
Solid-State Nuclear Magnetic Resonance Evidence for an Extendedâ Strand
Conformation of the Membrane-Bound HIV-1 Fusion Peptide†

Jun Yang, Charles M. Gabrys, and David P. Weliky*

Department of Chemistry, Michigan State UniVersity, East Lansing, Michigan 48824

ReceiVed January 4, 2001; ReVised Manuscript ReceiVed May 4, 2001

ABSTRACT: Solid-state nuclear magnetic resonance (NMR) spectroscopy was applied to the membrane-
bound form of a synthetic peptide representing the 23-residue N-terminal fusion peptide domain of the
HIV-1 gp41 envelope glycoprotein. 1D solid-state NMR line width measurements of singly13C carbonyl
labeled peptides showed that a significant population of the membrane-bound peptide is well-structured
in its N-terminal and central regions while the C-terminus has more disorder. There was some dependence
of line width on lipid composition, with narrower line widths and hence greater structural order observed
for a lipid composition comparable to that found in the virus and its target T cells. In the more ordered
N-terminal and central regions of the peptide, the13C carbonyl chemical shifts are consistent with a
nonhelical membrane-bound conformation. Additional evidence for aâ strand membrane-bound
conformation was provided by analysis of 2D rotor-synchronized magic angle spinning NMR spectra of
doubly13C carbonyl labeled peptides. Lipid mixing and aqueous contents leakage assays were applied to
demonstrate the fusogenicity of the peptide under conditions comparable to those used for the solid-state
NMR sample preparation.

Membrane fusion plays an essential role in enveloped virus
entry into target host cells (1-3). In some enveloped viruses
such as influenza, the virus is first endocytosed. Low pH in
the endosome induces fusion between the viral and endo-
somal membranes and is followed by release of the viral
nucleosome into the target cell cytoplasm. In other viruses
such as human immunodeficiency virus (HIV),1 fusion occurs
directly between the viral and target cell membranes with
subsequent formation of a single membrane enclosing the
viral and host cell contents. In this latter case, membrane
fusion must be carefully controlled on a spatial and temporal
basis so as to keep the host cell intact for viral replication.

Fusion between viruses and host cells (or endosomes) is
generally separated into four sequential steps (4): (1) viral/
host cell binding; (2) formation of small fusion pores through
which electrolytes can pass; (3) mixing of viral and host cell
lipids; (4) formation of a large fusion pore through which
larger molecules can pass and creation of a single virus/host
cell moiety. For the influenza and HIV viruses, fusion is
mediated by conformational changes in the viral envelope
proteins attached to the viral membrane (5-8). For both
viruses, these conformational changes are believed to lead
to exposure of a hydrophobic region at the N-terminus of
one of the envelope proteins (9, 10). This ∼20 amino acid
region has been named the ‘fusion peptide’ because muta-
tions or deletions in this region greatly disrupt viral/host cell
membrane fusion and infection (11-14). Additionally,
radioactive labeling has demonstrated that the fusion peptide
is the only region of the influenza viral fusion proteins which
inserts deeply into membranes during fusion (15).

The significance of the fusion peptide is also suggested
from atomic-resolution structures of envelope protein do-
mains. Such structures exist for large parts of the influenza
hemagglutinin fusion proteins both at nonfusogenic pH 7
(5) and at fusogenic pH 5 (6, 16), although the fusion peptide
domain was deleted from the constructs used in the latter
structures. These structures provide evidence for a major
influenza envelope protein conformational change under
fusogenic conditions which moves the fusion peptide by
∼100 Å relative to the rest of the molecule (17). Analysis
of these structures and consideration of other fusion data have
led to at least four proposed models of influenza/endosome
fusion (4, 6, 17-19). In all of these models, membrane
insertion of the fusion peptide and the accompanying bilayer
disruption play an integral role in membrane fusion.
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nance;N-NBD-PE,N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidyle-
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SDS, sodium dodecyl sulfate; SIV, simian immunodeficiency virus;
TFA, trifluoroacetic acid; 1D, one-dimensional; 2D, two-dimensional.
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For HIV, fusion and infection are mediated by the heavily
glycosylated, predominantly extraviral envelope proteins
gp120 and gp41 which form a noncovalently bound complex.
The complex is attached to the virus through a transmem-
brane segment in gp41, and the fusion peptide domain is
located at the N-terminus of the gp41 extraviral ectodomain.
In vivo fusion is initiated by tight binding of gp120 to the
CD4 and chemokine receptors of target human T or mac-
rophage cells (2). This interaction is followed by a series of
poorly understood conformational changes and intermediates
which are believed to eventually lead to exposure of the
fusion peptide and subsequent viral/host cell membrane
fusion (8, 20).

Recent atomic-resolution structural data on HIV-1 viral
envelope protein domains have given insight into its fusion
pathways. In 1998, a crystal structure was published for a
deglycoslyated core of HIV-1 gp120 bound to a CD4 domain
and a neutralizing antibody (7). Structures have also been
published for part of the ectodomain of gp41 (20-25). In
these structures, the ectodomain of an individual gp41
molecule folds back on itself, and the molecules associate
as very stable coiled coil trimers (Tm ) 93 °C) (26). The
inferred proximity of the gp41 transmembrane and fusion
peptide domains suggests that gp41 may catalyze membrane
fusion by bringing the viral and host cell membranes close
together (20).

The gp41 trimeric coiled coil motif was also observed in
the structure of the low-pH influenza hemagglutinin protein
as well as in recent structures of envelope proteins of
leukemia retroviruses (27, 28), paramyxoviruses (29), and
ebola virus (30, 31). This shared motif suggests that the
mechanism of membrane fusion may be similar in all of these
viruses. Fusion may also require oligomers of envelope
protein trimers, as has been suggested in recent modeling
studies of influenza and HIV-1-mediated fusion (32, 33).

Despite its biological importance in fusion, the fusion
peptide domain has not been included any of the gp41
constructs used for high-resolution structural analysis, or
indeed in any fusogenic protein high-resolution structure. The
hydrophobicity of the fusion peptide impairs the high protein
aqueous solubility required for crystallographic and solution
NMR techniques, and neither technique is well-suited to
studies in intact membrane systems.

Solid-state NMR is suited to atomic-resolution structural
measurements on proteins in intact membranes because
unlike X-ray techniques, crystals are not required, and unlike
solution NMR, high (>30 000) molecular weight systems
can be routinely studied (34, 35). Systems recently studied
with solid-state NMR techniques include the membrane-
bound channels gramicidin (36) and colicin (37), â-amyloid
fibrils implicated in Alzheimer’s disease (38, 39), theE. coli
serine receptor (40), the enzymes triosephosphate isomerase
(41) and EPSP synthase (42, 43), and a HIV-1 peptide/
neutralizing antibody complex (44).

