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The solid state NMR lineshape of a protein backbone carbonyl
nucleus is a general diagnostic of the local conformational dis-
tribution in the vicinity of that nucleus. In addition, measurements
of carbonyl chemical shifts and 2D exchange spectra provide
information about the most probable conformation in the distri-
bution. These types of solid state NMR methodologies have been
applied to structural studies of the membrane-bound HIV-1 fusion
peptide. This peptide is derived from a domain of the HIV-1 gp41
envelope protein, which is critical for viral–host cell-membrane
fusion. Even in the absence of the rest of the envelope protein, the
fusion peptide will fuse liposomes or erythrocytes. The solid state
NMR measurements demonstrate that the center of the membrane-
bound HIV-1 fusion peptide is structured, while the C-terminus is
highly disordered. The structural distribution at the peptide center
is lipid-dependent, with the greatest degree of structural homoge-
neity in a lipid environment whose composition reflects that of the
target T cells. When bound to the lipid mixture, the peptide center
is predominatelyb sheet. Theb-sheet structure may be diagnostic
of peptide oligomerization, which is thought to be a requirement
for membrane fusion activity. Although the peptide partially dis-
rupts bilayer orientational ordering in stacked glass-plate sam-
ples,2H NMR demonstrates that the bilayers remain intact in the
presence of the fusion peptide and are not micellized. The reten-
tion of the bilayer phase may relate to the biological requirement
that the virus should fuse with, but not destroy, the target host cell
membrane. © 2001 by Elsevier Science Inc.
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INTRODUCTION

There exists a well-developed body of techniques for solving
the structures of well-structured soluble proteins; these tech-
niques include X-ray crystallography and solution nuclear
magnetic resonance (NMR) spectroscopy. Techniques for
studying membrane and fibrillar proteins have lagged behind
those used for soluble proteins but there has been recent
progress using crystallographic, solution and solid state NMR,
and electron spin resonance (ESR) techniques.1–4 Methods for
studying partially structured proteins and proteins with multi-
ple conformations are even less developed and represent a
frontier in structural biology. In this study, we discuss the
progress and potential of solid state NMR spectroscopy to
address problems in membrane and partially structured pro-
teins.

The appearance and information content of liquid and solid
state NMR spectra are often quite different. In liquid state
NMR, orientation-dependent interactions are averaged out by
molecular tumbling and a sharp (;10 Hz) line is observed for
each protein nucleus. In contrast, in static solid state NMR
samples, orientation-dependent interactions are not averaged
out and are apparent through observation of a distribution
(;100 Hz – 1 MHz) of NMR frequencies for each protein
nucleus. This distribution reflects the distribution of bond ori-
entations relative to the magnetic field for that particular nu-
cleus type. Sharper lines can achieved in the solid state through
mechanical ‘magic angle spinning’ (MAS),5 but the resultant
linewidths are typically still at least ten times broader than their
liquid state counterparts. As will be demonstrated, the residual
MAS lineshape is diagnostic of the structural homogeneity in
the vicinity of the nucleus. Another means of achieving sharp
lines in the solid state is through formation of macroscopically
oriented samples. This works particularly well for oriented
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protein/membrane samples and has been used to determine
both protein structure and protein orientation in the bilayer.6

There are several important strengths and constraints of solid
state NMR as a structural technique. Because nuclei are de-
tected, NMR has very general application and provides atomic-
resolution information. Solid state NMR signals are observed
independent of the solid environment, so that proteins can be
studied in hydrated lipid bilayers, fibrils, precipitates, or crys-
tals. Additionally, solid state NMR is typically quantitative,
with all nuclei of a particular type (e.g.,13C) contributing
equally to the spectrum. The most significant constraint is low
sensitivity. Typically 0.5mmol of material is required at con-
centrations of;1 mM. These amounts are comparable to those
required for crystallographic or solution NMR analysis. How-
ever, unlike these other techniques, existing solid state NMR
methodologies are typically not capable of providing a full
protein structure. Solid state NMR techniques rely on specific
13C, 15N, or 2H isotopic labeling and provide information about
local structure or motion in the vicinity of the labeled nuclei.
Our studies have focused on local structural questions for a
membrane-bound peptide derived from the N-terminus of the
HIV-1 gp41 envelope protein. In the protein, this region is
known as the ‘fusion peptide’ because of its importance in
inducing membrane fusion between the virus and target cells.
Insertion of the fusion peptide into the target membrane is
believed to be a key step in fusion. Fusion peptides are also
found in the envelope proteins of other viruses, including
influenza, ebola, and measles.7–9

