
Abstract We have studied the interactions with neutral
phospholipid bilayers of FPI, the 23-residue fusogenic N-
terminal peptide of the HIV-1LAI transmembrane glyco-
protein gp41, by CD, EPR, NMR, and solid state NMR 
(SSNMR) with the objective of understanding how it ly-
ses and fuses cells. Using small unilamellar vesicles made
from egg yolk phoshatidylcholine which were not fused or
permeabilised by the peptide we obtained results suggest-
ing that it was capable of inserting as an α-helix into neu-
tral phospholipid bilayers but was only completely mono-
meric at peptide/lipid (P/L) ratios of 1/2000 or lower.
Above this value, mixed populations of monomeric and
multimeric forms were found with the proportion of mul-
timer increasing proportionally to P/L, as calculated from
studies on the interaction between the peptide and spin-la-
belled phospholipid. The CD data indicated that, at P/L be-
tween 1/200 and 1/100, approximately 68% of the peptide
appeared to be in α-helical form. When P/L=1/25 the α-
helical content had decreased to 41%. Measurement at a
P/L of 1/100 of the spin lattice relaxation effect on the 13C
nuclei of the phospholipid acyl chains of an N-terminal
spin label attached to the peptide showed that most of the
peptide N-termini were located in the interior hydrocarbon
region of the membrane. SSNMR on multilayers of dite-
tradecylphosphatidyl choline at P/Ls of 1/10, 1/20 and 1/30
showed that the peptide formed multimers that affected the
motion of the lipid chains and disrupted the lipid align-

ment. We suggest that these aggregates may be relevant to
the membrane-fusing and lytic activities of FPI and that
they are worthy of further study.
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Abbreviations ANTS 8-Aminonaphthalene-1,3,6-trisul-
fonic acid sodium salt · CD Ultraviolet circular dichroism
spectroscopy · CrOx Chromium oxalate · DPX p-Xylene-
bis(pyridinium) bromide · DSS 4,4-Dimethyl-4-silapen-
tane-1-sulfonate · DTPC Ditetradecyl phosphatidylcholine
· EPR Electron paramagnetic resonance spectroscopy ·
EYPC Egg yolk phosphatidylcholine · FPI 23-residue N-
terminal fusion peptide of human immunodeficiency virus
type 1 · FP1a FPI 13C carbonyl-labelled on Gly-529 · FPII
FPI spin-labelled at N-terminus · FT-IR Fourier transform
infrared spectroscopy · HIV-1 Human immunodeficiency
virus type 1 · Me2SO Dimethylsulphoxide · NBD-PE 
N-(7-Nitro-2,1,3-benzoxadiol-4-yl)phosphatidylethanol-
amine · P/L Peptide/lipid · RET Resonance energy trans-
fer · Rh-PE N-(Lissamine rhodamine B sulfonyl)phospha-
tidylethanolamine · SDS Sodium dodecyl sulfate · SSNMR
Solid-state NMR spectroscopy · SUV Small unilamellar
vesicles · TCC Tempocholine chloride · TFE Trifluoro-
ethanol · 5NS 5-Doxylstearic acid spin probe · 7NS 7-
Doxylstearic acid spin probe · 9NS 9-Doxylstearic acid spin
probe · 10NS 10-Doxylstearic acid spin probe · 12NS 12-
Doxylstearic acid spin probe · 16NS 16-Doxylstearic acid
spin probe · 16NPC 1-Palmitoyl-2-(16-doxylstearoyl)
phosphatidylcholine

Introduction

The 23-residue N-terminal sequence of the gp41 envelope
glycoprotein of HIV-1 is regarded as playing a key part in
fusion of the viral lipid envelope and the target cell mem-
brane because site-directed mutagenic replacement of hy-
drophobic residues in this sequence with polar residues re-
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duces infectivity of the virus and its ability to promote syn-
cytia formation between cultured cells (Felser et al. 1989;
Freed et al. 1990). Also, peptides consisting of all or part
of this sequence bind to and perturb artificial membranes,
causing fusion and contents leakage in negatively charged
and neutral lipid vesicles (Rafalski et al. 1990; Nieva et al.
1994; Martin et al. 1996; Pereira et al. 1997) and increas-
ing the conductance of bilayer (black) lipid membranes
(Slepushkin et al. 1992). Further, the 23-residue peptide is
lytic for human erythrocytes and HUT78 cells (Mobley et
al. 1992) and is fusogenic for erythrocytes (Mobley et al.
1995).

Because of its hydrophobic nature it has been assumed
that the fusion peptide interacts primarily with the lipids
of the cell membrane and a number of studies have been
made using synthetic peptides and phospholipid vesicles
of defined composition. Initially, these biophysical stud-
ies used the HIV-1LAI fusion peptide, which has a positive
charge at its C-terminus owing to an Arg residue at posi-
tion 538, and focused on systems containing negatively
charged phospholipids, primarily because there was little
evidence for fusogenic activity with other kinds of lipids
(Rafalski et al. 1990; Nieva et al. 1994). Further, it ap-
peared that if the Arg were replaced with Ala the peptide
was poorly fusogenic (Rafalski et al. 1990). However, there
is evidence that, under some conditions, the HIV-1LAI pep-
tide is cabable of fusing and inducing leakage in neutral
lipids (Martin et al. 1996; Pereira et al. 1997). Because neg-
atively charged phospholipids most commonly occur in the
cytoplasmic face of the cell membrane while the exoface
consists of neutral and positively charged phospholipids
(Rothman and Lenard 1977; Op den Kamp 1979), the inter-
action of the fusion sequence with neutral lipids would be
expected to be an important step in its fusion and lysis of
cells.