In our solid-state NMR studies, we have used peptides
composed of the∼20-residue N-terminal fusion peptide
domain of the gp41 envelope protein. Significantly, there is
strong experimental evidence that structural and motional
studies of membrane-bound fusion peptides provide impor-
tant information about intact envelope protein insertion into
target membranes and the consequent bilayer disruption and
fusion. The bases for this assertion are: (1) the free fusion

peptide causes fusion of liposomes and erythrocytes; and (2)
numerous mutational studies have shown strong correlations
between fusion peptide-induced liposome fusion and viral/
host cell fusion (10, 45-55).

Although there are strong similarities between fusion
peptide-induced fusion and HIV-1/host cell fusion, one
difference between them is that the fusion peptide is initially
free in solution whereas the gp41 fusion protein is always
attached through a transmembrane segment to the virus. In
influenza viral fusion, there is evidence that the transmem-
brane domain is not required for the lipid mixing step but is
required for formation of a fusion pore (56). However, for
HIV-1 fusion peptide-induced fusion of liposomes, a fusion
pore has been indirectly detected through observation of
aqueous contents mixing between liposomes (54). For both
HIV-1 fusion peptide-induced liposome fusion and influenza
viral fusion, there is also significant leakage of aqueous
contents (51, 57).

Our solid-state NMR measurements were made on a
consensus 23-residue HIV-1 fusion peptide sequence, H-Ala-
Val-Gly-Ile-Gly-Ala-Leu-Phe-Leu-Gly-Phe-Leu-Gly-Ala-
Ala-Gly-Ser-Thr-Met-Gly-Ala-Arg-Ser-NH2. For compari-
son, a consensus sequence of the more polar influenza A
fusion peptide is: Gly-Leu-Phe-Gly-Ala-Ile-Ala-Gly-Phe-
Ile-Glu-Asn-Gly-Trp-Glu-Gly-Met-Ile-Asp-Gly-Trp-Tyr-
Gly. For the influenza fusion peptide, infrared, circular
dichroism (CD), and electron spin resonance (ESR) data are
most consistent with a ‘tilted helix’ structural model for
fusion peptide interaction with the membrane (10, 58). In
this model, the peptide helix makes an oblique angle with
respect to the membrane bilayer normal (59). The ESR
studies also suggest that at 1:1000 peptide:lipid mole ratios,
the influenza peptide is monomeric in the membrane (58).

By contrast, previous CD, infrared, solution NMR, fluo-
rescence, and ESR studies have yielded complex and
sometimes contradictory results on the membrane-bound
structure of the HIV-1 fusion peptide domain. CD measure-
ments on the HIV-1 fusion peptide show significant helical
character for samples in organic solvent (52, 60-63), in
sodium dodecyl sulfate (SDS) detergent at a 1:200 peptide:
lipid ratio (52, 61, 64), and in an environment of negatively
charged POPG vesicles with a 1:200 peptide:lipid mole ratio
(46). NMR studies on the peptide in SDS micelles are also
consistent with a helical central region (62). By contrast, at
1:10 peptide:SDS molar ratio (61) or 1:30 peptide:POPG
mole ratio (46), there is significantâ strand character. Similar
results were found in 1:1 mixtures of neutral/negatively
charged lipids (65).

With neutral lipid vesicles or erythrocyte ghosts at peptide:
lipid ratios of ∼1:200, there are two infrared reports of
predominantly helical structure (51, 61), three reports of
predominantlyâ structure (46, 53, 66), and one report of
mixed helical andâ structure (48). Two investigators report
that the peptide conformation changes from helical toâ as
the peptide:lipid mole ratio is increased from 1:200 to 1:30
(51, 61) while two others report that theâ conformation does
not change with these ratios (46, 53). These differences in
structure may have to do with differences in peptide
sequence, lipid composition, sample preparation, or hydration
level. A recent infrared study of the peptide in a neutral
membrane monolayer was also consistent with aâ structure
(67).
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Fluorescence and ESR measurements on derivatized HIV-1
fusion peptides in membrane vesicle environments provide
evidence that the N-terminal and central regions are inserted
into the membrane and the C-terminus is outside the
membrane (52, 61). In some contrast, a H/D NMR exchange
study in SDS micelles suggests that the N-terminus is outside
the micelle (68).

Fluorescence resonance energy transfer measurements are
consistent with peptide oligomerization in the membrane-
bound state for peptide:lipid ratio greater than 1:5000 (52).
In some contrast, ESR data indicate highly mobile mono-
meric peptide at peptide:lipid ratiose1:1000 and oligomeric
peptide at peptide:lipid ratiosg1:800 (61).

Our solid-state NMR studies strongly suggest that the
membrane-bound HIV-1 fusion peptide forms a predominant
â strand conformation in its N-terminal and central regions
and is more disordered at the C-terminus. Theâ strand
conformation would be consistent with a hairpin structure
and/or with a parallel or antiparallel oligomeric sheet.

MATERIALS AND METHODS

Materials.Rink amide resin was purchased from Advanced
Chemtech (Louisville, KY), and 9-fluorenylmethoxycarbonyl
(FMOC)-amino acids were obtained from Peptides Interna-
tional (Louisville, KY). 13C carbonyl labeled amino acids
were purchased from Icon Services Inc. (Summit, NJ), and
the FMOC group was added using literature methods (69,
70). Di-o-tetradecyl-sn-glycero-3-phosphocholine (DTPC),
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), dimyris-
toyl-sn-glycero-3-[phospho-L-serine] (DMPS), 1-palmitoyl-
2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine]
(POPS), phosphatidylinositol (PI), sphingomyelin,N-(7-nitro-
2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine (N-
NBD-PE), N-(lissamine Rhodamine B sulfonyl)phosphati-
dylethanolamine (N-Rh-PE), and cholesterol were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL). ANTS (8-
aminonaphthalene-1,3,6-trisulfonic acid) and DPX (p-xylene-
bispyridinium bromide) were purchased from Molecular
Probes (Eugene, OR). The Micro BCA protein assay was
obtained from Pierce (Rockford, IL).N-(2-Hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid (HEPES) and Triton
X-100 were obtained from Sigma. All other reagents were
analytical grade.

Peptides.FP23 peptides corresponding to the 23 N-
terminal residues (AVGIGALFLGFLGAAGSTMGARS) of
the LAV1a strain of HIV-1 gp41 were synthesized as their
C-terminal amides using a peptide synthesizer (ABI 431A,
Foster City, CA) equipped for FMOC chemistry. All amino
acids were single-coupled using 2 h coupling times. Unla-
beled, singly13C carbonyl labeled, and doubly13C carbonyl
labeled peptides were synthesized. The singly13C labeled
peptides are denoted FP23-V2, FP23-F8, FP23-F11, FP23-
A15, and FP23-A21, and the doubly labeled peptides are
denoted FP23-A1V2, FP23-L7F8, FP23-G10F11, and FP23-
A14A15. Peptides were cleaved from the resin in a 3 h
reaction using a mixture of TFA/H2O/phenol/thioanisole/
ethanedithiol in a 33:2:2:2:1 volume ratio. Peptides were
subsequently purified by reversed-phase HPLC using a

preparative C18 column (Vydac, Hesperia, CA) and a water/
acetonitrile gradient containing 0.1% TFA. The peptide
eluted at∼60% acetonitrile concentration. Mass spectroscopy
was used to verify peptide purity. The overall purified yield
was∼25%.