Even in the absence of the rest of the envelope protein, the
HIV-1 fusion peptide binds strongly to membranes and induces
fusion between liposomes or erythrocytes. Significantly, par-
allel mutation/fusion activity studies on the fusion peptide
domain of the intact envelope protein and the free fusion
peptide have shown strong correlations between viral–host cell
fusion and peptide–liposome fusion.10,11 These results are
highly suggestive that there are important similarities between
the mechanism of liposome fusion induced by the fusion pep-
tide and viral–host cell fusion induced by envelope proteins.
Thus, studies on the fusion peptide should provide insight into
intact viral–host cell fusion. Because specific isotopic labeling
is required for solid state NMR studies, and is done more
straightforwardly on peptides than intact envelope proteins, our
current studies focus on the isolated peptide. Future studies will
employ biological expression of larger envelope protein do-
mains, which include the fusion peptide.

The fusion peptide is typically considered to be about the
first twenty residues of gp41. This is a fairly conserved domain
with a 23-residue FP23 consensus 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. The presence of six glycines
suggests some conformational flexibility, which may be related
to its fusogenicity. In particular, envelope protein-mediated
fusion decreases by at least twentyfold with point mutation to
valine of either of the two glycines in the highly conserved
FLGFLG motif in the peptide center.12,13 Structural studies on
the membrane-bound fusion peptide by techniques such as
circular dichroism, infrared, and ESR provide a complex struc-
tural picture that suggests a distribution of secondary structures
and membrane orientations, as well as possible oligomeriza-
tion.10

METHODOLOGY

Peptide Synthesis

The 23-residue fusion peptide FP23 was synthesized using
standard HOBT/HBTU/FMOC chemistry on an ABI 431A
synthesizer. Typical coupling time was 2 h. The syntheses
incorporated13C carbonyl labeled amino acids, which were
FMOC-derivatized by standard protocols.14,15 In addition, an
epitope peptide HGRVGIYFGMK from tryptophan synthase
was synthesized by standard methods.16

Preparation of Membrane-Bound Fusion Peptide
Samples for MAS Measurements

Most samples were made by mixing freshly prepared peptide
solutions with lipid dispersions or lipid vesicles at the desired
peptide:lipid ratio. The peptide concentrations were typically
10–150mM in 4 or 30 ml of 5 mM HEPES, pH 7, and the
peptide:lipid mole ratios were typically 1:20–1:200.

In general, two classes of lipid were used. Initially, samples
were made with di-O-tetradecylphosphatidylcholine (DTPC), a
neutral saturated 14-carbon chain ether-linked lipid, which is
‘NMR-friendly’ because it doesn’t have any carbonyl carbons
and hence doesn’t contribute any natural abundance NMR
signal in the carbonyl region. For most later experiments,
samples were made using a mixture reflecting the approximate
lipid and cholesterol content of target T-cells.17 This mixture is
denoted as LM and contained the synthetic lipids 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),
sphingomyelin, phosphatidylinositol (PI), and cholesterol in a
0.33:0.17:0.07:0.07:0.03:0.33 mole ratio.

The peptide:lipid mixtures were kept at room temperature
overnight to ensure maximum peptide:lipid binding. Subse-
quent centrifugation of the peptide–lipid complex, typically at
100,000 – 150,0003 g for 2–4 h, pelleted down the complex
and left unbound peptide in the supernatant. Peptide/lipid bind-
ing was determined by measuring the peptide concentration in
the solution before adding lipid and after centrifugation (by the
BCA assay). Controls were run with peptide-only samples to
ensure that the peptide did not pellet by itself.