The exact nature of the fusogenic structure of the pep-
tide is still uncertain. The first 16 residues of the sequence
have been shown to form an α-helix by CD and FT-IR spec-
troscopy (Rafalski et al. 1990; Gordon et al. 1992) and
high-resolution NMR in a variety of micellar and lipid ves-
icle systems (Chang et al. 1997). On the other hand, extended
β-structure of the sequence has also been reported in lipid
systems and claimed to be the fusogenic form (Nieva et al.
1994; Pereira et al. 1997). Increasing β-structure was ob-
served (Gordon et al. 1992) with increasing peptide/lipid
ratio (P/L) in SDS (CD spectroscopy) and in liposomes
made from red cell ghost lipids (FT-IR). Studies made with
fusion peptide spin-labelled at the N-terminus (Gordon et
al. 1992) suggested that it formed aggregates in red cell
ghost membranes and liposomes made from red cell ghosts
at quite low P/L (>1/1000). Significant aggregation was
present at P/L values where haemolysis (Mobley et al. 1992)
and fusion of resealed red cell ghosts (Mobley et al. 1995)
have been observed.

These studies on the interaction of the peptide with
membranes appear to have been made under fusing, lytic
or indeterminate conditions and the timescale of the meas-
urements was such that the membranes were approaching
their final state of fusion or lysis. It was, therefore, unclear

whether the observed structures and states of association
of the peptide reflected those occurring under the initial
conditions of peptide/lipid interaction, rather than the fi-
nal state. Further, the studies on aggregation were made
using a spin-labelled peptide, which could be open to the
objection that the presence of the label may be contribut-
ing to the aggregation. Here, we report the results of spec-
troscopic studies on the interaction of the HIV-1LAI pep-
tide with neutral lipids under non-fusing and non-lytic con-
ditions. These studies include solid state NMR (SSNMR)
of the non-spin-labelled peptide in aligned lipid multilay-
ers.

Materials and methods

Spin probes and lipids

Stearic acid probes, doxyl spin-labelled at the 5 (5NS), 
7 (7NS), 9 (9NS), 10 (10NS), 12 (12NS) and 16 (16NS) po-
sitions, and the non-membrane-penetrant probe tempocho-
line chloride (TCC) were obtained from Molecular Probes,
Junction City, Ore. The spin-labelled phospholipid 1-palmi-
toyl-2-(16-doxylstearoyl)phosphatidylcholine (16NPC)
was obtained from Avanti Polar Lipids, Pelham, Ala. Spin
probes from both sources were checked for purity and to
ensure that their number of spins/M were >90% of theory
(Gordon and Curtain 1988). Egg yolk phosphatidylcholine
(EYPC, Type XVI-E) was obtained from Sigma St Louis,
Mo, and used without further purification. The ether-linked
phospholipid ditetradecylphosphatidylcholine (DTPC)
(Ruocco et al. 1985) was the kind gift or Dr. Mahendra
Jain. The fluorescent probes N-(7-nitro-2,1,3-benzoxad-
iol-4-yl)phosphatidylethanolamine (NBD-PE) and N-(lis-
samine rhodamine B sulfonyl)phosphatidylethanolamine
(Rh-PE) were purchased from Avanti Polar Lipids (Birm-
ingham, Ala). The other fluorescent probe used, 8-amino-
naphthalene-1,3,6-trisulfonic acid sodium salt (ANTS),
and the quencher, p-xylylenebis(pyridinium)bromide (DPX),
were from Molecular Probes, Junction City, Ore.

Peptides

A peptide (FPI) corresponding to the fusion sequence
of HIV-1LAI (NH2-AVGIGALFLGFLGAAGSTMARS-
CONH2 , residues 517–539 numbered according to Myers
et al. 1995) was synthesised by the Merrifield solid phase
synthesis method and purified on a Vydac C18 column and
assayed for purity as described previously (Mobley et al.
1992). Another peptide of the same sequence as FPI
(FPIa ), 99% 13C labelled on the carbonyl C of Gly-529
was prepared, purified and assayed by the same methods.
A spin-labelled version of FPI (FPII) labelled at the N-
terminus was prepared as described previously (Gordon
et al. 1992). Stock solutions of the peptides in either
Me2SO or TFE/ H2O (60/40) were used within 5 days of
preparation.
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Vesicle preparation

Small unilamellar vesicles (SUV) were prepared by hy-
drating dried EYPC in pH 7.4, 0.05 M Tris buffered solu-
tions to a final concentration of 100 mM and sonicating
under nitrogen at 35°C until the suspension was no longer
turbid. The peptides were incorporated into the vesicles by
mixing them with the phospholipid in excess 70/30 chlo-
roform/methanol at the desired peptide/lipid ratio. The
mixture was dried under a stream of nitrogen and then kept
under vacuum for 24 h to ensure thorough removal of sol-
vent. The mixture was then hydrated in pH 7.0, 0.05 M
Tris-HCl buffer and sonicated as above.

Density gradient centrifugation

Density gradient centrifugation of SUV was carried out in
Metrizamide (Nyegaard, Oslo, Norway)-Tris buffer (pH 7.0,
0.05 M) as described by Cornell et al. (1988).