Lipid Preparation.Samples were prepared either using
single lipids or using lipid/cholesterol mixtures reflecting the
approximate lipid and cholesterol content of the HIV-1 virus
and its target T-cells (71). Three such mixtures were used:
(a) “LM-1” had POPC, POPE, DMPS, and cholesterol in a
10:6:4:10 ratio; (b) “LM-2” had POPC, POPE, DMPS,
sphingomyelin, and cholesterol in a 10:6:4:2:10 ratio; (c)
“LM-3” had POPC, POPE, POPS, sphingomyelin, PI, and
cholesterol in a 10:5:2:2:1:10 mole ratio. Lipid and choles-
terol powders were dissolved together in chloroform. The
chloroform was removed under a stream of nitrogen followed
by overnight vacuum-pumping. Lipid dispersions were
formed by addition of water or buffer containing 0.01% NaN3

followed by homogenization with 10 freeze-thaw cycles.
Large unilamellar vesicles (LUV) of 100 nm diameter were
prepared by extrusion (72). In this approach, lipid dispersions
were extruded∼30 times through two stacked 0.1µm
polycarbonate filters (Avestin, Inc., Ottawa, ON, Canada).

Peptide Aggregation. Peptide aggregation in solution was
estimated from measurements of peptide concentration (by
the BCA assay) in solution before and after centrifugation.
Centrifugation was done either on a Sorvall RC-5B centrifuge
(Newtown, CT) with a GSA rotor (14000g, 90 min) or on a
Sorvall Ultra 80 ultracentrifuge (Newtown, CT) with a
SW50.1 or SW25.1 rotor (100000-150000g, 120-240 min).

Lipid Mixing Assay for Membrane Fusion. The resonance
energy transfer (RET) assay of Struck et al. was used to
monitor membrane fusion (73). Two types of 100 nm
diameter LM-3 LUV were prepared. One set contained 2
mol % of the fluorescent lipidN-NBD-PE and 2 mol % of
the quenching lipidN-Rh-PE while the other set only
contained unlabeled lipids. Fluorescently labeled and unla-
beled vesicles were mixed in a 1:9 ratio. Following addition
of FP23, lipid mixing between labeled and unlabeled vesicles
caused dilution of the labeled lipids with a resulting increase
of fluorescence. Fluorescence was recorded using 4 nm
bandwidth on an Instruments S. A. Fluoromax-2 (Edison,
NJ) spectrofluorometer operating at excitation and emission
wavelengths of 465 and 530 nm, respectively. A siliconized
glass cuvette was used with continuous stirring in a ther-
mostated cuvette holder. Measurements were carried out at
37 °C with 2 mL of 150µM LUV in 5 mM HEPES (pH
7.0). A small quantity of aqueous 1 mM FP23 peptide
solution was added to achieve the desired peptide:lipid mole
ratio, and the change in fluorescence of the sample was
monitored following this addition. The initial residual
fluorescence intensity,F0, referenced zero lipid mixing. The
maximum fluorescence intensity,Fmax, was obtained follow-
ing addition of 20µL of 10% Triton X-100. Percent lipid
mixing at time t was given by [(Ft - F0)/(Fmax - F0)] ×
100.

Leakage Studies. Aqueous content leakage from liposomes
was monitored by the ANTS/DPX assay (74). The 100 nm
diameter LM-3 LUV were prepared in 5 mM HEPES (pH
7.0) solution which also contained the fluorescent molecule
ANTS and the quenching molecule DPX at 12.5 and 45 mM,
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respectively. ANTS and DPX were then removed from the
extravesicular medium by dialysis against 65 mM HEPES
solution. After addition of a small quantity of 1 mM aqueous
peptide solution, vesicle leakage was monitored by the
increase in ANTS fluorescence. Fluorescence measurements
were performed at excitation and emission wavelengths of
355 and 520 nm, respectively. Measurements were made at
37 °C using 2 mL of 80µM LUV in 65 mM HEPES (pH
7.0). Percent leakage was defined in the same way as was
used for the lipid mixing assay.

Solid-State NMR Sample Preparation. Samples were
typically prepared using 0.01% NaN3 in either unbuffered
water or 5 mM HEPES buffer (pH 7.0). Samples were
prepared by two different methods. Method (1): Mixtures
of peptide (15-150µM) and lipid dispersion or vesicles (1-
30 mM) in 4 or 30 mL total volume were kept at room
temperature overnight to ensure maximum peptide/lipid
binding. Subsequent centrifugation of the peptide/lipid
complex, typically at 100000-150000g for 2-4 h, pelleted
down the complex and left unbound peptide in the super-
natant. The peptide/lipid pellet formed after ultracentrifuga-
tion was transferred by spatula to a 220µL magic angle
spinning (MAS) NMR rotor. Method (2): Mixtures of
peptide (1-10 mM) and lipid dispersion (200-400 mM)
were mixed to form∼200 µL total volume. The mixtures
were transferred directly to the MAS rotor. The main
differences between methods (1) and (2) were: (a) unbound
peptide was separated from bound peptide for method (1)
but not for method (2); and (b) 10-100-fold lower peptide
and lipid concentrations were used for method (1) compared
to method (2). As described under Results, these differences
are not significant because: (a) the peptide binds strongly
to lipid; and (b) the experimental solid-state NMR spectra
are similar over a large range of initial peptide concentrations.

Measurement of Peptide/Lipid Binding. For solid-state
NMR preparation method (1), peptide/lipid binding was
determined through BCA assay measurement of the peptide
concentration in the solution prior to addition of lipid and
after ultracentrifugation. Under ultracentrifugation, all lipid
was pelleted and there was no interference from unpelleted
lipid in the BCA assay. Controls were run with peptide-only
samples to ensure that the peptide did not pellet by itself.

For solid-state NMR preparation method (2),∼800µL of
water was added to the peptide/lipid dispersion, the sample
was vortexed, and the peptide/lipid mixtures were spun down
at 10000-14000g. The unbound peptide concentration in the
supernatant was measured by the BCA assay. Under these
centrifugation conditions, all of the lipid was pelleted, and
there was no interference from unpelleted lipid in the BCA
assay.

One-Dimensional (1D) Solid-State NMR Experiments.
Measurements were made on a 9.4 T spectrometer (Varian
VXR, Palo Alto, CA) using a double resonance MAS probe
equipped with 7 mm diameter rotors. The NMR detection
channel was tuned to13C at 100.6 MHz, and the decoupling
channel was tuned to1H at 400.0 MHz. Experiments were
carried out using a spinning frequency between 3.5 and 4.0
kHz. Application of 1 ms of cross-polarization (CP) at 47
kHz was followed by signal detection with decoupling at
75 kHz. The recycle delay was 0.5 s. For typical samples
containing∼0.5 µmol of labeled peptide, a single spectrum

was the average of 80 000-160 000 scans. All chemical
shifts were externally referenced to the methylene carbon
resonance of adamantane (38.2 ppm). Spectra were processed
with 25 Hz line broadening. Strong13C signals could not be
observed above-20 °C, presumably because of signal
attenuation due to slow motion. Hence, samples were cooled
to -50°C either slowly in the NMR probe or by fast freezing
in liquid nitrogen. Both freezing techniques gave comparable
spectra.

