by ATR-FTIR and X-ray crystallography (9).

ATR-IR allows spectra to be recorded on ordered lipid bilayers and informa-
tion to be gained about the orientation of different structures of protein or
peptide (9, 10). In an o-helix, the main transition dipole moment (C==0) is
almost parallel to the helix axis, while in an antiparallel B-sheet, the polarization
is opposite, predominantly perpendicular to the fiber axis (11). It is therefore
possible to determine the mean orientation of the a-helix and B-sheet structures
from the orientation of the peptide bond corresponding to the C=O group.
Spectra were recorded with parallel (0°) and perpendicular (90°) polarized inci-
dent light with respect to the ATR plate. Polarization was expressed as the
dichroic ratio R,,, = Agy/Ap-. The mean angle between the C=0O bond and a
normal to the ATR plate surface is calculated from R, as described by Cabiaux
et al. (2).

The difference spectra are obtained by subtracting the 0° from the 90° polar-
ization spectrum normalized to each other by setting to zero the net integral of
the intensities of the ester C=O0 stretching band of the Sn-1 and Sn-2 lipid chains
in the 1,710- to 1,760-cm™~' region in the difference spectrum. The rationale
behind this lies in the fact that both the Sn-1 and Sn-2 carbonyl groups are found
to make angles with respect to the bilayer normal that are close to the value for
an isotropic orientation, and their IR intensities are therefore expected to be
independent of the polarization.

RESULTS

Peptide-induced lipid mixing and dye leakage. The 16-ami-
no-acid synthetic peptide (SPwt) corresponding to the fuso-
genic sequence of the HIV-1 gp41 has been shown to promote
the lipid mixing of PE-containing LUV (PE/PC molar ratio =
1:1) (19) as determined by resonance energy transfer (30).
Here, we compared three peptides corresponding to deletion
mutants of the HIV-1 gp41 N-terminal extremity with SPwt
(Fig. 1). Like SPwt, SP-2 promoted the fusion of LUV at a
lipid/peptide molar ratio of 25, neutral pH, and 37°C. No
fusion occurred with SP-3 and SP-4 under the same experi-
mental conditions (Fig. 2A). This loss of fusion activity with
deletions at the N terminus is not likely to be due to the
decrease in the overall lengths of the inactive 12- and 13-
amino-acid peptides, because a 13-amino-acid peptide result-
ing from the C-terminal deletion of the 16-amino-acid HIV
fusion peptide showed a high fusion activity, as did a 12-amino-
acid peptide of the analogous SIV fusion peptide (20) (Fig.
2A).

It has been shown in vivo that the cotransfection of a non-
fusogenic mutant protein with the fusogenic wild-type gp41
resulted in a reduced cell-fusing activity of HeLa-T4™ cells
(29). We have therefore analyzed the capacity of the nonfuso-
genic peptides SP-3 and SP-4 to interfere with the activity of
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FIG. 2. Lipid mixing (A) and dye leakage (B) of LUV (PC/PE molar ratio,
1:1) induced by SPwt and mutant peptides. At time zero, the peptide dissolved
in DMSO was added, and the decrease in fluorescence energy transfer following
liposome-liposome fusion was monitored at 530 nm, pH 7.4, and 37°C. DMSO up
to 2% (vol/vol), which is the maximal concentration used, did not modify the
fluorescence. The total lipid concentration was 3 X 10™* M, and the peptide
concentration was 1.3 X 107> M.

the fusogenic peptides SPwt and SP-2. Addition to the vesicles
of SPwt premixed with SP-3 or SP-4 at a 1:1 molar ratio
resulted in the same effects as produced by SPwt alone, and
preaddition of SP-3 or SP-4 to the vesicles did not affect mem-
brane mixing induced by SPwt or SP-2, indicating that the
nonfusogenic peptides were unable to interfere with the activ-
ity of fusogenic peptides under these conditions in vitro (data
not shown).

The interaction of peptides with phospholipid vesicles was
further investigated by measuring the ability of the peptides to
induce leakage of calcein from PC/PE vesicles. The relative
efficiency of these peptides in inducing leakage correlates with
their fusogenic activity; the fusogenic peptides SPwt (16 and 13
amino acids) and SP-2 exhibited a high efficiency in inducing
dye leakage, while the nonfusogenic peptides SP-3 and SP-4
did not destabilize the LUV envelope (Fig. 2B).