Fluorimetric assays

A Perkin Elmer MP5 spectrofluorimeter was used and
measurements were made at 303 K in thermostated cu-
vettes.

Membrane mixing assays

The resonance energy transfer (RET) assay of Struck et al.
(1981) was used to detect fusion of SUV and mixing of
their membrane components. SUV whose lipid bilayers
contained 0.6 mol% each of NBD-PE and Rh-PE were
mixed with unlabelled SUV. On the addition of a fusogen,
which mixes the labelled and unlabelled lipids, the dilu-
tion of the fluorochrome results in an increase of NDB flu-
orescence as measured at 530 nm with the excitation set at
465 nm. Values were expressed as a percentage of the emis-
sion obtained after the mixed SUV were exposed to 1%
(w/v) Triton X-100.

Contents leakage

The ANTS/DPX assay of Ellens et al. (1985), which de-
pends on relief of quenching as the DPX is diluted in the
external medium, was used to measure the release of 
vesicular contents. SUV were made which encapsulated
12.5 mM ANTS, 45 mM DPX, 20 mM NaCl and 5 mM

HEPES. The SUV were separated from unencapsulated
material by gel filtration in a Sephadex G-75 column,
eluted with 5 mM HEPES and 100 mM NaCl (pH 7.4). Os-
molalities were adjusted with the aid of cryoscopic deter-
mination (Nieva et al. 1994). The ANTS fluorescence was
measured at 520 nm, using an excitation of 355 nm. Read-
ings were expressed as a percentage of the value obtained
after the SUV were mixed with 1% (w/v) Triton X-100.

CD spectra

Far-ultraviolet CD spectra of FPI in TFE/H2O (60/40) and
SUV were measured over the range 250 nm to 200 nm us-
ing an AVIV spectropolarimeter at 309 K using 0.01 or
0.05 cm pathlength rectangular quartz cells. The peptide
was added over a range of concentrations to SUV (2 mg
lipid/ml) in 50 mM potassium monohydrogen phosphate-
100 mM NaCl. Peptide concentration in the sample solu-
tion was measured by quantitative amino acid analysis.
Thirty six spectra were averaged, the SUV spectra base-
line-corrected by subtracting the spectra for SUV without
peptide and all were analysed for % α -helix, β-strand and
disordered structures using the K2d Kohonen neural net-
work program (Andrade et al. 1993; Merelo et al. 1994)
obtainable by ftp anonymous to swift.embl-heidelberg.de
directory/group/andrade.

Magnetic resonance spectroscopy

Nuclear magnetic resonance

Solution 13C NMR spectra were recorded at 303 K on a
Bruker AMX 300 spectrometer operating at 75 MHz and
chemical shifts were referenced to DSS. T1 experiments
were performed using the fast inversion-recovery (FIRFT)
method (Levy et al. 1980). A recycle delay of 1.3 s was in-
corporated between each 180°-τ -90° pulse sequence and
a set of 12 τ values was used to determine T1 values. All
spectra were recorded in 16 k data points with a spectral
width of 20 000 Hz and 768 transients. Spectra were pro-
cessed on a Silicon Graphics workstation using the soft-
ware package FELIX (Hare Research). Each free induction
decay was multiplied by an exponential function, leading
to a line broadening of 2 Hz. A polynomial baseline correc-
tion of order 2 was applied to each transformed spectrum.
Raw peak intensities were input into KALEIDOGRAPH
where T1 values were calculated using a 3 parameter fit.
The calculated T1 values represent an average of two de-
terminations for each sample that were reproducible within
15%. T1 values were determined for the phospholipid acyl
chain carbon atoms in SUV into which had been incorpo-
rated FPII at a P/L of 1/100. The observed relaxation time
T1

Obs in these experiments is a multi-component term with
contributions arising in principle from dipolar (T1

D ), para-
magnetic (T1

P), spin rotation (T1
SR ) and scalar coupling

(T1
SC ) relaxation mechanisms. For protonated carbons the

dipolar mechanism generally dominates the observed re-
laxation time and other mechanisms can be neglected. The
effect of adding a paramagnetic centre, such as a nitroxide
spin label, is to enhance the relaxation of those carbon at-
oms in the vicinity of the unpaired electron by virtue of the
increased significance of 1/T1

P.

Solid state NMR

Proton-enhanced 13C and 31P SSNMR spectra were ob-
tained at 303 K on both powder and aligned multilayers of
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FPIa dispersed in the ether-linked phospholipid DTPC with
a Bruker MSL400 spectrometer using the procedures de-
scribed by Cornell et al. (1988). The peptide and lipid
(30–50 mg) were co-dispersed in CHCl3/MeOH (approx.
1 ml) and syringed onto small glass coverslips (30–50).
The solvent was allowed to evaporate and the samples were
pumped overnight to remove all traces of solvent. About
1–2 µl of water was added to each of the coverslips, which
were then stacked and inserted in a NMR sample tube con-
taining 10–15 µl of water. The tube was then glass sealed.
The final water concentration was 50% w/w. The 13C pro-
ton-enhanced cross-polarisation sequence of Pines et al.
(1973) was used. Typical conditions were: Hartmann-Hahn
90° pulse 8 µs, repetition delay 2 s, contact time 1.5 ms,
acquisition time 8.5 ms, sweep width 60 kHz, 50 000 ac-
quisitions per spectrum, obtained in lots of 2 000. The sam-
ple was goniometer-mounted to permit rotation through an
angular range of 180° to 0° to the B0 field without remov-
ing the probe from the spectrometer. 31P spectra were ob-
tained using both cross polarisation and proton decoupling.
Relaxation measurements were made using an inversion-
recovery (180-τ-90) sequence for T1 and a spin-echo (90-
τ -180) sequence for T2 . T1ρ was measured using a proton
spin locking pulse. T1ρ is T1 in the rotating frame or T1 on
the timescale of the spin-locking pulse (kHz) and hence re-
ports on motion on a slower timescale.