In most cases, the samples contained one or two13C
peptide carbonyl backbone labels, and the NMR signals from
these labeled sites were of greatest interest. The labeled site
signals were often unresolved from large natural-abundance
signals from lipid carbonyls and from unlabeled peptide
carbonyls. To uniquely observe the labeled site signals,
spectra were also taken of unlabeled peptide/lipid samples.
Subtraction of the natural-abundance spectra from the labeled
spectra yielded a difference spectrum of the labeled site(s).
To uniquely observe carbonyl signals from Ala-1, Gly-10,
and Ala-14, for which singly labeled FP23 peptides had not
been synthesized, difference spectra were taken between
samples made with FP23-A1V2, FP23-G10F11, and FP23-
A14A15 and samples made with FP23-V2, FP23-F11, and
FP23-A15, respectively. For most samples, subtraction was
considered to be optimal when large lipid aliphatic signals
at ∼35 ppm were minimized in the difference spectrum. In
a difference spectrum, the labeled carbonyl peak chemical
shift and spectral line shape were fairly insensitive to the
goodness of subtraction in the aliphatic region, which gave
an uncertainty of∼(0.2 ppm in both shift and fwhm line
width.

Two-Dimensional (2D) Experiments. 2D exchange spectra
were obtained at 2.5 kHz spinning frequency and-50 °C
on doubly labeled peptide/lipid samples. Spectra were
acquired using the rotor-synchronized pulse sequence (CP)-
t1-(π/2)-τ-(π/2)-t2, in which (CP) represents cross-
polarization from1H to 13C, t1 is the evolution period,π/2
represents a13C pulse,τ (500 ms) is the spin diffusion period,
andt2 is the13C detection period (75, 76). Samples typically
contained 2µmol of labeled peptide. The experiment was
run under the following conditions: (1) 800µs CP was made
with 13C RF radiation at 47 kHz and a linear ramp on1H
between 42 and 52 kHz; (2) 47 kHz13C π/2 pulses were
applied; (3) 72t1 points were taken with an increment of 40
µs; (4) signals were acquired for 10 ms duringt2; (5)
decoupling at 75 kHz was applied duringt1 and t2 but not
duringτ; and (6) the recycle delay was 0.5 s. Complete data
sets were collected in 12 h blocks and then summed together,
with 10-15 blocks in a final data set.

Spectra were processed using nmrPipe software (77) with
150 Hz line broadening in thet1 and thet2 dimensions. In
the 2D spectrum, structural information is contained in the
relative intensities of the off-diagonal cross-peaks between
the spinning sidebands of the labeled carbonyl sites. These
intensities depend on the relative orientations of the two
labeled carbonyls’ chemical shift anisotropy (CSA) tensors
and can be directly related to the dihedral anglesφ andψ of
the more C-terminal labeled residue (75, 76).

Integrated experimental cross-peak intensities were cal-
culated by summing the intensities of points in a 1 ppm×
1 ppm area. To determine the most likely values forφ and
ψ, experimental cross-peak intensities were compared to
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simulated cross-peak intensities calculated for a grid ofφ

andψ values. This grid was made in 5° increments for-180°
e φ e 0° and -180° e ψ e 180°. The simulated cross-
peak intensities were calculated from a computer program
supplied by R. Tycko (NIH) and included a small contribu-
tion (<20%) from longitudinal14N relaxation, whose char-
acteristic time is shorter than the 500 ms exchange time. The
simulated cross-peak intensity pattern for a (φ,ψ) pair is the
same as that for (-φ,-ψ). In addition to their dependence
on φ and ψ, the simulated intensities depend on the
orientation of the carbonyl CSA principal axes relative to
the peptide group and on the carbonyl CSA principal values.
The former were taken from the literature (78) while the
latter were experimentally determined from measurements
of the 1D peak spinning sideband intensities measured at a
few different spinning frequencies between 2 and 4 kHz (79).
In the FP23-L7F8/DTPC sample, the sideband intensities
were measured from raw 1D spectra and contained a small
contribution (<10%) from natural-abundance signals of
unlabeled peptide carbonyls. For the LM-3 samples, the
sideband intensities were measured from 1D difference
spectra and only contained contributions from the labeled
carbonyl nuclei. In all samples, the chemical shifts of the
two labeled carbonyl nuclei were not resolved, so the same
set of principal values was assumed for both nuclei.

In the 2D analysis, the total squared deviationø2(φ,ψ)
between experiment and simulation was evaluated as

whereEi and Si(φ,ψ) are experimental and simulated off-
diagonal cross-peak intensities,σ2 is the mean-squared noise
per data point,λ(φ,ψ) is a scaling factor calculated to
minimizeø2 at each (φ,ψ) pair, andN is the total number of
data points. Because mirror image (across-the-diagonal)
cross-peaks always have the same simulated intensity, the
experimental mirror image cross-peak intensities were summed,
and the 20 off-diagonal cross-peak intensities (from a 5× 5
2D spectral array of spinning sidebands) were reduced to
10 data points.

RESULTS

Peptide Aggregation in Aqueous Solution.NMR of FP23
has also been done in aqueous solution at pH 3.3 and would
only be possible if the peptide were monomeric or formed
small oligomers (62). Contrarily, in pH 7.4 PBS (phosphate-
buffered saline), electron microscopy has revealed formation
of fibrillar fusion peptide aggregates (53, 60). With solid-
state NMR sample preparation method (1), centrifugation is
used to pellet membrane-bound peptide and could also pellet
large aggregates of unbound peptide. To find nonaggregating
conditions, a systematic investigation was carried out on
peptide pelleting in the absence of membrane.

Results from these studies are presented in Table 1, with
uncertainties of(10% in the peptide concentration measure-
ments. In unbuffered solution, the fusion peptide formed a
clear solution, even at 10 mM concentrations. After addition
of phosphate buffer or NaCl, the solution became cloudy.
Formation of large aggregates was confirmed by peptide
pelleting after centrifugation. Large aggregates were not
formed in 100 mM acetate buffer, pH 4.5, or in 5 mM
HEPES buffer, pH 7.0. Thus, there appear to be pH and ionic

strength effects on aggregation. The differences in aggrega-
tion between HEPES and phosphate or NaCl may be a result
of the differences in their molecular sizes. Based on these
results, most solid-state NMR samples were made using 15-
150 µM peptide concentration in 5 mM pH 7.0 HEPES
buffer, which is close to the physiological pH of 7.4 for HIV-
1/host cell fusion. Although physiological solution contains
∼140 mM NaCl, it was omitted from the sample preparation
because of its effects on aggregation. It would be possible
to add NaCl after the peptide has bound to the membrane.

