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HIV-1 and influenza viral fusion peptides are biologically relevant model fusion systems and, in this study,
their membrane-associated structures were probed by solid-state NMR 13C chemical shift measurements.
The influenza peptide IFP-L2CF3N contained a 13C carbonyl label at Leu-2 and a 15N label at Phe-3 while
the HIV-1 peptide HFP-UF8L9G10 was uniformly 13C and 15N labeled at Phe-8, Leu-9 and Gly-10. The
membrane composition of the IFP-L2CF3N sample was POPC–POPG (4 : 1) and the membrane composition
of the HFP-UF8L9G10 sample was a mixture of lipids and cholesterol which approximately reflects the lipid
headgroup and cholesterol composition of host cells of the HIV-1 virus. In one-dimensional magic angle
spinning spectra, labeled backbone 13C were selectively observed using a REDOR filter of the 13C–15N
dipolar coupling. Backbone chemical shifts were very similar at −50 and 20 ◦C, which suggests that low
temperature does not appreciably change the peptide structure. Relative to −50 ◦C, the 20 ◦C spectra had
narrower signals with lower integrated intensity, which is consistent with greater motion at the higher
temperature. The Leu-2 chemical shift in the IFP-L2CF3N sample correlates with a helical structure at
this residue and is consistent with detection of helical structure by other biophysical techniques. Two-
dimensional 13C–13C correlation spectra were obtained for the HFP-UF8L9G10 sample and were used to
assign the chemical shifts of all of the 13C labels in the peptide. Secondary shift analysis was consistent with
a b-strand structure over these three residues. The high signal-to-noise ratio of the 2D spectra suggests that
membrane-associated fusion peptides with longer sequences of labeled amino acids can also be assigned
with 2D and 3D methods. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Many viruses important in disease are ‘enveloped’, i.e. they
are enclosed by a membrane. To initiate infection of a new
cell, the membranes of the virus and cell must fuse so
that the viral nucleic acid can enter into the cell.1 – 4 In
general, there is a high activation barrier to membrane
fusion and, in the absence of a catalyst, the viral–cell
fusion rate is usually negligible. Fusion is also very slow
between unilamellar liposomes which often serve as a
model membrane system for viruses or cells. To increase
the fusion rate, many enveloped viruses such as HIV-1 and
influenza employ a ‘fusion peptide’ which represents an
¾20-residue apolar domain at the N-terminus of a viral
envelope fusion protein.5,6 During fusion, this domain is
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believed to interact with target cell and possibly viral
membranes. Synthesized peptides with the same sequence
as a fusion peptide domain will also catalyze fusion between
liposomes or between red blood cells. These peptides have
been the target of numerous biophysical studies and are
believed to be biologically relevant model fusion systems
both because of their fusogenicity and because of the
good correlation between their mutagenesis–fusogenicity
relationships and those of the whole viral proteins.5 The
structures of fusion peptides have been studied by solid-
state NMR and other biophysical techniques and it appears
that the peptides can adopt both helical and non-helical
structures in membranes.7 – 14 Solid-state and solution NMR
methods have also been applied to study other fusion
peptides which catalyze fusion between sperm and egg cells
during fertilization.15,16

In this work, we investigated two issues related to solid-
state NMR studies of membrane-associated fusion peptides.
First, although physiological fusion occurs at 37 °C, many of
the previous magic angle spinning (MAS) NMR measure-
ments have been done at �50 °C because of the improved
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signal-to-noise ratio at lower temperature.13,14,17,18 In the
present study, solid-state NMR spectra were obtained at
both �50 and 20 °C and the spectra were compared to under-
stand the temperature-induced changes in peptide structure
and motion. Second, there has been significant recent inter-
est in development of solid-state NMR methods to solve
the structures of U-13C,15N-labeled peptides and proteins in
a manner analogous to the well-developed solution NMR
techniques.19 – 34 Many solid-state NMR methods are now
available for sequential assignment and there is intensive
effort to develop distance and torsion angle measurement
techniques which are applicable to these types of samples.
In the present study, we explored the feasibility of applying
this type of approach to uniformly labeled fusion peptides.
13C–13C 2D MAS correlation spectroscopy was applied to a
membrane-associated fusion peptide which was U-13C,15N
labeled over three sequential residues. The spectra were
used to determine 13C chemical shifts, and the signal-to-
noise ratio and resolution of the spectra were analyzed to
assess the feasibility of resonance assignment and structure
determination of a peptide with a much longer sequence of
U-13C,15N-labeled residues.