In some earlier experiments, samples were made by mixing
the peptide and lipid in 200ml total volume. To measure
peptide binding in these samples, additional water (;800 ml)
was added, the samples were vortexed and then centrifuged,
and the peptide concentration was measured in the supernatant.
The peptide binding was typically nearly quantitative in these
samples.

Preparation of Oriented Membrane Samples

Samples were typically made by placing lipid dispersions con-
taining bound fusion peptide on glass plates, allowing bulk
water to evaporate, stacking the plates and placing them in a
square glass tube, and incubating at 40°C and 90% humidity
for a few days. The tube was then epoxy-sealed with a Kel-F
plug.
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MAS Solid State NMR Measurements

1D Spectra were obtained on a 400-MHz Varian VXR spec-
trometer using a double resonance magic angle spinning
(MAS) probe. The detection channel was tuned to13C and the
decoupling channel was tuned to1H. 800ms of 45-kHz cross-
polarization and 70-kHz1H decoupling were used. Increased
decoupling had no effect on the observed linewidths. Strong
signals could not be observed above220°C, presumably be-
cause of signal attenuation by motion. For this reason, spectra
were taken at250°C and two approaches were taken to cooling
the samples. In the first method, the samples were slowly
cooled in the NMR probe while slowly spinning them. In the
second method, the samples were quick-frozen by immersing
the sample rotors in liquid nitrogen. The spectra did not depend
on the rate with which the samples were cooled nor on freeze/
thaw cycling.

2D MAS exchange experiments were made on membrane-
bound fusion peptide that was13C carbonyl labeled at Leu-7
and Phe-8 (FP23-L7F8). The rotor-synchronized NMR pulse
sequence was (CP)2 t1 2 (p/2) 2 t 2 (p/2) 2 t2, where (CP)
represents cross-polarization, t1 is the evolution period,t is the
exchange period, and t2 is the detection period.18–20 2D MAS
exchange is a method to determine the dihedral angles (f,c)
that define the secondary structure at the more C-terminal
labeled residue, in this case Phe-8. Spectra were taken at 2.5
kHz spinning speed and secondary structure was calculated by
comparing experimental off-diagonal crosspeak intensities
with intensities calculated for different pairs of (f,c) dihedral
angles. 1 ppm and 2 ppm of line broadening was used for the
F2 and F1 dimensions, respectively, and individual integrated
peak intensities were calculated from points within 0.75 ppm of
the peak. In the 2D analysis, the total squared deviationx2(f,w)
between experiment and simulation was evaluated as:

x2~f,w! 5 Oi @Ei 2 l~f,w!Si~f,w!#2/s2, i 5 1 to N,

where Ei and Si(f,w) are experimental and simulated off-
diagonal crosspeak intensities,s2 is the mean-squared uncer-
tainty per data point,l(f,w) is a scaling factor calculated to
minimizex2 at eachf andw pair, andN is the total number of
data points. The simulated crosspeak intensity pattern for a
(f,c) pair is the same as that for a (2f,2c) pair so that the
data cannot distinguish between each member of the pair.
Measurements on the polycrystalline tripeptide Ala-Gly-Gly
and the membrane-bound helical peptide melittin gave an es-
timated uncertainty of;620° in dihedral angle determination
by this method.

Oriented Sample NMR Measurements

Bloch decay31P spectra were taken on a homebuilt static
double resonance probe using 45-kHz1H decoupling.13C CP
spectra were taken on the same probe with 45-kHz CP and with
67-kHz 1H decoupling.

2H Solid State NMR Measurements on Fusion
Peptide/Lipid Dispersions

Samples were prepared containing LM dispersion with bound
peptide. In the lipid mixture, POPC was replaced with dimy-
styroylphosphatidylcholine (DMPC) that was deuterated along
its acyl sidechains. Spectra were taken on a single resonance

wideline probe using a solid echo sequence (p/2) 2 t 2
(p/2) 2 t with a 7 ms p/2 pulse length and 30ms t interval.

RESULTS

1D Solid State NMR MAS Measurements on the
Membrane-Bound Fusion Peptide

Figure 1 displays the MAS solid state NMR spectra of the
isotropic carbonyl region of different13C carbonyl labeled
peptides. The large differences between the observed line-
widths can be correlated with the degree of local structural
order in the peptide. Figure 1 a, b displays the two extrema of
a crystalline peptide with 1-ppm linewidths and a random coil
epitope peptide in frozen solution with 6-ppm linewidth.