The oligomerization of viral envelope proteins is well-
known, and there is some evidence that fusion peptide
oligomerization is a structural requirement for membrane
fusion (52). Fusion peptide oligomers might be preformed
in solution and bind as a unit to the membrane, or oligomers
might only form during interaction with the membrane.
Under proper conditions, our ultracentrifugation data dem-
onstrate that large peptide aggregates are not formed in
solution. To probe the possible presence and size of smaller
solution-phase oligomers, further analysis was carried out
on ultracentrifugation and solution NMR data.

Table 1 demonstrates that at 15µM peptide concentration
in 5 mM pH 7.0 HEPES, ultracentrifugation gave negligible
precipitation of peptide. With a simplified model for ultra-
centrifugation, these data have been used to estimate the
maximum size of any peptide aggregate (80). First, an upper
limit is estimated for the sedimentation coefficient using the
assumption that peptide pelleting requires the peptide
concentration boundary to move from the top of the tube to
the bottom of the tube during centrifugation. This assumption
is translated into an inequality in the standard formula for
the sedimentation coefficientS:

whereω is the angular centrifugation velocity,xb is the radial
position of the bottom of the centrifuge tube,xt is the radial
position of the top of the centrifuge tube, andtc is the
centrifugation time. Using the experimental parameters of
ω ) 4200 s-1, xb ) 10.7 cm,xt ) 7.3 cm, andtc ) 15 000
s, an upper limit of∼1.5 × 10-12 s is placed onS. Using a
standard formula, this limit can be related to an upper limit
on the massM of any aggregates:

whereV2 is the specific volume of protein,F is the density
of water,N0 is Avogadro’s number, andf is the frictional
coefficient. A Stokes’ Law approximation is used to estimate

ø2(φ,ψ) ) ∑i[Ei - λ(φ,ψ)Si(φ,ψ)]2/σ2, i ) 1-N (1)

Table 1: FP23 Aggregation in Solution

initial peptide
concn (µM) solution conditions

% soluble
peptidea,b

6200 unbuffered H2O 90
1100 5 mM HEPES, pH 7.0, sitting for 2 days 80

15 5 mM HEPES, pH 7.0, sitting for 1 day >90
210 100 mM acetate, pH 4.5 >90

190 10 mM phosphate, pH 7.0 2
1100 5 mM HEPES, pH 7.0, 20 mM NaCl 18

a Rows 1, 2, 4-6 (g190µM peptide): concentration measured after
centrifugation at 14000g for 90 min. Row 3 (15µM peptide):
concentration measured after centrifugation at 100000g for 120 min.
b Estimated error:(10%.

S< (1/ω2) × ln (xb/xt)/tc (2)

S) M × (1 - V2F)/N0 f (3)
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f and includes a shape factor of 4 for the putative fibrillar
shape of any aggregates:

whereη is the viscosity of water. A combination of eqs 3
and 4 with values forV2, V2F, andη of 0.7 cm3/g, 0.7, and
10-2 g/(cm‚s), respectively, provides an upper limit of∼900
FP23 molecules in any aggregate.

Solution NMR line widths also gave some information
about aggregate size. At all pHs, there is a molecular
tumbling contribution to the observed line width which is
proportional to molecular weight (81). For 100µM FP23
solutions at pH 4 and 7, the observed 600 MHz amide1H
solution NMR line widths were 4 and 15 Hz, respectively,
which can be approximately correlated with the masses of

FP23 monomers and heptamers, respectively (81). The
derivation of these masses is based on a tumbling model of
a spherical protein with a single hydration shell. At pH 7,
solvent exchange also contributes to the observed line width,
so the derived heptamer mass may be an overestimate.

Peptide Binding to Lipids.As delineated in Table 2, there
is strong binding between fusion peptide and membrane
bilayers under solid-state NMR sample preparation condi-
tions. Binding to LM is quantitative, and binding to pure
neutral or negatively charged lipids is 75-90%.

FP23-Induced Fusion of LM Vesicles.To test whether
FP23 is fusogenic under conditions comparable to those used
for solid-state NMR sample preparation, measurements were
made on FP23-induced lipid mixing between vesicles and
aqueous contents leakage from vesicles. Figure 1 demon-
strates both effects and gives results comparable to those
obtained by other investigators (53, 66). At low peptide:lipid
mole ratio (e1:80), lipid mixing and leakage only proceed
to ∼10% of their maximal values. At a peptide:lipid ratio
of 1:20, fusion and leakage are much more efficient, which
suggests that a vesicle’s fusogenicity is related to the number
of incorporated FP23 molecules. At 1:100 peptide:lipid mole
ratio, the final extent of percent lipid mixing is much less
than the 45% which would be observed if each vesicle fused
with one other vesicle (82). Therefore, it appears that not
all vesicles fuse at lower peptide:lipid ratios. This result is
interesting because even at 1:100 peptide:lipid ratio with
maximal binding, there are on average 102-103 peptide
molecules per 100 nm diameter vesicle. The leakage rates
of FP23 contrast with those of model helical peptides such
as GALA which induce significant leakage at much lower
peptide:lipid ratios (∼1:5000) (83). GALA lipid mixing rates
are comparable to those of FP23 (82).

Dependence of 1D NMR Spectra on Sample Conditions.
Figure 2 displays the 1D MAS spectra of different13C

Table 2: FP23 Binding to Membranes

lipid
peptide (mM):

lipid (mM)a ratio % bindingb

DTPC 0.50:100 75
DMPC 0.50:100 80
POPG 0.50:100 90
DTPC 0.10:10 80
LM-2 0.10:10 95
LM-1 0.12:25 99
LM-3 0.012:1 97
LM-3c 0.012:1 96

a The samples for the first three rows were made by preparation
method (2), and the samples for the next five rows were made by
preparation method (1).b Estimated error:(10%. c Measurements were
made with lipid dispersion samples except for this entry which was
made with 100 nm diameter vesicles.

FIGURE 1: FP23-induced lipid mixing (top) and FP23-promoted
aqueous contents leakage (bottom) as observed by fluorescence
assays at 37°C. For the lipid mixing assay, 150µM LM-3 lipid
was extruded into 100 nm diameter vesicles. Lipid mixing was
induced with (a) 7.5µM and (b) 1.5µM FP23. For the aqueous
contents leakage assay, 80µM LM-3 lipid was extruded into 100
nm diameter vesicles loaded with ANTS/DPX. Leakage was
promoted by FP23 at (c) 4µM and (d) 1µM concentrations.

f ∼ 24πη(3MV2/4πN0)
1/3 (4)

FIGURE 2: 13C solid-state NMR CP/MAS spectra of (a) polycrys-
talline Ala-Gly-Gly composed of 95% natural-abundance peptide
and 5% Ala-1, Gly-2 doubly13C carbonyl labeled peptide; (b) 20
mM frozen aqueous solution of HGRVGIYFGMK epitope peptide
which was 13C carbonyl labeled at Phe-8; (c) 7.5 mM frozen
aqueous solution of FP23-L7F8; and (d) FP23-L7F8/DTPC made
by preparation method (2) at a 1:20 peptide:lipid mole ratio. The
AGG spectrum was taken at room temperature, and the other spectra
were taken at-50 °C.
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carbonyl labeled peptides. Generally, the carbonyl line width
is a marker of the structural heterogeneity in the vicinity of
the labeled nucleus or nuclei. For example, Figure 2(a)
displays the spectrum of polycrystalline Ala-Gly-Gly while
Figure 2(b) displays the spectrum for an unstructured singly
13C carbonyl labeled epitope peptide, HGRVGIYFGMK, in
frozen solution. The observed full-width-at-half-maximum
(fwhm) line widths of∼1 and∼6 ppm mark the two extrema
of highly structured and unstructured residues, respectively.