Electron paramagnetic resonance

Continuous-wave X-band EPR spectra were obtained on
Bruker ED200 and ESP380 spectrometers. Samples (25 µl)
were drawn into 100 µl micropipettes and handled as de-
scribed by Gordon and Curtain (1988) to ensure reprodu-
cibility. The EPR measurements were made at a signifi-
cantly lower temperature (295 K) than the other spectro-
scopic determinations in order to ensure better resolution
of the partially immobilised component in the experiments
using spin-labelled lipid. At this temperature the hydrocar-
bon chains of the EYPC would still be in the liquid crys-
talline phase. In series of spectra, where subtractions were
made, x-axis reproducibility was further ensured by includ-
ing in the samples a small amount of the water soluble,
non-membrane penetrant spin probe TCC to the samples.
Reproducibility of addition was ensured by incorporating
TCC in the stock buffer used to suspend the liposomes.
This probe gave a sharp triplet spectrum, which enabled
alignment of the spectra to within 0.2 G. Since TCC was
added in a constant amount, it also acted as an internal stan-
dard, enabling the relative number of spins in each sample
to be determined with a precision of 2%. Spin labelled pep-
tide was added to SUV as described by Gordon et al.
(1992). The fatty acid spin probes were added as concen-
trated ethanolic solutions. The final ethanol concentration
was always below 0.25% at which there was no effect on
the EPR spectrum (Ellena et al. 1983). To avoid line-broad-
ening effects due to fatty-acid probe aggregation at high
probe/lipid (Gordon and Curtain 1988), P/L ratios were
kept below 1/600, except where otherwise mentioned. The

phospholipid spin probe (16NPC) does not tend to aggre-
gate to the same extent as the nitroxide fatty acids and was
used at 1/300. Because this probe does not partition quan-
titatively into SUV when added in solvent, it was added
when the phospholipid and phospholipid peptide mixtures
were made up in chloroform/methanol.

Measurement of spectral parameters was carried out us-
ing Bruker Winepr and spectra were simulated with Bruker
SimFonia. Where spin label motion is predominantly iso-
tropic, a rotational correlation time (TR) provides an em-
pirical parameter sensitive to motion in the region probed
by the spin label (Keith et al. 1974):

τR =6.5 × 10–10 × DH0 [(h0 /h–1)1/2 –1] s (1)

where DH0 is the mid-field line width and h0 and h–1 are
the amplitudes of the mid- and high-field lines, respec-
tively. Equation (1) is valid for approximately τR =10–10 s.

Where the labels exhibited rapid anisotropic motion and
restricted flexibility, the order parameter S was used to as-
sess flexibility:

S=(T|| –T⊥)×aN / (Tzz –Txx)×a′N (2)

where T|| and T⊥ are the hyperfine tensors experimentally
determined from the inner and outer hyperfine splittings,
Txx =6.1 G, Tzz =32.4 G are the principal elements of the
real hyperfine splitting tensor in the spin Hamiltonian of
the probe system, which can be measured from single-crys-
tal EPR spectra, while aN and a′N are the isotropic hyper-
fine coupling constants for the probe. Respectively,
aN =1/3×(T|| +2 T⊥) G and a′N =1/3×(Tzz +2 Txx) G. Be-
cause it is sensitive to the polarity of the environment of
the probes, the value of aN was used as an index of their
penetration into the bilayer of the SUV.

The analysis of EPR spectra of peptide/lipid mixtures
was carried out using the spectral subtraction and addition
methods described by Marsh (1989). As a check on the va-
lidity of these procedures as applied to our system, the lipid
spin label spectra were simulated using the modified Bloch
equations as described by Davoust and Devaux (1982). The
rate of change of magnetisation due to exchange between
the motionally restricted and fluid sites is given by the ex-
pressions

dMb /dt=–τb
–1 Mb +τ f

–1 Mf (3)

dMf /dt=τb
–1 Mb –τ f

–1 Mf (4)

where Mb and Mf are the spin magnetisations associated,
respectively, with the “bound” and “fluid” spin label pop-
ulations and τb

–1 and τ f
–1 are the probabilities per unit time

of transfer from the “bound” to the “fluid” state and vice
versa. Equations (3) and (4) were incorporated into the
Bloch equations for the response of the spin system to the
microwave magnetic field H1 of angular frequency ω. In
the simulations, Model I of Davoust and Devaux (1982)
was used, where the unique director orientation in the fluid
component corresponding to the nitroxide axes being
aligned along the membrane normal in the motionally re-
stricted component was assumed to be preserved on ex-
change.
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Results and discussion