Conformation and orientation of the modified peptides. The
peptides were deposited on the germanium crystal from a
DMSO solution (1 mg/ml). At pH 7.4 and in the absence of
lipid, the HIV-1 peptides adopt a B-sheet structure character-
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ized by a maximum at 1,628 cm ' (Fig. 3A). Estimation of the
secondary structure by Fourier self-deconvolution and curve
fitting confirmed this predominance of B-sheet structure (Ta-
ble 1) for all the HIV-1 fusion peptides.

LUV of PC/PE (1:1 molar ratio) were incubated with the pep-
tides for 1 h at 37°C, and the proteoliposomes were separated
from the free peptides on a Sephadex G-50 column. In contrast
to lipid-free peptide, proteoliposomes displayed FTIR spectra
(Fig. 3B and C) with an intense band, centered at 1,735 cm™*,
corresponding to the COOH stretching vibration of the phos-
pholipid ester bonds and a second band, centered at 1,652
cm ™!, corresponding to the amide I of peptides, indicating that
the HIV-1 peptide preferentially adopted an a-helical confor-
mation. There was a continuing shift to the a-helical confor-
mation with the increase of the lipid-to-peptide ratio (Table 1).

The lipid-to-peptide ratio stated is the input ratio that was
used to make the proteoliposomes before passage through the
column, and the actual lipid-to-peptide ratio in the multilayer
on the germanium plate has not been determined. However,
the relative intensities of the peptide and lipid bands indicate
a comparable degree of binding for the four peptides. This
estimation was made by measuring the ratio S,.,;qe/S,(c—oyiipia
on the IR spectra [S,iqc 1S the area of amide I measured
between 1,680 and 1,600 cm ™', and S, —oyipia I8 the area of
the lipid ¥(C=0) band between 1,770 and 1,700 cm '] (9).

With the aid of the Fourier deconvolution and curve-fitting
procedure, we found that the amide I band of HIV-1 fusion
peptide is resolvable into three component bands with maxima
near 1,665, 1,652, and 1,635 cm™! (Fig. 4). The component
near 1,652 cm ™! dominates the contours of the band (+85% of
the total integrated intensity) and can be assigned to the amide
I absorption of the a-helical domain of the peptide. The com-
ponents near 1,665 and 1,635 cm™! together contribute some
15% of the integrated intensity of amide I band and are at-
tributable to the amide I vibrations of the non-a-helical do-
main of the peptide (which are probably the COOH and NH,
extremities). The three modified peptides present, within the
limits of experimental accuracy, the same conformation in the
absence and in the presence of lipids as the wild-type fusion
peptide does (Table 1).

To determine the orientation of the secondary structures
with respect to the lipid bilayer, spectra were recorded with
orthogonally polarized incident light. A larger absorbance at
90° indicates a dipole oriented preferentially close to the per-
pendicular of the membrane plane, and, conversely, a larger
absorbance at 0° indicates a dipole much closer to the parallel
of the membrane plane. The orientational distributions of
SPwt and SP-2 peptides are distinctly different from the orien-
tation of SP-3 and SP-4 (Fig. 5). The difference spectra 90° —
0° of SPwt and SP-2 reveal no deviation for the a-helix, sug-
gesting that the a-helix is neither parallel nor perpendicular to
the ATR element surface, as illustrated for the SP-2 peptide in
Fig. 5A, while for SP-3 and SP-4, the 90° — 0° difference
spectra show a negative deviation for the a-helix, suggesting an
orientation parallel to the lipid membrane, as shown for SP-3
in Fig. 5B.

As described in Materials and Methods, the curve fitting
applied to the polarized spectra in the amide I region allows
the evaluation of the dichroic ratio R, (Agg/Ae) for the a-he-
lical structure and the calculation of the angle between the
long axis of the a-helix and the germanium plate. For the
helical structure associated with SPwt and SP-2, the calculated
dichroic ratio of 1.3 = 0.04 corresponds to an angle of 50 * 5°
between the a-helix and the germanium plate. The dichroic
ratios associated with the SP-3 and SP-4 helical structures are
0.85 = 0.03, corresponding to an angle of 0 = 5° (Table 1). To
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FIG. 3. ATR-FTIR spectra of SP-2 dissolved in DMSO (A) and inserted in LUV PC/PE at peptide-to-lipid molar ratios of 1:100 (B) and 1:200 (C).

determine these orientations, a 27° deviation angle between
the a-helix axis and the C=O0 transition dipole moment de-
scribed by Rothschild et al. (28) was taken into account by
introducing an order parameter S = (3cos® 27° — 1)/2, so
that Sicix = Smeasurea/Sc—o (9, 11). The calculated angles
between the helix axis and the bilayer are therefore minimum
estimates, and an orientation of the helix axis closer to this
perpendicular would result from considering other sources of
disorder such as an imperfect parallelism between the bilayer
and the germanium crystal surface.