Figure 2(c) and Figure 2(d) respectively display the 1D
spectra of FP23-L7F8 in 7.5 mM frozen solution and
hydrated lipid DTPC environments (1:20 peptide:lipid mole
ratio). The lipid sample in (d) was prepared by method (2)
using 100µL of the (c) solution. DTPC was initially chosen
for these studies because it is ether-linked rather than ester-
linked and hence has no natural-abundance carbonyl back-
ground. Thus, in (c) and (d), the labeled carbonyl carbons
contributed 90% of the observed intensity. The signals from
the two labeled carbonyls were unresolved. In the presence
of DTPC, the line width is∼2 ppm fwhm and is narrower
than that found in frozen solution. These data indicate that:
(1) the L7F8 region of FP23 interacts with lipid; and (2) in
the presence of lipid, the L7F8 region is reasonably well-
structured, although not crystalline.

The dependence of the 1D spectrum on lipid composition
was also investigated. As displayed in Figure 3, significantly
different spectra were obtained for FP23-F8 for samples
made with either (a) pure DTPC or (b) LM-1 dispersions.
The (a) and (b) samples were made using preparation method
(1) at a 1:200 peptide:lipid mole ratio. In (a), the raw
spectrum is displayed while in (b) a difference spectrum is
displayed between the FP23-F8/LM-1 sample and a pure
LM-1 sample. (b) is best described by a single component
with fwhm line width ∼2.7 ppm, and reflects a relatively

structured F8 residue. In (a), the spectrum is best described
by two partially resolved components which likely cor-
respond to at least two distributions of structures, each with
significant population. It is unlikely that either component
in (a) has a large contribution from the∼20% natural-
abundance peptide carbonyl signal because an unlabeled
FP23/DTPC sample at a 1:80 peptide:lipid ratio generated a
broad carbonyl absorption which ranged from 167 to 174
ppm.

The different spectral line shapes in (a) and (b) demonstrate
that there is some dependence of peptide structure on lipid
composition. Although we have not yet understood the
precise lipid compositional factors which cause the structural
differences reflected in (a) and (b), we have observed spectra
similar to (b) at a∼1:100 peptide:lipid mole ratio for samples
made with LM-2 and LM-3. These mixtures differ from
LM-1 only through addition of sphingomyelin, and sphin-
gomyelin and PI, respectively. Two representative FP23-F8/
LM-3 difference spectra are displayed in Figure 3(c),(d), and
were obtained from 1:80 peptide:lipid ratio samples made
with preparation method (1) using respectively LM-3 lipid
dispersion or 100 nm diameter LM-3 vesicles. These
difference spectra were obtained from subtraction between
FP23-F8 and unlabeled FP23 samples and thus are nearly
pure F8 signals.

The spectra from LM samples appear to be fairly
independent of initial peptide concentration in the range of
12-120 µM and also independent of peptide:lipid ratio in
the range of 1:200 to 1:20. For example, the samples in
Figure 3(b),(c) were respectively made with 120 and 12µM
initial peptide concentrations and 1:200 and 1:80 peptide:
lipid ratios. In addition, difference spectra for other labeled
nuclei (e.g., V2, F11, and A15) are comparable at 1:100 and
1:20 peptide:lipid ratios (data not shown). Although the (b)-
(d) spectra were made with pH 7.0 HEPES, similar spectra
were also obtained when unbuffered water (pH∼6) was used
and when 5 mM pH 5.0 acetate buffer was used.

Spectra of samples made with DTPC also had little
dependence on initial peptide concentration but had some
dependence on peptide:lipid ratio. For example, the two-
component spectrum in Figure 3(a) is similar in appearance
to one observed for a 1:133 FP23-L7F8/DTPC sample made
by preparation method (2). For this latter sample, the initial
peptide concentration was 1.5 mM, which is more than an
order of magnitude greater than the 120µM concentration
used for sample (a). However, as displayed in Figure 2(d),
a sample made with DTPC, 7.5 mM initial peptide concen-
tration, and 1:20 peptide:lipid mole ratio gives a significantly
different spectrum than that in Figure 3(a). The single-
component 2(d) spectrum closely resembles the Figure 3(b-
d) spectra of samples made with LM.

In addition, spectra showed little dependence on whether
samples were slowly cooled during∼1 min while spinning
in the NMR probe or were frozen in∼1 s by immersion of
the sample rotor in liquid nitrogen. Similar spectra were also
obtained after freeze/thaw cycling and after incubation of
the sample at 37°C for 1.5 h (data not shown).

In summary, our 1D spectral data suggest: (1) little
dependence of structural distributions on initial peptide
concentration for either LM or DTPC samples; (2) little
dependence of structural distributions on peptide:lipid ratio
for samples made with LM; and (3) significant dependence

FIGURE 3: 13C solid-state NMR spectra of samples made from
FP23-F8 bound to (a) DTPC dispersion, (b) LM-1 dispersion, (c)
LM-3 dispersion, and (d) 100 nm diameter LM-3 vesicles. Samples
were prepared by method (1) with a peptide:lipid mole ratio of (a
and b) 1:200 and (c and d) 1:80. Spectra were taken at-50 °C
using CP/MAS and 75 kHz1H decoupling. (a) is a raw spectrum,
(b) is a difference spectrum between a FP23-F8/LM-1 and a LM-1
sample, and (c) and (d) are difference spectra between FP23-F8/
LM-3 and unlabeled FP23/LM-3 samples.
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of structural distributions on peptide:lipid ratio for samples
made with DTPC. To our knowledge, the first and second
observations are new information. These data strongly
suggest that fusion peptide/lipid samples should be prepared
with LM rather than single lipids.

1D NMR Spectral Scanning down the FP23 Backbone.
Difference spectra for LM-bound FP23 peptide are displayed
in Figure 4(a)-(h) and are composed of signals from labeled
Ala-1, Val-2, Phe-8, Gly-10, Phe-11, Ala-14, Ala-15, and
Ala-21 carbonyls, respectively. The samples were made by
preparation method (1) with a peptide:lipid mole ratio of
1:100. The Val-2, Phe-8, Phe-11, Ala-15, and Ala-21 spectra
are from samples made with LM-2 while the Ala-1, Gly-10,
and Ala-14 spectra are from samples made with LM-3.
Signals for labels between Ala-1 and Ala-15 all contained a
relatively sharp feature with a line width of 2-3.5 ppm which
suggests that a large population of membrane-bound peptide
molecules shares a common structure at each labeled site.
The approximately symmetric line shapes for Phe-8, Gly-
10, Phe-11, and Ala-14 suggest that the peptide center has a
high degree of structural order in a membrane environment.
By contrast, the∼5 ppm line width of FP23-A21 indicates
a higher degree of structural disorder at this site. Overall,
these data are consistent with a model of insertion of the
N-terminal and central residues of the peptide into the
membrane and the C-terminus outside the membrane. In this
model, there is greater structure for the residues within the
membrane than outside the membrane. This is a reasonable
premise because within the membrane, hydrogen bonding
must be either inter- or intrapeptide, whereas outside the
membrane, peptide-H2O hydrogen bonds may be present
and can allow for greater structural disorder.