Density gradient centrifugation

SUV made from EYPC co-solvated with FPII (25 ml) were
layered onto a preformed Metrizamide gradient and cen-
trifuged at 15 000 g for 3 h. As a control, 25 ml of a 0.5%
(w/v) solution of FPII was centrifuged under identical con-
ditions. One ml fractions were collected and the distribu-
tion of FPII in each of the fractions was determined by dou-
ble integrating its EPR spectrum and calculating the num-
ber of spins. In the control, all the FPII was found in a band
corresponding to a density range of 1.11–1.14. In the li-
posome preparations, at a P/L of both 1/500 and 1/100,
95% of the peptide was associated with the opalescent band
of liposomes that formed at the top of the tube at a density
of 1.03–1.05. The experiment was repeated with FPII be-
ing added to SUV at nominal P/Ls of 1/500 and 1/100 from
TFE/H2O (60/40) solution and it was found that 75–90%
of the spin label was associated with the density band cor-
responding to the liposomes, but only 1–4% was in the
density band 1.11–1.14. The balance of the label was found
adhering to the polypropylene tube walls, from which it
could be recovered in Me2SO. This finding is in accord
with that of Nieva et al. (1994) who found that substantial
but varying amounts of the HIV-1 fusogenic peptide did
not penetrate the membrane but was dispersed as insolu-
ble aggregates in the aqueous phase. In our case, most of
this material was adsorbed to the hydrophobic walls of the
sample tube. For this reason, whenever quantitative P/L
values were required we added FPI to the liposomes by in-
itially co-solvating it with the lipid since the above results
indicated that, over the concentration range studied, most
of the peptide incorporated in this way was associated with
the liposomes. On the other hand, FPII was added from
TFE/H2O (60/40) because it was possible to calculate con-
centrations from its EPR spectra.

Contents leakage and fusion

The data from the contents leakage and fusion experiments
carried out at P/L ranging from 1/20 to 1/100 are given in
Fig. 1A and B. It can be seen that, at the temperature em-
ployed, FPI has very little fusogenic and pore-forming ac-
tivity in the SUV. Pereira et al. (1997) reported that FP1
was fusogenic for large unilamellar vesicles (LUV) made
from neutral lipids comprising phosphatidylcholine, phos-
phatidylethanolamine and cholesterol (molar ratio 1 :1 :1)
which selected for an extended structure that became fu-
sogenic in a dose-dependent fashion. At sub-fusogenic
doses this structure caused the release of trapped fluoro-
chrome from LUV, indicating the existence of a peptide-
mediated membrane destabilising process before and in-
dependent of the development of fusion. FPI may have
been non-fusogenic or leakage-inducing for our SUV be-
cause their tighter radius might have precluded penetration
of the peptide to the inner leaflet of the bilayer. Regardless

of the mechanism, we considered the SUV to be a suitable
medium for studying the interaction of FPI with neutral
lipids under non-fusing conditions.

Circular dichroism spectroscopy

Figure 2 shows spectra of FPI dissolved in TFE/H2O (60/40)
and dispersed in SUV at P/Ls of 1/200, 1/100, 1/75 and
1/50. The proportions of each conformation for each spec-
trum are given in Table 1. The data indicate that the pep-
tide has a considerable amount of helical structure in both
the structure-promoting solvent TFE/H2O (60/40) and the
SUV, with the % helix decreasing with increasing concen-
tration of peptide in the phospholipid, as had been observed
previously in SDS and red cell ghost lipids (Gordon et al.
1992).

It is possible to argue on theoretical grounds (Brasseur
et al. 1988, 1990; Gordon et al. 1992) that, in the presence
of lipid, the amphiphilic part of the molecule from the N-
terminus to Gly532 can form a α -helix. This has recently
been confirmed by an NMR study (Chang et al. 1997). That
is to say, the maximum theoretical α-helical content of the
fusion peptide would be 66% on a residue basis. Hence,
within the margins of experimental error, the 69% α-helix
that we observed at a P/L of 1/200 suggests that close to
100% of the molecules were in this form at lower P/Ls.
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Fig. 1 A Fusion of SUV in the presence of FPI. Lipid mixing de-
termined by the RET assay as a function of time and peptide to lip-
id ratio. Vesicle concentration in all runs was 50 µM. Fluorescence
was recorded continuously with a time constant of 2.5 s. FP1/lipid
ratios are: curve a 1/20, b 1/40, c 1/60, d 1/100, e vesicles with no
FP1. B FPI-induced leakage of ANTS/DPX from SUV. Vesicle con-
centration in all runs was 50 µM. As in A, fluorescence was record-
ed continuously with a time constant of 2.5 s. FP1/lipid ratios are:
curve a 1/20, b 1/40, c 1/60, d 1/100, e vesicles with no FP1



Only at a P/L of 1/25 does the proportion of β-strand reach
a very high level. This is in contrast to the finding by Per-
eira et al. (1997) that the FT-IR spectra of FP1 associated
with phosphatidylcholine, phosphatidylethanolamine and
cholesterol (molar ratio 1 :1 :1) showed a high level of ex-
tended structure which remained essentially constant over
a P/L range 1/50–1/800.

Magnetic resonance measurements

Electron paramagnetic resonance

In Fig. 3 the EPR spectra at 295 K of the free label 3-[-(2-
maleimidoethyl)carbamoyl]-2,2,5,5-tetramethyl-1-pyr-
rolidinyloxyl (A) and FPII (B) in TFE/water (60/40) are
compared with the spectra of FPII in the SUV at P/L of
1/2000 (C), 1/500 (D) and 1/100 (E). The spectrum of the
free label in the solvent indicates that it is undergoing rapid
isotropic motion and the FPII spectrum shows that its mo-
tion when attached to the rigid α-helix of the peptide is
rather less rapid. The values of TR for the free and peptide
bound label in the solvent were 2.5 and 7.6×10–10 s, re-
spectively. In the presence of SUV at the P/L of 1/2000 the
label at the N-terminus of FPII undergoes rapid anisotropic

motion, the value of S being 0.556. At higher P/Ls of 1/500
and 1/100 the spectra show extensive exchange-broaden-
ing, suggesting aggregation of the peptide.