RESULTS

HFP-UF8L9G10 1D spectra
The HIV-1 fusion peptide HFP-UF8L9G10 (sequence AVGI-
GALFLGFLGAAGSTMGARSKKK) was synthesized with
the 23 N-terminal residues of the LAV1a strain of the HIV-1
gp41 envelope protein followed by three additional lysines
for improved aqueous solubility. The HFP-UF8L9G10 pep-
tide had U-13C,15N labeling at Phe-8, Leu-9 and Gly-10. For
the NMR sample, HFP-UF8L9G10 was associated with the
‘LM3’ lipid–cholesterol mixture at a peptide : lipid molar
ratio of ¾0.04. The LM3 mixture had the approximate lipid
headgroup and cholesterol composition of host cells of the
virus.35 Figure 1 displays the C˛ region of the rotational-echo
double-resonance (REDOR)-filtered spectrum of the HIV-1
fusion peptide sample at (a) �50 and (b) 20 °C. Because
of the 1 ms REDOR filter, the displayed spectral regions
are dominated by backbone C˛ signals from Phe-8, Leu-9
and Gly-10 at 53.8, 51.3 and 43.0 ppm, respectively. This
assignment was made from comparison with characteristic
chemical shifts and was confirmed in 2D correlation spectra
(see below).36 Corresponding peak chemical shifts agree to
within 0.5 ppm at the two temperatures, indicating that the
lower temperature does not induce a large peptide structural
change. The carbonyl (CO) region (not displayed) was simi-
larly invariant to temperature. The linewidths were smaller
at 20 than at �50 °C. For example, for the Gly-10 peak cen-
tered at 43.0 ppm, the full width at half-maximum (FWHM)
linewidth is ¾2.6 ppm at �50 °C and ¾1.9 ppm at 20 °C.
In addition, the integrated signal-to-noise ratio per 13C per
transient at 20 °C is approximately one-third of its value at
�50 °C. For hydrated membrane samples, it is reasonable that
motion could increase significantly between �50 and 20 °C
and this greater motion could explain these experimental
observations. For example, increased motion could reduce
inhomogeneous broadening and result in smaller linewidths.

(a)

(b)
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Figure 1. 13C solid state NMR spectra of a sample containing
HFP-UF8L9G10 peptide associated with hydrated LM3 lipid
mixture at (a) �50 and (b) 20 °C. The peptide : lipid molar ratio
was ¾0.04, the buffer pH was 7.0 and the sample volume in
the 4 mm diameter rotor was ¾30 µl. The peptide had uniform
13C,15N labeling at the Phe-8, Leu-9 and Gly-10 residues.
Because of the 1 ms REDOR filter, the displayed spectral
region is dominated by backbone C˛ signals from Phe-8,
Leu-9 and Gly-10 at 53.8, 51.3 and 43.0 ppm, respectively. For
each spectrum, 13C transverse magnetization was generated
with 1H–13C cross-polarization, the spinning speed was 8 kHz
and 25 Hz Gaussian line broadening was applied. Spectrum
(a) was derived from the S0 � S1 difference FID and a total of
10 496 S0 and 10 496 S1 transients. Spectrum (b) was similarly
obtained with 82 048 S0 and 82 048 S1 transients. The
chemical shifts are similar in spectra (a) and (b) and are
consistent with non-helical structure at both �50 and 20 °C.

In addition, motion could attenuate dipolar couplings and
decrease T1�, which would reduce the efficiency of 1H–13C
cross-polarization (CP) and REDOR dephasing and result in
a lower REDOR-filtered signal per 13C per transient.

IFP-L2CF3N 1D spectra
The influenza fusion peptide IFP-L2CF3N (sequence GLF-
GAIAGFIENGWEGMIDGGGKKKKWKWK) was synthe-
sized with the 20 N-terminal residues of the Influenza A
hemagglutinin fusion protein followed by a glycine–lysine–
tryptophan sequence to improve solubility and to increase
the 280 nm absorbance for analytical ultracentrifugation
studies.37 The IFP-L2CF3N peptide had a 13C carbonyl label
at Leu-2 and a 15N label at Phe-3. For the NMR sample,
IFP-L2CF3N was associated with a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG) lipid mix-
ture at a peptide : lipid molar ratio of ¾0.007. This 4 : 1
POPC–POPG mixture has been used by other groups who
have studied this peptide.8,11 Figure 2 displays the carbonyl
region of the REDOR-filtered spectrum of the IFP-L2CF3N
sample at (a) �50 and (b) 20 °C. Because of the REDOR filter,
the Leu-2 carbonyl peak dominates the spectra. The peak
carbonyl shift differs by only 0.2 ppm between the two tem-
peratures, indicating that the lower temperature does not
induce a large peptide structural change. The linewidth is
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Figure 2. 13C solid-state NMR spectra of a sample containing
IFP-L2CF3N peptide associated with hydrated POPC/POPG
(4 : 1 molar ration) lipid mixture at (a) �50 and (b) 20 °C. The
peptide : lipid molar ratio was ¾0.007, the buffer pH was 5.0
and the sample volume in the 6 mm diameter rotor was
¾160 µl. The peptide had a 13C carbonyl label at Leu-2 and a
15N label at Phe-3. Because of the 1 ms and 4.25 ms REDOR
filters in (a) and (b), respectively, only signals from the Leu-2
carbonyl are observed in the spectra. For each spectrum, the
spinning speed was 8 kHz and 50 Hz Gaussian line broadening
was applied. Spectrum (a) was taken with 1H–13C
cross-polarization and was derived from the S0 � S1 difference
FID and a total of 14 796 S0 and 14 796 S1 transients.
Spectrum (b) was taken with direct 13C polarization and a total
of 17 504 S0 and 17 504 S1 transients. In both spectra, the
peak chemical shift is 175.8 š 0.1 ppm, which is consistent
with helical structure at Leu-2.