Figure 1. 1D CP/MAS solid state NMR spectra of the
isotropic carbonyl region of peptides. (a) Polycrystalline
Ala-Gly-Gly. 5% of the molecules are doubly13C carbonyl
labeled at Ala-1 and Gly-2. (b) Epitope peptide HGRVGIY-
FGMK from tryptophan synthase at 20 mM concentration in
frozen solution. The peptide has a13C carbonyl label at
Phe-8. (c) DTPC-bound FP23-F8 fusion peptide. (d) LM-
bound FP23-F8 fusion peptide. (e) LM-bound FP23-A21
fusion peptide. Spectra (b)–(e) were taken at250°C with
12–24 h of signal averaging and a 0.5 s recycle delay.
Spectra (c)–(e) are difference spectra between labeled and
unlabeled membrane-bound peptide samples with each
sample containing 0.5mmol peptide. Spectra (c) and (d) are
at a 1:200 peptide:lipid mole ratio; and spectrum (e) is at a
1:80 peptide:lipid mole ratio.
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Figure 1c and Figure 1d display the respective spectra for
DTPC-bound and LM-bound FP23-F8 (FP23 with a single F8
13C carbonyl backbone label). Each of these spectra is actually
a difference spectrum between a spectrum of the membrane-
bound Phe-8 carbonyl labeled peptide and the spectrum of the
membrane-bound unlabeled peptide. Difference spectroscopy
is necessary because of spectral overlap between the labeled
Phe-8 nucleus and natural abundance signals from lipid car-
bonyls and/or from unlabeled carbonyls in the peptide. The
displayed difference spectra only contain contributions from
the labeled Phe-8.

In Figure 1d, the;2.5-ppm full-width at half-maximum
(FWHM) linewidth for the Phe-8 carbonyl demonstrates that
this region of the LM-bound peptide is fairly well-structured,
although not crystalline. The symmetric lineshape suggests a
relatively narrow distribution of structures around a most prob-
able structure. In contrast, the DTPC-bound peptide lineshape
has at least two components, one of which is centered at the
chemical shift of the LM-bound line profile and another of
which is broader and to higher ppm of the LM line profile.
These two components likely represent distinct populations of
peptides with different local structural distributions in the vi-
cinity of Phe-8. These data demonstrate that fusion peptide
structural populations are lipid-dependent. Although the pre-
cise lipid compositional factor(s) that cause the difference are
not understood, the spectra to date indicate that these differ-
ences are not due to the presence of cholesterol or phosphati-
dylinositol in the LM samples and their absence in the DTPC
samples. For the DTPC samples, the spectra do depend some-
what on the peptide:lipid ratio. At a peptide:lipid ratio of 1:20,
the broad downfield component is highly attenuated relative to
the upfield component and the spectrum looks similar to Figure
1d. Figure 1e displays the difference spectrum of LM-bound
FP23-A21, i.e., FP23 which is13C carbonyl labeled at Ala-21.
The linewidth is;5 ppm, which is twice that of FP23-F8 and
close to that of an unstructured peptide. These data indicate that
the membrane-bound peptide is substantially more disordered
at its C-terminus than at its center.

NMR Structural Measurements

The observed peak carbonyl chemical shift of 171 ppm for
LM-bound FP23-F8 is consistent with a nonhelical conforma-
tion.21 Further conformational measurements were made using
2D exchange spectroscopy on a DTPC-bound FP23-L7F8 sam-
ple whose 1D spectrum was predominately composed of a line
with a 171-ppm peak chemical shift and 2-ppm FWHM line-
width. The experimental 2D spectum and secondary structure
fit are displayed in Figure 2a and Figure 2b, respectively. The
best fit for the off-diagonal crosspeak intensity pattern is given
by the smallestx2 (the darkest region) at (2135°, 130°). The
shaded contours are separated by two units ofx2, which cor-
responds to about one standard deviation in (f,c). The data are
also consistent with (135°,2130°) best-fit angles but these are
sterically highly unlikely.22 The best-fit secondary structure
from 2D MAS exchange is close to that of an ideal antiparallel
b sheet and is consistent with the observed nonhelical chemical
shift.