A comparison of the hyperfine coupling constants de-
rived from the FPII spectrum and from the spectra of 5NS,
7NS, 9NS, 10NS, 12NS and 16NS (Fig. 4) indicates that
the positions in the lipid bilayer of the 10- and 12-nitrox-
ide probes most closely reflect that of the FPII label. The
aqueous, non-membrane-penetrant broadening agent CrOx
(Altenbach and Hubbel 1988) present at 0.1 M for up to 60
min had no effect on the spectra of FPII at P/Ls of 1/2000
and 1/500, indicating that none of the N-terminal label was
exposed to the aqueous medium at lower P/L. At P/L of
1/100 , however, such exposure reduced the amount of la-
bel in the SUV by 60%, giving a spectrum similar to that
in Fig. 3D. This result suggests that a significant amount
of the peptide at high P/L is exposed to the medium. The
sharp peaks visible in the exchanged-broadened spectrum
in Fig. 3E would represent this exposed peptide.

The localisation of the N-terminal spin label of FPII in
the bilayer hydrophobic core accords with earlier observa-
tions on the localisation of the peptide in red cell ghost
membranes and liposomes made from red cell ghost lipids
(Gordon et al. 1992). Recent NMR, EPR and fluorescence
studies (Chang et al. 1997) have confirmed these observa-
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Fig. 2 Circular dichroism spectrum of FPI in SUV at peptide/lipid
ratios of 1/200, 1/100, 1/75 and 1/50. Each curve is signal-averaged
from 36 spectra, each collected with a sweep time of 120 s and a time
constant of 1 s

Table 1 Conformations of FPI at different P/L in EYL SUV as cal-
culated from the circular dichroism spectra in Fig. 1 using the K2d
program

P/L α -Helix β-Strand Random Correlation
(%) (%) (%) coefficient

1/200 69 16 15 0.928
1/100 63 24 13 0.911
1/50 51 33 16 0.943
1/25 41 44 15 0.926

Fig. 3 EPR spectra of free spin label (A) and the amino-spin-la-
belled peptide (FPII) in TFE/H2O (60/40) (B) and (FPII) in EYPC
SUV (100 mg lipid/ml) at peptide/lipid ratios of 1/2000 (C), 1/500
(D) and 1/100 (E). Mid-field of the spectra is 3350 G. The spectra
were recorded at 295 K using a microwave power of 5 mW, a mod-
ulation amplitude of 2 G, a sweep time of 2 min and a time constant
of 100 ms



tions and the C10–12 location of the spin-labelled N-ter-
minus is compatible with the 41° tilt from the normal of
the bilayer calculated for the 16-residue FP N-terminal he-
lix by Brasseur et al. (1988) and Martin et al. (1996). It
should be noted that Lüneberg et al. (1995) similarly found
that the N-terminus of a spin-labelled influenza virus fu-
sion peptide inserted into the hydrophobic core of EYPC
vesicles and that at high P/L some of the peptide was ex-
posed to the external medium. They did not, however, find
increasing aggregation of their peptide with increasing P/L.
However, because of the extensive probe/probe interac-
tion, we were unable to obtain an estimate of the position
of the N-terminus at P/Ls of 1/500 or 1/100, which more
realistically correspond to the values at which fusion and
other membrane perturbation effects by FP have been ob-
served (Rafalski et al. 1990; Slepushkin et al. 1992; Nieva
et al. 1994; Mobley et al. 1995; Pereira et al. 1997). In or-
der to understand further the nature of the fusion peptide/
lipid interaction at high P/Ls we obtained a series of EPR
spectra of 16NPC with FPI in SUV. The measurement of
the interaction between spin-labelled lipids and mem-
brane-penetrant protein segments and peptides has been
widely used to determine the nature of the association be-
tween lipids and proteins in membranes (Marsh 1989). In
Fig. 5A–G are shown spectra of 16NPC at 293 K in SUV
made from EYPC containing an increasing mole fraction
of FPI. It can be seen that there is a relatively immobilised
component in the spectra that increases with increasing
P/L. Increasing amounts of the spectrum of the control SUV
preparation recorded at 291 K were subtracted from the
spectrum of each peptide-containing preparation to yield
a series of spectra giving a clear end-point (Fig. 5H–M).
Attempts were made to determine whether the presence of
the peptide extensively perturbed the bulk lipid, as sug-
gested by McIntyre et al. (1982), by subtracting the spec-
trum of the control SUV made at 286 K. In this operation
it is assumed that the lower temperature spectrum would

simulate that of bulk lipid whose motion had been restricted
by long-range effects arising from the presence of the pep-
tide. It was found that using the lower temperature spec-
trum did not lead to a clear end-point and it was impos-
sible to obtain a well-behaved first integral with no nega-
tive excursions below the baseline (Jost and Griffith 1978).
It was also found possible to simulate the spectra over the
range of P/L mixtures used, as described by Davoust and
Devaux (1982). The on and off rate constants for the P/L
range 1/400–1/25 are given in Table 2. It was concluded,
therefore, that long-range perturbation effects on the bulk
lipid by the peptide at high P/L were negligible. The pro-
portion of the slow motional component in each spectrum
was therefore calculated by double integration and is plot-
ted against the mole fraction of FPI in Fig. 6. It can be seen
that the relationship is non-linear, fewer moles of lipid per
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Fig. 4 Isotropic hyperfine splitting aN of doxyl fatty acids, 5NS, 7NS,
9NS, 10NS, 12NS and 16NS, plotted against depth of insertion in
the bilayer of EYPC SUV. The value of aN for the spin-labelled pep-
tide FPII is shown as a dotted line