narrower at 20 than at �50 °C, and it was easier to obtain
CO signals at 20 °C with direct 13C polarization (DP) than
with 1H–13C CP. These observations are consistent with
greater motion at 20 °C, and correlate with the temperature-
dependent effects observed for the HFP-UF8L9G10 spectra.

In Fig. 2, the measured Leu-2 CO chemical shift of
175.8 ppm is within 0.1 ppm of the shift measured for
the peptide in a frozen aqueous solution containing dode-
cylphosphocholine (DPC) detergent.14 There are two lines
of evidence which correlate this shift with helical structure.
First, this shift is coincident with the measured 176 ppm CO
shift of solid ˛-helical polyleucine and is very different from
the 171 ppm shift of solid ˇ-sheet polyleucine.38,39 Second,
the Leu-2 shift is within the one standard deviation (SD)
range of the 176.5 š 1.3 ppm distribution of helical Leu CO
shifts in soluble proteins.40 The Leu-2 shift fits less well with
the 173.7 š 1.5 ppm distribution for ˇ-strand Leu CO. These
distributions are derived from a chemical shift database of
proteins of known structure and each distribution contains
>50 shifts.

The helical solid-state Leu-2 CO shift is also consistent
with solution NMR observation of helical structure near this
residue for the peptide in DPC micelles and with helical
structure observed for the peptide in the 4 : 1 POPC–POPG
lipid mixture by electron spin resonance, infrared and
circular dichroism techniques.8,11,41,42

In making the previously described comparison between
solution and solid-state NMR chemical shifts, it was
important to use the same referencing for both data sets.
In the solution NMR database, shifts are referenced to
¾5 mM DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate)
at 0.0 ppm, whereas the solid state shifts are referenced
to the downfield resonance of adamantane at 38.5 ppm,
a secondary reference to neat tetramethylsilane (TMS)
at 0.0 ppm. According to the recent measurements of
Morcombe and Zilm,43 the solution NMR reference is
at �2.0 ppm relative to the solid state NMR reference.
Our previously described shift comparison eliminated this
referencing difference through adjustment of the solution
NMR shifts.

HFP-UF8L9G10 2D spectra
Figure 3(a) displays a 2D 13C–13C correlation spectrum for
the HFP-UF8L9G10/LM3 sample and Fig. 3(b) displays f2

slices from this spectrum at f1 D 137.6 ppm (top) and
f1 D 172.1 ppm (bottom). The displayed spectra were
generated from �50 °C data and the correlations were a
result of magnetization exchange driven by 10 ms proton-
driven spin diffusion (PDSD). A 2D correlation spectrum
with similar appearance (not shown) was obtained from
data for which the magnetization exchange was generated
by a 4 ms radiofrequency-driven dipolar recoupling (RFDR)
sequence.44,45 Measurement of the cross-peak chemical shifts
and knowledge of 13C connectivities and characteristic
residue-type chemical shifts made possible a full resonance
assignment of all of the 13C labels in the peptide. For example,
the upper slice in Fig. 3(b) indicates the f2 shifts of Phe-8 C˛,
Cˇ and CO by means of their correlations with the unique f1

shift of Phe-8 aromatic C1. The full assignment is presented
in Table 1. Each chemical shift entry in Table 1 is the average
of between 4 and 14 f1 and f2 shift measurements from
the PDSD and RFDR spectra. There was a typical SD of
¾0.2 ppm for the distribution of shifts used to calculate a
single entry. In addition, for each nucleus, a shift �υPDSD�
was calculated from only the PDSD data, a shift �υRFDR� was
calculated from only the RFDR data and the shift difference
 �DυPDSD � υRFDR� was also calculated. When all nuclei are
considered, average D 0.004 ppm and jjaverage D 0.2 ppm,
which indicates the absence of systematic chemical shift
differences between the PDSD and RFDR data sets.