Efforts have been made to characterize the orientation of
the phospholipids in the bilayer in order to assess the overall
membrane orientation on the germanium plate in the absence
and the presence of peptide. In the absence of peptide, the
peak of the phospholipid w(CH,) at 1,468 cm™! that appears
on the dichroic ratio spectra (obtained by subtracting the 0°
spectrum from the 90° spectrum) as a negative deviation dem-
onstrates that the phospholipid acyl chains are oriented almost
perpendicular to the germanium plate; i.e., the bilayer lies

parallel to the germanium plate (data not shown). The dichroic
ratio of the w(CH,) vibration at 1,468 cm ™' is 0.80 = 0.05
without or with peptide, and this is consistent with a well-
ordered lipid film parallel to the plane of the germanium plate.
The fact that peptide has no measurable effect on the lipid
order is probably due to the low peptide-to-lipid molar ratio of
1:200 used in these experiments. Tamm and Tatulian (32) have
demonstrated that only at peptide-to-lipid molar ratios up to
1:20 are small hydrophobic peptides able to disturb the orien-
tational order of the lipid molecules to a significant degree.

DISCUSSION

The hydrophobic region located at the amino-terminal ex-
tremity of transmembrane envelope glycoproteins of several
enveloped viruses (paramyxoviruses, orthomyxoviruses, and
retroviruses) has been proposed to play a role in the fusion
process and is referred to as the fusion peptide (for a review,
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TABLE 1. Proportion of the different secondary structures of SPwt
and mutant peptides in the absence and presence of LUV
containing PC and PE at a 1:1 molar ratio

FTIR secondary structure®

Sample®

% o-helix Dichroic % B-sheet % Random
(* 5%) ratio (* 3%) (= 7%)

SPwt

in DMSO 5 70 25

rL/P = 50 22 ND¢ 55 23

rL/P = 100 54 1.25 30 16

rL/P = 200 85 1.30 0 15
SP-2

in DMSO 7 70 23

rL/P = 50 20 ND 50 25

rL/P = 100 55 1.30 30 15

rL/P = 200 85 1.32 0 15
SP-3

in DMSO 7 60 33

rL/P = 50 13 ND 55 32

rL/P = 100 50 0.90 35 15

rL/P = 200 85 0.87 0 15
SP-4

in DMSO 5 65 30

rL/P = 50 15 ND 60 25

rL/P = 100 55 0.83 30 15

rL/P = 200 85 0.85 0 15

“rL/P, lipid-to-peptide molar ratio before passage through a Sephadex G-50
column.

® The measurements were done after separation of the vesicle-bound peptide
from free peptide on a Sephadex G-50 column.

¢ ND, not determined.

see reference 35). In HIV-1 and SIV, this hydrophobic domain
is located at the N termini of gp41 and gp32.

Expression vectors for mutant glycoproteins with deletions
of 1 to 7 amino acids of the N terminus of gp41 have recently
been constructed and tested for their ability to induce mem-
brane fusion after transfection of HeLa-T4" cells by electro-
poration and microinjection (29). The efficiency of cell-fusing
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FIG. 4. FTIR spectra and curve fitting of the deuterated amide I band of
SP-2 in the presence of lipid (LUV PC/PE lipid-to-peptide ratio, 200). The sum
of the Lorentzian line shapes obtained is represented by the dotted spectrum.
The vertical dotted lines define the regions associated with the different second-
ary structures. The frequency limits were as follows: 1,662 to 1,645 cm ™ ! a-helix;
1,689 to 1,682 cm™' and 1,637 to 1,613 cm™', B-sheet; 1,644.5 to 1,637 cm ™!,
random; 1,682 to 1,662.5 cm™!, B-turn.

J. VIROL.

activity decreased drastically with deletion of 3 amino acids or
more, suggesting that a specific N-terminal structure is re-
quired for fusing activity even though the deletion of up to 2
amino acids can be tolerated (29).

Since different studies on SIV gp32 have revealed a corre-
lation between the orientation of the fusion peptide in the lipid
membrane and its fusogenic activity (14, 22), we have now
analyzed synthetic peptides corresponding in sequence to the
gp41 N termini of HIV-1 used by Schaal et al. (29) to ask
whether the activity of these peptides and their interaction with
lipid membranes correlates with the properties of the parent
glycoproteins in vivo and with the membrane orientation of the
peptides as predicted from our previous studies (14, 22).