Correlation of Carbonyl Chemical Shifts with Secondary
Structure.Secondary structure at the different labeled car-
bonyl carbons in the membrane-bound fusion peptide was
characterized using the known experimental correlation
between secondary structure and NMR chemical shift (84).
For peptide or protein carbonyl carbons, helical secondary
structure generally correlates with downfield (to higher ppm)
chemical shift while nonhelical structure correlates with
upfield (to lower ppm) chemical shift. Table 3 lists the peak
experimental shifts for different carbonyl nuclei in the more
structured N-terminal and central regions of the LM-bound
fusion peptide, the typical ranges of chemical shifts observed
for different secondary structures for that residue type, and
the assignment of the local secondary structure based on these
data. All of the peak chemical shifts are most consistent with
a nonhelical structure.

2D Exchange Constraints on Secondary Structure.Because
chemical shifts only give a general indication of secondary

structure (helix vs strand), more precise measurements were
made using 2D exchange spectroscopy on samples containing
doubly carbonyl labeled peptides. These measurements
typically provide dihedral angles with(20° accuracy and
can hence distinguish between various types of helical, turn,
and sheet conformations. In addition, consistency between

Table 3: Structural Correlations from Chemical Shift and 2D Exchange Analyses

residue
experimental

CS (ppm)
R helical CS
range (ppm)a

â strand CS
range (ppm)a

CS predicted
structure

2D exchange
best fitφ,ψ

Ala-1 171.9 177.0-179.3 174.4-176.9 â strand ndb

Val-2 172.2 174.0-177.6 171.8-174.2 â strand -160°, 140°
Phe-8 170.6 174.4-176.8 169.8-174.6 â strand -120°, 115°
Gly-10 168.4 173.4-174.8 169.6-173.0 â strand nd
Phe-11 170.3 174.4-176.8 169.8-174.6 â strand -165°, 140°
Ala-14 173.4 177.0-179.3 174.4-176.9 â strand nd
Ala-15 173.2 177.0-179.3 174.4-176.9 â strand -145°, 140°

a Wishart et al. (84). Each range corresponds to about 90% of the residues found in that conformation.b Not determined.

FIGURE 4: 13C solid-state NMR difference spectra of LM-bound
(a) FP23-A1, (b) FP23-V2, (c) FP23-F8, (d) FP23-G10, (e) FP23-
F11, (f) FP23-A14, (g) FP23-A15, and (h) FP23-A21. Each
difference spectrum is composed of the signal from the respective
labeled carbonyl nucleus. Samples were prepared by method (1)
with a peptide:lipid mole ratio of 1:100. Each sample contained
∼0.5µmol of peptide, and each spectrum is derived from 80 000-
160 000 scans. Spectra were taken at-50 °C using CP/MAS and
75 kHz 1H decoupling.
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chemical shift and 2D exchange measurements provides
much greater confidence in both types of measurements.

Figure 5(a-d) respectively displays 2D exchange spectra
for FP23-A1V2/LM-3, FP23-L7F8/DTPC, FP23-G10F11/
LM-3, and FP23-A14A15/LM-3, all made with 1:20 peptide:
lipid mole ratio. The first, third, and fourth samples were
prepared with method (1), and the second sample was
prepared with method (2). Phosphate buffer (50 mM, pH

7.0) had been added to the FP23-L7F8/DTPC sample after
initial peptide/lipid binding, but this had little effect on the
1D spectrum and presumably the membrane-bound peptide
structure. The 1D line shapes of the LM-3 samples at 1:20
peptide:lipid ratio are comparable to their respective line
shapes at 1:100 peptide:lipid ratio with 2-3 ppm fwhm line
widths from each labeled carbonyl nucleus. The 1D line
shape of the FP23-L7F8/DTPC sample (prior to phosphate
addition) is displayed in Figure 2(d) with∼2 ppm line width
from both nuclei. Thus, in all samples, it is reasonable to
consider that the labeled nuclei of interest are in a well-
structured region of the peptide.

The experimentally determined carbonyl CSA principal
values were the following: FP23-A1V2/LM-3, 246, 180, 92
ppm; FP23-L7F8/DTPC, 241, 179, 93 ppm; FP23-G10F11/
LM-3, 240, 174, 93 ppm; and FP23-A14A15/LM-3, 241,
186, 94 ppm. The experimental uncertainty in each principal
value determination was typically(2 ppm. These principal
values are comparable to those measured in rigid solids (44,
75) which indicates that large peptide backbone motions have
been frozen out at the-50 °C measurement temperature.

The analyses for FP23-A1V2/LM-3, FP23-L7F8/DTPC,
FP23-G10F11/LM-3, and FP23-A14A15/LM-3 are displayed
in Figure 5(e-h), respectively, and represent contour plots
of the ø2 difference between the experimental cross-peak
intensities and the simulated intensities calculated for a grid
of (φ,ψ) values. In the contour plots, black shading represents
the lowest (best-fit)ø2, increasing lighter shades of gray
represent increasing intervals of two units ofø2, and white
shading represents allø2 greater than some value specified
in the Figure 5 legend. One unit ofø2 corresponds to about
one confidence level (85). Only negative values ofφ are
displayed because the simulated cross-peak intensities for
any (φ,ψ) are the same as those for the corresponding (-φ,-
ψ). For (e), (g), and (h), the nondisplayed dihedral angle
regions of-90° < φ < 0° and-180° < ψ < 90° would all
be represented by white. Table 3 presents the best-fit solid-
state NMR (φ,ψ) for the Val-2, Phe-8, Phe-11, and Ala-15
residues of membrane-bound FP23. In all four cases, the best-
fit values correspond to theâ strand region, which is
consistent with the nonhelical chemical shifts also presented
in Table 3. The corresponding (-φ,-ψ) values are sterically
disfavored for these non-glycine residues (80). Comparison
of analyses using different NMR processing parameters (e.g.,
line broadening) suggests that each dihedral angle can be
determined with a precision of about(20°.