Figure 4 presents a graphical secondary shift analysis for
CO, C˛ and Cˇ nuclei in Phe-8, Leu-9 and Gly-10, where
the secondary shift is defined as the difference between

Table 1. 13C chemical shift assignments for LM3-associated
HFP-UF8L9G10a

C˛ Cˇ C� Cυ
Aromatic

C1
Aromatic

C2–6 CO

Phe-8 53.6 41.6 137.3 129.2 171.0
Leu-9 51.2 44.4 25.3 22.5 171.9
Gly-10 42.7 169.1

a Chemical shifts are given in ppm and were derived from PDSD
and RFDR spectra obtained at �50 °C.
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Figure 3. (a) 2D 13C–13C contour plot spectrum of a sample
containing HFP-UF8L9G10 associated with hydrated LM3 lipid
mixture at �50 °C and (b) f2 slices from this spectrum. The
peptide : lipid molar ratio was ¾0.04, the buffer pH was 7.0 and
the sample volume in the 4 mm diameter rotor was ¾30 µl. The
peptide had uniform 13C,15N labeling at the Phe-8, Leu-9 and
Gly-10 residues. The 2D data were obtained with a
proton-driven spin diffusion sequence and the total signal
averaging time was ¾54 h. The spectrum displayed in (a) was
processed with 200 Hz Gaussian line broadening in f1 and
150 Hz line broadening in f2. Ten contours are shown with
each increasing contour representing 1.5 times greater signal
intensity. In the upper slice of (b), cross peaks to the Phe-8
aromatic C1 �f1 D 137.6 ppm� are displayed. From left to right,
they represent magnetization in f2 on the following Phe-8
nuclei: CO, aromatic C1 (diagonal), aromatic C2–C6, C˛ and
Cˇ. In the lower slice of (b), cross peaks to the Leu-9 CO
�f1 D 172.1 ppm� are displayed. From left to right, they
represent magnetization in f2 on the following Leu-9 nuclei: CO
(diagonal), CO (m D �1 spinning sideband), C˛, Cˇ, C� with
Cυ shoulder and CO (m D �2 spinning sideband).

the measured and random coil shifts. For this analysis, the
literature random coil C˛ and Cˇ shifts46 and CO shifts36 were
reduced by 2.1 and 2.0 ppm, respectively, which accounts for
the differences between the solid-state NMR referencing to
neat TMS and the solution NMR referencing to ¾5 mM 3-
(trimethylsilyl)propionate (TSP) and DSS, respectively.43,47

For the HFP-UF8L9G10 sample, the negative CO and
C˛ shifts and positive Cˇ shifts correlate with ˇ-strand

Phe-8 Leu-9 Gly-10

Figure 4. Secondary 13C chemical shifts for Phe-8, Leu-9 and
Gly-10 of HFP-UF8L9G10 associated with LM3. In each
residue grouping, the secondary shifts are represented as
vertical bars and are shown in left-to-right order CO, C˛, Cˇ.
The solid vertical line on the right is given as a scale calibration
and represents a C2 ppm shift. For these three residues, the
pattern of negative CO and C˛ secondary shifts and positive
Cˇ shifts is diagnostic of ˇ-strand structure.

secondary structure over these three residues.39,40,46 Input
of the chemical shifts into the TALOS secondary structure
prediction program yielded Leu-9 peptide backbone (�,  )
dihedral angles of (�130°, 130°).48 These results are consistent
with previous measurements of ˇ-strand peptide backbone
dihedral angles from 2D slow-spinning, rotor-synchronized
MAS exchange experiments on membrane-associated HFP
peptides.13,49

In the PDSD and RFDR spectra, (1) only intra-residue
cross peaks were definitively observed and (2) relatively
strong cross peaks were observed between 13C separated
by several bonds (e.g. Leu-9 CO/C�). These observations
are consistent with the results of other groups using these
experiments with short mixing times on U-13C,15N-labeled
peptides and proteins.22,26,45,50 Both PDSD and RFDR are
relatively broadbanded exchange sequences mediated by
13C–13C dipolar coupling. For two 13Cs separated by a
distance r, the exchange rate will have an approximate r�6

dependence, and direct exchange between 13Cs separated
by two bonds or three bonds would occur at ¾5% or 2%,
respectively, of the rate of exchange between 13Cs separated
by one bond. Hence it is more likely that a two- or three-bond
cross peak is due to multiple steps of exchange between
directly bonded 13Cs rather than a single-step exchange
process. With the assumption that there is a single rate
constant for directly bonded 13C exchange, at short times the
ratio of intensities of the two-bond/one-bond cross peaks
will be about the same as the ratio of three-bond/two-bond
cross peaks and the ratio of four-bond/three-bond cross
peaks. This model is qualitatively supported by the relative
intensities of the cross peaks in the slices in Fig. 3(b). For
example, in the lower slice, the relative intensities of the
Leu-9 CO/C˛, CO/Cˇ, CO/C� and CO/Cυ cross peaks are
¾10 : 6 : 2 : 1 and all of the �n C 1�-bond/n-bond cross-peak
intensity ratios are within a range of 0.3–0.6. Inter-residue
cross peaks are likely not observed in these short mixing
time spectra because the 15N interrupts the direct 13C
bond network. Inter-residue cross peaks are apparent in
a 2D PDSD spectrum with a longer 100 ms mixing time
(data not shown), in accord with the experience of other
investigators.50

Copyright  2004 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2004; 42: 187–194