Peptide Effects on Membranes

Figure 3 displays the effect of the peptide on bilayer orien-
tation in glass-plate-oriented samples at 30°C. In the ab-

sence of peptide, strong orientational ordering is demon-
strated by the variation in31P (Figure 3a, Figure 3c) and13C
(Figure 3b, Figure 3d) chemical shifts as a function of
sample orientation in the magnetic field. The spectra in
Figure 3a and Figure 3b were taken with the glass-plate
normal parallel to the external magnetic field, while those in
Figure 3c and Figure 3d were taken with the normal per-
pendicular to the external magnetic field. The31P spectra
probe the orientational order of the lipid headgroups and the
13C spectra probe the orientational order of the lipid acyl
sidechains. Figure 3e–3h displays similar spectra for a sam-
ple containing 5 mole percent FP23. Bilayer orientation is
still demonstrated through a variation in peak chemical shift
but the broader lines are diagnostic of greater orientational
disorder. One possible explanation for this observation is
that FP23 disrupts the bilayer physical phase, perhaps

Figure 2. (a) Rotor-synchronized 2D MAS exchange spec-
trum; and (b) secondary structure analysis of 2mmol FP23-
L7F8 bound to DTPC. The peptide:lipid mole ratio was
1:20 and the sample included 50 mM phosphate buffer. The
magic angle spinning speed was 2.5 kHz, the exchange time
t was 500 msec, the recycle delay was 0.5 s, and 72 t1 points
were taken with a t1 increment of 40ms. The data represent
five days of signal averaging. In (b), a plot is shown for the
mean square deviationx2 (normalized to spectral noise)
between the experimental off-diagonal crosspeak intensities
and calculated crosspeak intensities for a grid of F8 dihe-
dral angles. The best-fit conformation is marked with an
arrow at f 5 2135°, c 5 130°. The shading levels rep-
resent: black,x2 , 6.5; dark grey, 6.5, x2 , 8.5; light
grey, 8.5, x2 , 10.5; white,x2 . 10.5.
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through partial micellization. However,2H NMR measure-
ments displayed in Figure 4a– 4d demonstrate that this pos-
sibility is unlikely.23 These data show only minor changes in
the lipid sidechain2H spectra for lipid dispersions in the
presence of FP23. For comparison, Figure 4e– 4f shows that
the LM 2H spectra are highly modified in the presence of the
hemolytic bee venom peptide melittin. At high melittin
concentrations, the presence of a sharp isotropic line is a
marker of rapid isotropic lipid motion and micellization, as
has been also observed by other investigators.24

DISCUSSION

As observed in Figure 1, the solid state NMR lineshape of a
single carbonyl nucleus provides a means of assessing the
structural order in the vicinity of that nucleus. This type of
information content from solid state NMR is very different
from that for solution NMR in which only an average chemical
shift is observed. The solid state NMR approach to assessing
local structural order is quite general because of the wide
availability and relative low expense of most carbonyl labeled
amino acids. Although all of the results presented here apply
for selectively labeled peptides, the same basic approach
should work for intact proteins for which the selective labeling
is biosynthetic.

The differing lineshapes in Figure 1c and Figure 1d demon-
strate that the fusion peptide structural distributions at the
Phe-8 residue are lipid-dependent. The peptide central region is

Figure 3. 30°C solid state NMR spectra of oriented LM
lipids in the absence (a– d) and presence (e– h) of fusion
peptide. The LM lipids are oriented between stacked
glass plates and the marked orientation refers to the
angle between the glass-plate normal and external mag-
netic field direction. The31P spectra probe the orienta-
tional ordering of the lipid headgroups and the13C
spectra probe the orientational ordering of the lipid
sidechains. Uniform lipid orientational ordering is ob-
served in the absence of peptide and partial ordering is
observed in the presence of peptide.