Fig. 5 EPR spectra of 16NPC in EYPC SUV containing varying
amounts of FPI. The sharp triplet superimposed on the spectra is the
TCC x-axis alignment marker and internal concentration standard.
Mid-field of the spectra is 3351 G. The spectra were recorded at 
293 K using a microwave power of 5 mW, a modulation amplitude
of 2 G, a sweep time of 2 min and a time constant of 100 ms. Upper:
peptide/lipid ratios: A 1/25, B 1/50, C 1/100, D 1/150, E 1/200, 
F 1/400, G control (recorded at  291 K). Lower: subtraction spectra:
H A-G (×5), I B-G (×10), J C-G (×15), K D-G (×20), L E-G (×40),
M F-G (×80)



mole of peptide being perturbed at high mole fractions of
the peptide.

A possible explanation of this result could be the for-
mation of larger aggregates of FP1 at higher P/L. Another
possibility could be that increasing amounts of peptide
were located away from the hydrophobic core of the lipid
bilayer probed by the 16NPC. 

NMR : spin-lattice relaxation measurements

It is possible to determine the location of FPII with respect
to EYPC using spin-lattice relaxation measurements on the
13C nuclei of the lipid hydrocarbon chains by comparison
of NT1 values (where N corresponds to the number of hy-
drogens bonded to the carbon nucleus) in the presence and
absence of spin-labelled peptide. The effects of adding the
spin-labelled peptide, FP-II, on the spin-lattice relaxation
times of the resolvable 13C nuclei in EYPC are given in
Table 3. The assignments are shown in order of their ap-
proximate position in the fatty acyl chain.

For EYPC in the absence of peptide, NT1 values follow
a similar trend to that observed by Godici and Landsberger
(1974). A general increase in NT1 values from the carbo-
nyl group to the terminal CH3 indicates an increase in mo-
tion along the fatty acid chain. However, as noted by God-
ici and Landsberger (1974), reduced NT1 values are ob-
served in the vicinity of the double bonds, reflecting a lack
of rotational freedom at these sites. An increase in motional
freedom is also observed going from the relatively immo-
bile glycerol backbone to the choline group. The addition
of the spin-labelled peptide (P/L 100) has little effect on the
spin-lattice relaxation of carbon atoms in the upper region
of the lipid bilayer (average 1.2% decrease), indicating that
FPII does not interact with the head group. However, a sig-
nificant decrease in NT1 values is observed along the fatty
acid chain (average 12.3%) and the effect is enhanced to-
wards the terminal CH3 group. This indicates that at this
P/L a significant fraction of FPII is located with its amino-
terminus towards the mid-region of bilayer.

Solid state NMR

To obtain information on the state of aggregation of the
peptide that we had observed at high P/L spectra of FPII
we carried out SSNMR studies on FPIa in DTPC multilay-
ers. Although this system is physically and chemically dif-
ferent from the EYPC SUV, it still consists of neutral lipid
but in the case of multilayers the lipid bilayer is no longer
curved. The lipid is fully hydrated (50% w/w water) but
there is no excess water present (Simon et al. 1995). Over
P/Ls of 1/10, 1/20 and 1/30, we obtained broad spectra at
both the 0° and 90° orientations (Fig. 7), whereas the lipid
signal showed an orientation dependence. These results
suggest that the peptide was aggregated at these P/L val-
ues. The spin-lattice relaxation times for 13C in this system
are given in Table 4 and the 13P relaxation times for the
lipid in the presence of the peptide are given in Table 5.
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Table 2 On- and off-rate constants, tf
–1 and tb

–1, respectively, for lip-
id exchange of 16NPC at the peptide lipid interface of FPI in EYPC
as a function of P/L

P/L tf
–1 (s–1) tb

–1 (s–1)

1/400 7.1×10–6 6.7×10–6

1/300 6.8×10–6 6.3×10–6

1/200 6.5×10–6 6.1×10–6

1/150 6.7×10–6 5.9×10–6

1/100 6.3×10–6 5.1×10–6

1/50 6.1×10–6 5.3×10–6

1/25 5.9×10–6 4.9×10–6

Fig. 6 Plot of proportion of ratio (M/M) of relatively immobilised
spin-labelled phospholipid to FPI against FPI concentration. Each
point is an average of three separate EPR experiments. Error bars
show range

Table 3 Spin-lattice relaxation times and chemical shift assign-
ments for 13C nuclei in EYPC SUV in the presence and absence of
FPII a

Chemical Assignment b NT1 (s) NT1 (s)
shift EYPC EYPC+FPII
(ppm)

59.7 – N(CH3)3 1.53 1.41
66.3 – CH2N – 0.64 0.68
54.1 – O – CH2 – 0.64 0.56
62.5 glycerol–CH2 – 0.30 0.26
34.1 –CH2 –CO2 – 0.68 0.72
27.3 –CH2 –CH2 –CH=CH– 0.96 0.86