13C NMR of selectively and uniformly labeled fusion peptides 191

DISCUSSION

Temperature dependence of the spectra
Viral–target cell membrane fusion occurs at 37 °C, but for
membrane-associated HFP and IFP samples, the signal-to-
noise ratio per peptide 13C per transient is about three times
higher at �50 than at 20 °C (cf Figs 1 and 2). It is therefore
advantageous to obtain 13C NMR spectra of these samples
at �50 °C. It is also important to demonstrate the biological
relevance of the cold samples and to therefore investigate
whether cooling changes the peptide structure. For both the
HFP and IFP samples, the chemical shifts are similar at 20
and �50 °C, which suggests that cooling does not change the
average peptide structure. The temperature dependences of
intensities and linewidths suggest that motion at 20 °C is
attenuated at �50 °C, which is a physically reasonable result
for hydrated membrane samples.

In the future, it will be interesting to measure peptide
chemical shifts at 37 °C, the physiological fusion temperature,
and to compare them with the shifts at �50 and 20 °C. It is
also useful to consider lipid properties at �50, 20 and 37 °C.
Because of the presence of 33 mol% cholesterol in LM3,
the lipids in the HFP/LM3 sample are probably in a fluid
lamellar phase at 20 and 37 °C and in a lamellar glass at
�50 °C.17,51 The liquid crystalline to gel phase transitions of
both POPC (PC) and POPG (PG) occur at ¾0 °C, so for the
IFP/PC/PG sample, the lipids are probably in the liquid
crystalline phase at 20 and 37 °C and in the gel phase at
�50 °C.52 We note that although the lipid phases probably
will not change between 20 and 37 °C, there will probably
be greater lipid and peptide motion with this increase in
temperature.

Fusion peptide structural plasticity
Interestingly, the chemical shift data obtained in this
and previous solid-state NMR studies suggest that LM3-
associated HFP is predominantly non-helical, whereas
PC/PG-associated IFP is predominantly helical in its N-
terminal region.13,14 This difference in structure exists at both
20 and �50 °C, which implies that cooling the sample does
not cause conversion of helical to non-helical structure or vice
versa. The solid-state NMR results on IFP are consistent with
helical structure observed for the peptide in DPC detergent
by solution NMR and with helical structure observed for the
peptide in PC/PG by electron spin resonance, infrared and
circular dichroism techniques.8,11,37,41,42

There are several possible explanations for the observed
structural difference between the HFP and IFP samples.
First, the samples have different peptide : lipid molar ratios,
0.04 and 0.007, respectively. However, this difference in
ratios is probably not the most important reason for the
structural difference, as previous measurements of the Phe-8
CO chemical shift in LM3-associated HFP samples have
demonstrated shift and presumably structural invariance
over the molar ratio range 0.005 � peptide : lipid � 0.05.13

A second possibility is that the structural difference is due to
differences between the HFP and IFP amino acid sequences.
If this were the case, then LM3-associated IFP should be
helical and PC/PG-associated HFP should be non-helical.
However, preliminary chemical shift measurements on these

types of samples do not support this hypothesis and suggest
that the main structural determinant for either peptide is
the lipid and cholesterol composition of the membrane. For
example, studies by our group suggest that IFP adopts a
mixture of helical and non-helical structure when associated
with membranes composed of PC, PG and cholesterol.14

This observation of peptide plasticity has also been made by
other investigators using techniques other than solid-state
NMR.5,10,53 – 55 With application of functional fusion assays to
peptides interacting with different membrane compositions,
it may be possible to elucidate the relative fusogenicities of
the helical and non-helical structures. Preliminary data from
our group suggest that fusion may be induced by either
structure.

Prospects for assignment and structure
determination of U-13C,15N-labeled fusion peptides
There has been significant recent interest in the development
of solid-state NMR methods for assignment and structure
determination of U-13C,15N-labeled peptides and proteins.
There has been great progress in assignment methods
and the structure determination methods are an area of
active research. This paper describes a pilot study of the
application of these methods to membrane-associated fusion
peptides. We are encouraged by our results, in particular the
high signal-to-noise of the 9.4 T 2D spectrum of a sample
containing only ¾0.3 µmol of peptide. It is reasonable to
expect that 2D 15N–13C correlation experiments will also
work on these systems and, with a somewhat longer signal
averaging time, 3D 15N–13C–13C correlation experiments
are also viable. These experiments will probably be useful
for sequential assignment through application of selective
15N–13C˛or 15N–13CO transfers.56 – 58 Because of the 2–3 ppm
13C linewidths and the presence of six glycines and five
alanines in the HFP sequence, 3D methods may be required
to do a unique assignment for the fully labeled peptide. For
the next step of the experimental work, we have synthesized a
fusion peptide which is U-13C,15N-labeled over 12 sequential
residues and have begun the assignment experiments. As
with any U-13C,15N-labeled system, it is expected that doing
experiments at higher field will improve both the signal-
to-noise ratio and the resolution of the spectra because of
larger population differences and attenuation of 13C–13C
J-couplings, respectively.59