Figure 4. Solid state2H NMR spectra of unoriented static
LM lipid dispersions at 35 °C: (a) in the absence of any
peptide; (b)–(d) with bound FP23; and (e),(f) with bound
melittin. The LM contains2H acyl sidechain-labeled
DMPC. FP23 has minor effect on the2H spectra, while
melittin induces a large increase in isotropic motion.
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more structured in its interaction with the T-cell lipid compo-
sition than with the single DTPC lipid type. Interestingly,
Figure 1c demonstrates that peptides bind to pure DTPC with
distinct structural distributions, each of which has significant
population. The lower ppm distribution is likely similar to that
for the LM-bound peptide while the other corresponds to a
different set of conformations. In addition, the broad linewidth
in Figure 1e shows that the C-terminus of the peptide is nearly
random coil.

As displayed in Figure 1 and Figure 2, measurements of
solid state NMR chemical shifts and 2D exchange spectra
can be used to determine the most probable secondary
structure for a particular residue in a noncrystalline
membrane-bound peptide. For the Phe-8 residue, the most
probable structures for the 171-ppm distribution areb sheet.
There is a strong possibility that thisb-sheet structure is
diagnostic of oligomer formation in the membrane by the
fusion peptide. This finding may have biological signifi-
cance because formation of fusion peptide oligomers has
been linked to fusion activity for both envelope protein-
mediated fusion and for liposome fusion mediated by fusion
peptides.11,25 The structures of possible membrane-bound
fusion peptide oligomers will be investigated in future solid
state NMR measurements of interpeptide distances. In cases
such as that shown in Figure 1c for which two or more
conformational distributions are resolved near a particular
nucleus, it should be possible to use solid state NMR tech-
niques such as 2D exchange to determine the most probable
conformation in each distribution. In principal, even in the
case of broad lines, the structures associated with different
regions of the lineshape could be assessed by separate
analyses of these regions. Alternatively, one could analyze
the entire lineshape using a model based on a structural
distibution.26 A potential difficulty in quantitative solid state
NMR analyses of broad structural distributions is the lack of
good model systems to test whether the solid state NMR
approach gives correct results. In the case of a broad line
such as Figure 1b, molecular dynamics calculations could be
used to predict the distribution of conformations, followed
by quantum mechanical calculations to predict the distribu-
tion of chemical shifts associated with the conformational
distribution. This sort of approach should enable researchers
to show whether a particular distribution is consistent or
inconsistent with the experimental lineshape and with data
from 2D exchange or other solid state NMR structural
refinement techniques.

Figure 3 and Figure 4 demonstrate how solid state NMR can
also be used to understand the effect of fusion peptides on
membranes. Figure 3 shows that the fusion peptide partially
disrupts bilayer order in glass-plate samples, while Figure 4
reveals that it does not induce a large change in the overall
motion and structure of the bilayer. This is in large contrast to
the hemolytic bee venom peptide melittin, which micellizes the
bilayer. These differing data may be related to the different
functions of the two peptides. In particular, viral infection
relies on fusion but not destruction of lipid bilayers. Future
studies will investigate more subtle interaction of the fusion
peptide with membranes through its effect on lipid nuclei
relaxation times. In addition, the glass-plate samples will be
used to probe the orientational distribution of the fusion peptide
in the bilayer.

CONCLUSIONS

The solid state NMR lineshape of a protein backbone carbonyl
nucleus is a general diagnostic of the local conformational
distribution in the vicinity of that nucleus. Measurements of
carbonyl chemical shift and 2D exchange spectra provide in-
formation about the most probable conformation in this distri-
bution. Application of such solid state NMR methodologies to
the membrane-bound HIV-1 fusion peptide demonstrates that
the peptide center is structured, although not crystalline, while
the C-terminus is highly disordered. The structural distribution
at the peptide center is lipid-dependent with the greatest degree
of structural homogeneity in a lipid environment whose com-
position reflects that of target T cells. When bound to the lipid
mixture, the peptide center is predominatelyb sheet. Although
the peptide partially disrupts bilayer orientation in stacked
glass-plate samples,2H NMR demonstrates that the bilayers
remain intact in the presence of the fusion peptide and are not
micellized.
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