DISCUSSION

The ultimate goal of research on fusion peptides is to gain
insight into their role in inducing viral/host cell fusion. In
this work, we provide strong evidence for the presence of
an extendedâ strand conformation in the N-terminal and
central regions of the membrane-bound peptide (cf. Table
3). The C-terminus is more disordered [cf. Figure 4(h)]. We
interpret these data with a model of insertion of the
N-terminal and central residues of the peptide into the
membrane and the C-terminus outside the membrane. Within
the membrane, there is greater peptide structure because
hydrogen bonding must be either inter- or intrapeptide,
whereas outside the membrane, greater conformational
disorder is allowed because of the possibility of peptide-

FIGURE 5: 2D 13C solid-state NMR exchange spectra of (a) FP23-
A1V2/LM-3, (b) FP23-L7F8/DTPC, (c) FP23-G10F11/LM-3, and
(d) FP23-A14A15/LM-3. Method (1) was used to prepare samples
(a), (c), and (d), and method (2) was used to prepare sample (b).
The MAS frequency was 2.5 kHz, the exchange time was 500 ms,
the recycle delay was 0.5 s, and 72t1 points were taken with an
increment of 40µs. Each spectrum represents the summation of
10-15 12 h data blocks. Secondary structure analyses for (a)-(d)
are shown respectively in (e)-(h). These analyses are displayed as
contour plots of the total squared deviationø2 (normalized to
spectral noise) between the experimental off-diagonal cross-peak
intensities and calculated cross-peak intensities for a grid of dihedral
angles. The darkest regions represent values ofø2 less than 6, 9,
12, and 12 for (e)-(h), respectively. Each lighter contour level
represents an increase of 2 units inø2. The white regions represent
values ofø2 greater than 12, 15, 18, and 18 for (e)-(h), respectively.
For (e), (g), and (h), the nondisplayed dihedral angle regions of
-90° < φ < 0° and-180° < ψ < 90° would all be represented
by white. For all residues, the data give a significantly better fit
for â strand angles relative toR helical angles.
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H2O hydrogen bonds. N-terminal membrane insertion of the
fusion peptide is an important element of biological fusion
models and is biophysically reasonable because of the apolar
character of the N-terminal residues and the polar/charged
character of some of the C-terminal residues. N-terminal
membrane insertion is also consistent with other fluorescence,
ESR, and NMR data on the HIV-1 fusion peptide (52, 61,
64, 68), but is not consistent with a recent neutron diffraction
study on the SIV-1 fusion peptide which proposes C-terminal
membrane insertion (86). The discrepancy between the HIV
and SIV studies may arise from the lack of polar residues in
the SIV sequence used in the neutron diffraction study.

In the â strand conformation, hydrogen bonding may be
satisfied by a hairpin structure and/or by a parallel or
antiparallel arrangement of peptide oligomers. One tertiary
structure may be strongly preferred, or there may be a
mixture of populations of tertiary structures. At this time,
we do not have any data which would strongly favor or
disfavor any of these tertiary structures. Although none of
our 2D exchange constraints are specifically consistent with
a turn motif of a hairpin structure, none of the measurements
to-date have been made on any of the glycines which would
likely be part of such a turn. In addition, the solid-state NMR
spectra for LM samples were independent of peptide:lipid
ratio over the range of 1:20 to 1:200, which might be
evidence against aâ sheet oligomer structure. However, in
this range, it is also possible that the monomer-oligomer
equilibrium always favors oligomers. This view is supported
by ESR and fluorescence measurements which detected
appreciable concentrations of oligomers at much lower
peptide:lipid ratios,g1:800 andg1:5000, respectively (52,
61). Future solid-state NMR 2D exchange and internuclear
distance measurements will investigate possible formation
of hairpin andâ sheet oligomer structures.

Greater peptide structural homogeneity was observed for
the peptide/T-cell LM interaction relative to the peptide/
DTPC interaction (cf. Figure 3). Although other investigators
have observed dependence of overall structure on lipid type
(46), our work is to our knowledge the first evidence of
residue-specific variation of structural homogeneity with lipid
composition. Our work strongly suggests that future fusion
peptide studies should incorporate a lipid composition close
to that of target T-cells. Another advantage of LM is that it
appears that the bound peptide structural distributions are
largely invariant over a∼1:20-1:200 peptide:lipid ratio
range. As displayed in Figures 2(d) and 3(a), and as observed
by others (46), this ratio-independent structure is not found
for other membrane compositions. The third advantage of
LM is that it binds FP23 stronger than other lipid composi-
tions (cf. Table 2).

It is useful to put our sample preparation methods and
predominantâ strand structure in the context of membrane
fusion. Our methods rely on the insertion of the fusion
peptide into the membrane from aqueous solution, which is
likely the means by which the viral peptide domain inserts
into the target cell membrane. Our lipid mixing results in
Figure 1 also provide evidence for the fusogenic nature of
the peptide under conditions comparable to those used in
the preparation of solid-state NMR samples. Thus, the
observedâ strand conformation likely reflects at least the
end-state fusogenic structure of the peptide domain.

Use of no NaCl rather than 100-150 mM NaCl concen-
trations is a major difference between our sample preparation
methods and those of most other groups. We observed
extensive peptide aggregation in solution even at moderate
20 mM NaCl concentrations. Our choice of no NaCl in the
lipid preparation was guided in part by the sample preparation
requirement that unbound peptide not pellet under ultracen-
trifugation conditions. In addition to the practical sample
preparation issue, it is also important to consider the
competition between aggregation and membrane binding in
the presence of NaCl. With NaCl, it is unclear then whether
the peptide is binding to the membrane as a monomer or as
some larger oligomer or aggregates. It should be possible to
add NaCl to the samples after the peptide has tightly bound
to the membrane.

Our sample preparation methods and structural results are
closest to those of the Nieva group, who inserted FP23 into
the membrane from a predominantly aqueous solution and
observed an overallâ sheet structure with infrared spectros-
copy (53, 54). Use of D2O allowed them to separate buoyant
vesicle-bound peptide from peptide pelleted in the 100 mM
NaCl solution. Another sample preparation method in the
literature involves codissolution of peptide and lipid in
organic solvent, evaporation of the solvent, and then rehy-
dration of the peptide/lipid mixture. This methodology has
given mixed results with reports of both helical andâ sheet
conformations (46, 66). Our experience is that FP23 has
much lower solubility in organic solvent than lipid. There-
fore, the evaporation step likely involves sequential precipi-
tation of the peptide and then the lipid. The generalâ strand
structure observed in the solid-state NMR studies contrasts
with the general helical structure observed in attenuated total
reflectance (ATR) studies of samples prepared by direct
peptide binding to liposomes (48, 51, 61, 65). This difference
may have to do with the fact that the ATR samples were
partially dried prior to measurement while the solid-state
NMR samples were not dried. There is also a striking
difference between the solid-state NMRâ strand structure
in LM vesicles and theR helical structure observed in SDS
micelles (64). This contrast likely reflects a real difference
between the equilibrium structure in micelles and in lipid
bilayers. It may be difficult for a micelle to accommodate
an oligomericâ strand peptide structure.

Our data clearly demonstrate that solid-state NMR will
be a useful method for probing residue-specific structure of
the membrane-bound HIV-1 fusion peptide. Studies are
underway to investigate the fusion peptide tertiary structure,
orientational distribution in the bilayer, and effects on bilayer
structure and dynamics (87). In addition, comparative solid-
state NMR studies on peptides with fusogenically disruptive
mutations should provide insight into the structural features
which are significant for fusogenic activity.
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