EXPERIMENTAL

Materials
Rink amide resin was purchased from Advanced Chemtech
(Louisville, KY, USA) and 9-fluorenylmethoxycarbonyl
(FMOC)-amino acids from Peptides International (Louisville,
KY, USA). Isotopically labeled amino acids were pur-
chased from either Cambridge (Andover, MA, USA)
or Icon (Summit, NJ, USA) and were FMOC-protected
using literature procedures. 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 and 1-palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (POPG) were purchased from
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Avanti Polar Lipids (Alabaster, AL, USA). The Micro
BCA protein assay was obtained from Pierce (Rockford,
IL, USA). N-2-Hydroxyethylpiperazine-N0-2-ethanesulfonic
acid (HEPES) and Triton X-100 were obtained from Sigma.
All other reagents were of analytical grade.

Peptides
HFP-UF8L9G10 fusion peptide (sequence AVGIGALFLGFL-
GAAGSTMGARSKKK) was synthesized with the 23 N-
terminal residues of the LAV1a strain of the HIV-
1 gp41 envelope protein followed by three additional
lysines for improved solubility. IFP-L2CF3N fusion peptide
(sequence GLFGAIAGFIENGWEGMIDGGGKKKKWKWK)
was synthesized with the 20 N-terminal residues of the
Influenza A hemagglutinin fusion protein followed by a
glycine–lysine–tryptophan sequence to improve solubility
and to increase the 280 nm absorbance for analytical ultra-
centrifugation studies.37 Both peptides were synthesized as
their C-terminal amides using a Model 431A peptide syn-
thesizer (ABI, Foster City, CA, USA) equipped for FMOC
chemistry. HFP-UF8L9G10 had uniform 13C,15N labeling at
the Phe-8, Leu-9 and Gly-10 residues and IFP-L2CF3N was
13C carbonyl labeled at Leu-2 and amide 15N labeled at Phe-3.

HFP-UF8L9G10 peptide concentrations in aqueous solu-
tion were quantitated using the BCA assay and IFP-L2CF3N
peptide concentrations were quantitated by measuring the
absorbance at 280 nm. The assays were calibrated with quan-
titative amino acid analysis. For IFP-L2CF3N, this calibration
yielded an extinction coefficient of ¾20 000 l mol�1 cm�1.

Solid-state NMR sample preparation
Membrane-associated peptide samples were prepared as
described previously.13,14 Two different membrane compo-
sitions were used: (1) ‘LM3’ which had POPC, POPE, POPS,
sphingomyelin, PI and cholesterol in a 10 : 5 : 2 : 2 : 1 : 10 molar
ratio and (2) ‘PC/PG’ which had POPC and POPG in a 4 : 1
molar ratio. PC/PG has been used by other investigators
while the LM3 composition reflects the approximate lipid
headgroup and cholesterol content of membranes of host
cells of the HIV virus.8,11,35 The HFP and IFP samples were
prepared in 5 mM HEPES buffer (pH 7.0) and 10 mM acetate
buffer (pH 5.0), respectively, which reflect the approximate
fusion pHs for the HIV-1 and influenza viruses. In the
sample preparation protocol, an ¾30 ml peptide solution
was prepared which contained ¾1.6 µmol of peptide for the
HFP sample and ¾0.4 µmol of peptide for the IFP sample.
Analytical ultracentrifugation data were consistent with pre-
dominantly monomeric peptide in these solutions (J. Yang,
P. D. Parkanzky, M. Prorok, F. J. Castellino, M. Lemmon
and D. P. Weliky, unpublished work). An ¾5 ml volume
of solution was then prepared which contained extruded
¾150 nm diameter unilamellar vesicles (LUVs). For the HFP
sample, the LUV solution contained ¾40 µmol of total lipid
and ¾20 µmol of cholesterol, and for the IFP sample, the LUV
solution contained ¾50 µmol of total lipid. The peptide and
LUV solutions were mixed and kept at room temperature
overnight. The mixed solution was then ultracentrifuged at
100 000 � 130 000g for 4–5 h to pellet the LUVs and associ-
ated bound peptide. Nearly all peptide binds to LUVs under

these conditions, and unbound peptide does not pellet. A
portion of the peptide–LUV pellet formed after ultracen-
trifugation was transferred by spatula to a MAS NMR rotor.
The total pellet volume was ¾200 µl.

The rotor was sealed with a vespel end-cap which had
been pre-cooled in liquid nitrogen prior to insertion into the
rotor. At liquid nitrogen temperature, the cap fitted snugly in
the rotor. When the cap warmed, it formed a very tight seal
with the rotor, which minimized dehydration of the sample.