The ability of the three mutant peptides to destabilize the
lipid bilayer and to induce lipid mixing was tested and com-
pared with the fusogenic activity of SPwt. SP-2 has an activity
comparable to SPwt, while SP-3 and SP-4 have no capacity to
destabilize the lipid bilayer or to induce membrane fusion. This
loss of fusion activity cannot be ascribed to the shortening of
the peptide per se, because Spwt13, a peptide equal in length
to SP-3 but containing the N-terminal sequence of the 16-
amino-acid Spwt, showed high fusion activity. These results
with the model system are in good agreement with the in vivo
data obtained by mutagenesis, which have also shown that the
deletion of 2 amino acids has little effect on the fusogenic
activity of gp41, while deletion of 3 and 4 amino acids drasti-
cally decreases the fusion activity in transfected HeLa-T4™"
cells (29).

To better understand the insertion mode of these peptides in
the lipid membrane, we have used ATR-FTIR to determine
their secondary structure in proteolipid complexes. The three
mutant peptides were found to have the same secondary struc-
ture in lipid bilayers as the wild-type peptide did. All peptides
undergo a conformational transition to an a-helical structure
when interacting with lipid. This B-sheet-to—a-helix transition
has previously been demonstrated by circular dichroism for
synthetic peptides corresponding to the N-terminal extremity
of influenza virus (18) and by IR spectroscopy for the fusion
peptides of HIV-1 (19, 26) and SIV (20, 21).

Because of the similarity of the secondary structure of wild-
type and mutant peptides, this parameter clearly cannot ac-
count for the large functional differences found between the
wild-type and mutant peptides in vitro and between their par-
ent glycoproteins in vivo. Another important physical param-
eter which could potentially discriminate between functional
and nonfunctional fusion peptides is the orientation in the
membrane of the a-helices. A useful method for determining
the orientation of a-helices of proteins or peptides in the lipid
bilayer is ATR-IR with polarized light (9, 10, 33). Applying this
method to the peptides, we found that deletion of 3 or 4
residues significantly changes the orientation of the «-helix
relative to the lipid bilayer, lowering the angle relative to the
plane of the membrane close to the parallel. This is in contrast
to the oblique orientation of the wild-type peptide and SP-2.
Thus, as subtle a change in sequence as the loss of 1 amino acid
residue (from SP-2 to SP-3) can result in significant changes of
the orientation of the helix, and this correlates with the change
in the membrane fusion activity in vitro observed in this study
and with the previously observed differences in fusion activity
of the parent glycoproteins in vivo (29).

The results suggest that the oblique angle at which the hy-
drophobic fusion peptide is inserted into the lipid bilayer is an
important parameter for its ability to destabilize the lipid or-
ganization and to promote membrane fusion. This further sup-
ports the correlation between membrane orientation and fu-
sion that has previously been observed with SIV fusion
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FIG. 5. ATR-FTIR spectra of SP-2 inserted in LUV PC/PE (A) and SP-3 inserted in LUV PC/PE (B), recorded with 90° (bottom) and 0° (middle) polarization.
The dichroism spectrum obtained by subtracting the 0° from the 90° recorded spectra is plotted at the top of the figure and expanded threefold in the ordinate direction.
The bars indicate the protein amide I bands in the region of 1,600 to 1,700 cm~" and the phospholipid w(CH,) at 1,467 cm~'. The difference spectra are normalized
to each other by setting to zero the net integral of the intensities of the ester C=0 stretching bands of the Sn1 and Sn2 chains in the 1,710- to 1,760-cm ™! region of

the difference spectrum.

peptides (22) and with mutations introduced into the fusion
peptide of the entire SIV glycoprotein (14). A possible mech-
anism by which peptides inserted into membranes at an ob-
lique angle may perturb bilayer packing is by increasing the
negative curvature strain, thereby favoring the formation of
inverted phases. There is some evidence that viral fusion pep-
tides of SIV and influenza virus may promote fusion by this
mechanism of phase destabilization (3, 4).

The good correlation observed between the in vitro and in
vivo experiments confirms the complementarity and the poten-
tial of the two methods for examining the mechanisms by
which peptide region of a transmembrane protein induce lipid
bilayer fusion. Moreover, the similarity observed in the HIV
and SIV systems (22) suggests the existence of a common
fusion mechanism induced by the fusion peptides.
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