129.7 –CH=CH–CH2 –CH2 – 0.60 0.54
127.9 –CH=CH–CH2 –CH=CH– 0.82 0.78

25.6 –CH=CH–CH2 –CH=CH– 0.78 0.54
30.0 –(CH2 )n – 1.00 0.86
32.0 –CH2 –CH2 –CH3 1.42 1.08
22.6 –CH2 –CH3 2.02 1.52

a Arranged in order of increasing distance of carbons from head group
b Assignments are those of Godici and Landsberger (1974) adjusted
for external reference to DSS at 0.00 ppm rather than to CS2 as re-
ported in their paper



The ratio of T1/T1ρ of the lipid methylenes increased from
11 to 92 as the amount of peptide increased, indicating an
increase in the intensity of low-frequency motion of the
lipid molecules. However, the phosphorus relaxation from
the lipid headgroups had a lesser change upon the addition
of FPIa . The lipid remained in a lamellar phase but was
less well aligned in the presence of the peptide. These data
suggest that the aggregated peptide does not form a con-
tinuum or large aggregates phase-separated from the 
multilayers but, rather, exists as discret oligomers. In sum-
mary, the peptide was all lipid-associated and it formed ol-
igomers which affected the motion of the lipid chains and
disrupted the lipid alignment. The peptide was aggregated
and did not show any orientation dependence or long axis
reorientation, as indicated by the carbonyl powder pattern
(Fig. 7). Membrane-interactive polypeptides, such as gra-
micidin A (Cornell et al. 1988) and melittin, exhibit nar-
row carbonyl spectra and a chemical shift that is depen-
dent on the orientation of the bilayer normal to the mag-
netic field, at the same P/L ratios in DTPC multilayers.
FPIa , however, in multilayers is immobile under these con-
ditions but influences the mobility of the lipid molecules
in the same way (Smith et al. 1992). It is interesting that

the peptide appears to be aggregated in both aligned and
non-aligned multilayers and SUVs made from phosphat-
dylcholine lipids.

Conclusions

Although we must be cautious in drawing conclusions from
our diverse experimental approaches, our results suggest
that it is possible for FPI to interact with neutral lipid ves-
icles without producing the gross outcomes of fusion and
leakage, even at high P/L. Since, apparently, the bilayer in
our SUV remains intact, our data may reflect the situation
obtaining in the initial phase of the destabilisation of more
complex membranes by FPI.

The density gradient experiments show that the peptide
is associated with the lipid, even at high P/L. The peptide
forms aggregates at high P/L, as shown by the EPR experi-
ments with FPII and by the SSNMR data. Although the lat-
ter technique employs planar lipid multilayers at low lev-
els of hydration, it has proved successful in elucidating the
structure of other membrane-associated peptides, notably
gramicidin (Cornell et al. 1988). That the aggregation is
found in a constrained planar system argues against it be-
ing an artefact arising from the nature of the highly curved
bilayer of the SUV. By the same token, the aggregation is
also unlikely to be an artefact of employing a spin-labelled
peptide. That the aggregation was observed at much lower
P/L in the EPR experiments might merely argue for the
technique’s sensitivity compared with other methods. It
should be noted that aggregation of FPII had already been
observed by EPR at comparably low P/L in red cell ghosts
and multilamellar vesicles made from ghost lipids (Gor-
don et al. 1992).

The spin-lattice relaxation experiments indicate that at
a P/L of 1/100 most of the N-terminus of the peptide is as-
sociated with the C10–C12 region of the lipid. There was
no observable effect on the T1 of the choline carbon nuclei
at the P/L used, suggesting that very little, if any, of the pep-
tide N-terminus was exposed to the lipid head groups. Since,
at this P/L, FPI is haemolytic (Mobley et al. 1992) and fuses
red cell ghosts (Mobley et al. 1995), it is likely that the intra-
membrane aggregates play a role in the fusion and lytic be-
haviour of FPI. They are, therefore, worthy of investigation
in a range of membrane systems by other techniques such
as low angle X-ray scattering (Simon et al. 1995).
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Fig. 7 Solid state 13C spectra of FP1a in aligned multilayers in 
DTPC and as a solid powder. Water content 50%, temperature 
303 K, P/L 1/20, other conditions as given in Materials and meth-
ods. A alignment with bilayer normal at 0°C; B alignment with bi-
layer normal at 90°; C powder

Table 4 Proton relaxation times for FPIa in DTPC and as a dry pow-
der at 303 K a

Sample T1 (ms) T1ρ (ms) T1 /T1ρ Orientation

DTPC 285 27.0 11 aligned
FPIa in DTPC (1/30) 425 9.4 45 aligned
FPIa in DTPC (1/20) 500 8 63 aligned
FPIa in DTPC (1/12) 443 5.8 92 aligned
FPIa 584 10.0 58 powder

a Measured via 13C C–P

Table 5 Comparison of 31P relaxation times for aligned and pow-
dered samples of FPIa in DTPC at 303 K

Sample T2 T1ρ (CP) T1 (CP) T1 Orien-
(ms) (ms) (ms) (ms) tation

Aligned sample 50% w/w H2O

DTPC 2.4 2.1 415 512 aligned
FPIa +DTPC (1/20) 1.7 2.0 411 422 aligned

Powder sample in 50% w/w H2O

FPIa +DTPC 1.5 2.4 490 426 powder
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