NMR spectroscopy
In peptide–membrane samples containing specifically 13C-
labeled peptide, the direct-polarized (DP) or 1H–13C cross-
polarized (CP) 13C NMR spectra typically have very large
lipid, cholesterol and peptide natural abundance signals. In
this study, two approaches were taken to filter out the natural
abundance signals. For 1D spectra, a rotational-echo double-
resonance (REDOR) NMR filtering sequence was applied and
the resulting spectra were dominated by labeled backbone
13C with directly bonded 15N.14,60 For the IFP-L2CF3N sample
a clean spectrum of the Leu-2 carbonyl (CO) was observed
and for the HFP-UF8L9G10 sample a clean spectrum was
observed of the Phe-8, Leu-9 and Gly-10 C˛ and the Phe-8
and Leu-9 CO carbons. In the second filtering approach,
2D 13C–13C correlation spectra were obtained on the HFP-
UF8L9G10 sample and off-diagonal cross peaks were only
detected between labeled 13Cs.

The NMR spectra were taken on 9.4 T spectrometers
(Infinity Plus, Varian, Palo Alto, CA, USA) using triple
resonance MAS probes equipped for either 4 mm diameter
rotors (HFP-UF8L9G10 sample) or 6 mm diameter rotors
(IFP-L2CF3N sample). The temperature was monitored
by a thermocouple located about 1 in from the rotor
and in the flow of the cooling nitrogen gas. The actual
temperature of the sample is probably higher than the
measured temperature because of frictional heating from
sample spinning and from heating due to the radiofrequency
(r.f.) fields. In the NMR probe circuit, the r.f. fields are
highly attenuated at the ends of the coil and it was observed
experimentally that nearly all of the NMR signal comes from
the central two-thirds of the sample volume specified by the
manufacturer. Hence, in the 6 mm rotor, longer spacers were
used to restrict samples to this central two-thirds volume
�¾160 µl�. For the 4 mm rotor, the total possible rotor sample
volume was ¾70 µl. The rotor was opened at the end of
the MAS experiments and it was estimated that the actual
volume of sample was ¾30 µl.

The detection channel was tuned to 13C at 100.2 or
100.8 MHz, the decoupling channel was tuned to 1H at 398.6
or 400.8 MHz and the third channel for REDOR-filtered 1D
spectra was tuned to 15N at 40.4 or 40.6 MHz. 13C chemical
shift referencing was done using the methylene resonance
of solid adamantane at 38.5 ppm.43 The 15N transmitter was
set to ¾115 ppm using solid �15NH4�2SO4 as a chemical shift
reference at 20 ppm. The 13C � pulse r.f. field, 1H �/2 pulse
field, 1H and 13C CP fields and 15N � pulse field were set
using model compounds. For the HFP-UF8L9G10 sample
the model compound was leucine containing 5% U-13C,15N-
labeled molecules diluted in natural abundance material
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and for the IFP-L2CF3N sample the model compound was
a lyophilized 25-residue peptide with a directly bonded
13C carbonyl/15N amide pair. The MAS frequency was
8000 š 2 Hz.

REDOR-filtered 1D experiments
For the 1D experiments, generation of 13C transverse
magnetization was followed by a REDOR dephasing period
and then direct 13C detection. For the HFP-UF8L9G10
sample, the 13C transmitter was set to 155 ppm at �50 °C
and to 100 ppm at 20 °C. 13C transverse magnetization was
generated using 1H–13C CP with a 53–57 kHz 13C ramp and
1.8 ms contact time at �50 °C and 3 ms contact time at 20 °C.
The dephasing period was set to eight rotor periods (1 ms)
and contained a single 55 kHz 13C refocusing � pulse at the
center of this period. For the S1 acquisition, 45 kHz 15N �
pulses were applied at the middle and end of every rotor
cycle during the dephasing period except for the fourth and
eighth cycles. The S0 acquisition did not contain these 15N
� pulses. In the dephasing period, pulse timing was not
actively synchronized to the rotor position. Two-pulse phase
modulation (TPPM) 1H decoupling at 100 kHz was applied
during both dephasing and detection with 5.4 µs pulse length
and 90° and 105° phases.61 To obtain optimal compensation
of B0, B1 and MAS frequency drifts, S0 and S1 free induction
decays (FIDs) were acquired alternately. The recycle delay
was 2 s at �50 °C and 1.3 s at 20 °C.

A Z-filter sequence was used to set the 13C � pulse length
and contained the following sequential elements: 1H–13C CP;
13C �/2; 10 ms; 13C �; detection. 1H decoupling was applied
during pulses and detection. The 15N � pulse length was set
by minimization of S1 signals for the model compound and
the TPPM pulse length was set by maximization of the S0

signal for the model compound.
For each S1 transient, XY-8 phase cycling was applied

to the 15N � pulses.62,63 Individual S0 or S1 transients were
coadded with the following phase cycling scheme: 1H �/2,
x, �x, x, �x; 13C CP and 13C �, �y, �y, x, x; receiver, x, �x, y,
�y. After completion of data acquisition, the sum of S1 FIDs
was subtracted from the sum of S0 FIDs. Spectral processing
was done on the difference FID with a DC offset correction,
25 Hz Gaussian line broadening, Fourier transformation and
baseline correction.

The set-up, spectrometer parameters and processing
parameters were similar for the IFP-L2CF3N sample at
�50 °C with the following adjustments: 153 ppm 13C trans-
mitter; 38–62 kHz 13C CP ramp over a 1.4 ms contact time;
50 kHz 13C and 15N � pulse r.f. fields, 75 kHz 1H decoupling
field; 7.4 µs 1H TPPM pulse length; 2 s recycle delay; 50 Hz
line broadening. For the IFP-L2CF3N sample at 20 °C, initial
attempts to obtain a REDOR difference signal were unsuc-
cessful, so we used a different REDOR pulse program which
employed direct 13C polarization (DP) rather than 1H–13C
CP. In addition, the REDOR dephasing period was set to 34
rotor periods (4.25 ms) and contained a 15N � pulse in the
middle of every rotor cycle and a 13C � pulse at the end of
each rotor cycle except for the last cycle.64 Relative to the
1 ms dephasing period of the �50 °C experiment, a longer
dephasing period was used at 20 °C to reflect the possibility

that there is some motional averaging of the 13C–15N dipolar
coupling. The alternating 15N/13C � pulse rather than the
single 13C � pulse version of REDOR was chosen because for
longer dephasing times, the former version gives more over-
all signal than the latter version65 (J. Yang and D. P. Weliky,
unpublished work). This result may be due to better refocus-
ing of chemical shifts over two rotor cycles relative to many
rotor cycles. Relative to �50 °C, other changed spectrome-
ter parameters in the 20 °C IFP-L2CF3N experiment were
the 155 ppm 13C transmitter, 40 kHz 15N � pulse r.f. field,
65 kHz 1H decoupling field and 5 s recycle delay. Individual
S0 or S1 transients were co-added with the following phase
cycling scheme: 13C �/2, x, y, �x, �y; 13C �, y, �x, �y, x;
receiver, x, y, �x, �y, where 13C � refers to the last 13C �
pulse during the dephasing period. For each S1 transient, the
15N � pulses followed an XY-8 phase cycle, and for each S0

and S1 transient, the first 32 13C � pulses followed an XY-8
phase cycle.

2D experiments
The 2D 13C–13C correlation spectra were obtained on the
HFP-UF8L9G10 sample at �50 °C with the probe configured
for double resonance 13C/1H operation. The 13C sensitivity
in double resonance mode was ¾1.5 times greater than
the sensitivity in triple resonance mode. For one data
set, correlations were generated by the proton-driven spin
diffusion (PDSD) pulse sequence CP � t1 � �/2 � 	 � �/2 �
t2, where t1 was the evolution period, the first �/2 pulse
rotated 13C transverse magnetization to the longitudinal
axis, 	 was a 10 ms spin diffusion period during which
13C longitudinal magnetization was transferred between 13C
nuclei connected by a network of direct 13C–13C bonds, the
second �/2 pulse rotated 13C longitudinal magnetization
to the transverse plane and t2 was the detection period.
Continuous-wave (CW) 1H decoupling at 100 kHz was
applied during the pulse, t1 and t2 periods, but not
during 	. In a second data set, longitudinal transfer of
13C magnetization during 	 was achieved with use of the
r.f.-driven dipolar recoupling (RFDR) method.44,45 In this
approach, a 13C � pulse was applied at the end of rotor
cycles 1, 3, 5, . . ., 31 during 	. CW 1H decoupling at 100 kHz
was also applied during 	. The 	 period contained a total
of 32 rotor cycles. The following parameters were common
to the PDSD and RFDR data sets: 8 kHz MAS frequency;
44–64 kHz ramp on the 13C CP r.f. field; 2 ms CP contact
time; 50 kHz 13C �/2 pulse r.f. field; 25 µs t1 dwell time; 20 µs
t2 dwell time; and 1 s recycle delay. Hypercomplex data were
obtained by acquiring two individual FIDs for each t1 point
with either a 13C ��/2�x or ��/2�y pulse at the end of the t1

evolution period. For the first of these t1 FIDs, individual
transients were coadded with the following phase cycling
scheme: first 13C �/2 pulse, x, �x, x, �x, x, �x, x, �x; second
13C �/2 pulse, x, x, y, y, �x, �x, �y, �y; receiver, y, �y, �x,
x, �y, y, x, �x. For the other t1 FID, the first 13C �/2 pulse
followed y, �y, y, �y, y, �y, y, �y cycling. The PDSD data
were acquired in ¾54 h with 120 t1 points, 512 t2 points and
768 transients per FID, and the RFDR data were acquired in
¾60 h with 200 t1 points, 1024 t2 points and 512 transients
per FID. Both data sets were processed according to the
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method of States using nmrPipe software.66,67 Processing
included zero-filling, Gaussian line broadening and baseline
correction. After double Fourier transformation, the PDSD
spectrum was composed of 1024 �f1�ð 2048�f2� data points
with 39 Hz �f1� and 24 Hz �f2� digital resolution.
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