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ABSTRACT Solid-state 13C NMR spectroscopy was used to investigate the three-dimensional structure of melittin as
lyophilized powder and in ditetradecylphosphatidylcholine (DTPC) membranes. The distance between specifically labeled
carbons in analogs [1-13C]Gly3-[2-13C]Ala4, [1-13C]Gly3-[2-13C]Leu6, [1-13C]Leu13-[2-13C]Ala15, [2-13C]Leu13-[1-13C]Ala15,
and [1-13C]Leu13-[2-13C]Leu16 was measured by rotational resonance. As expected, the internuclear distances measured in
[1-13C]Gly3-[2-13C]Ala4 and [1-13C]Gly3-[2-13C]Leu6 were consistent with �-helical structure in the N-terminus irrespective of
environment. The internuclear distances measured in [1-13C]Leu13-[2-13C]Ala15, [2-13C]Leu13-[1-13C]Ala15, and
[1-13C]Leu13-[2-13C]Leu16 revealed, via molecular modeling, some dependence upon environment for conformation in the
region of the bend in helical structure induced by Pro14. A slightly larger interhelical angle between the N- and C-terminal
helices was indicated for peptide in dry or hydrated gel state DTPC (139°–145°) than in lyophilized powder (121°–139°) or
crystals (129°). The angle, however, is not as great as deduced for melittin in aligned bilayers of DTPC in the liquid-crystalline
state (�160°) (R. Smith, F. Separovic, T. J. Milne, A. Whittaker, F. M. Bennett, B. A. Cornell, and A. Makriyannis, 1994, J. Mol.
Biol. 241:456–466). The study illustrates the utility of rotational resonance in determining local structure within peptide-lipid
complexes.

INTRODUCTION

Lipid-protein interactions are important in a large number of
fundamental processes occurring at the surface of the cell,
such as the anchoring and stabilization of membrane-bound
proteins (Bernëche et al., 1998). Many biophysical tech-
niques, including x-ray crystallography (Deisenhofer and
Michel, 1989), electron microscopy (Henderson et al.,
1990), NMR spectroscopy (Cross and Opella, 1994), and
computer simulation (Bernëche et al., 1998), provide insight
into the structure of membrane proteins in different envi-
ronments. Precise three-dimensional structural characteriza-
tion of membrane proteins remains difficult, however, be-
cause of the inapplicability of the two standard high-
resolution methods, x-ray crystallography and solution-state
NMR spectroscopy. The lack of long-range order in mem-
branes restricts the use of x-ray diffraction, whereas the size
of realistic protein-lipid complexes is too large for high-
resolution solution NMR techniques. Consequently, the
conformation of less than a handful of membrane-bound
proteins has been solved. Often membrane peptides are used
to gain insight into membrane protein structure. Melittin is
one such peptide that has been studied using many different
biophysical techniques (Terwilliger and Eisenberg, 1982;
Inagaki et al., 1989; Bazzo et al., 1988; Okada et al., 1994).
In nanomolar amounts, melittin can form ion channels

(Tosteson and Tosteson, 1981), whereas at higher concen-
trations it causes membrane disruption that leads to cell
lysis (Bazzo et al., 1988; Okada et al., 1994; Tosteson and
Tosteson, 1981) by a mechanism that remains unclear.
Detailed structural studies of membrane peptides such as
melittin may serve as a model for understanding other
membrane-binding polypeptides (Segrest et al., 1990) and
ion translocation mechanisms in more complex systems.

Melittin is an amphipathic peptide of 26 amino acids with
primary sequence GIGAVLKVLTTGLPALISWIKRKRQQ-
CONH2. The peptide is the major toxin in honey bee (Apis
mellifera) venom and, as mentioned above, is responsible for
lysis of cell membranes (Sessa et al., 1969). The proline at
position 14 and the polar residues 23–26 at the C-terminus
are important for the lytic action of melittin (Otoda et al.,
1992; Rivett et al., 1996; Warwicker and Waston, 1982).
The conformation of melittin in membrane-like environ-
ments and in the aqueous phase has been studied using
several techniques. Melittin in crystalline form (Terwilliger
and Eisenberg, 1982), in dodecylphosphocholine (DPC) mi-
celles (Inagaki et al., 1989), in methanol (Bazzo et al.,
1988), and in vesicles (Okada et al., 1994) adopts a helical
conformation (Talbot et al., 1979; Dawson et al., 1978;
Knoppel et al., 1979; Bello et al., 1982), consisting of two
�-helical segments separated by a kink at proline-14. At low
concentrations in aqueous solution, melittin is monomeric
and has no persistent three-dimensional structure (Terwill-
iger and Eisenberg, 1982; Dempsey, 1990). At higher con-
centrations, particularly at high ionic strength, it forms a
tetramer with a predominantly helical content (Terwilliger
and Eisenberg, 1982). The x-ray structure obtained from
crystals grown from aqueous solution has two �-helical
segments that make an angle2 of �120° at proline-14 (Ter-
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williger and Eisenberg, 1982). In methanol (160° � 20°)
(Bazzo et al., 1988) and DPC micelles (135° � 15°) (Ina-
gaki et al., 1989), this angle is found to be closer to the
average of 154° � 5° between helical segments noted for
proline-containing helices in crystallized proteins (Barlow
and Thornton, 1988). A substantially different value of 86°
� 34° is observed in phospholipid vesicles (Okada et al.,
1994). (Note that the interhelical angles stated here are
directly quoted from the literature. Care should be exercised
in comparing these values because they are sensitive to the
number of residues employed to define each helix.)

Melittin adopts different locations, orientations, and as-
sociation states within membranes under different condi-
tions (Dempsey, 1990). In bilayer systems, melittin may
occupy two locations; it either remains on the bilayer sur-
face or takes up a transmembrane orientation. In different
lipids (Dawson et al., 1978; Drake and Hider, 1979; Vogel,
1981, 1987; Vogel and Jähnig, 1986) and at two hydration
levels (6% w/w and 30% w/w), infrared techniques have
shown that the orientation of the melittin is with the �-he-
lical segments oriented roughly perpendicular to the plane
of the membrane (Dempsey, 1990). Neutron diffraction
studies (Dempsey, 1990) of melittin in oriented, fluid-phase
lipid show that melittin-bound deuterons are located at the
bilayer surface. A location parallel to the bilayer plane at the
depth of the glycerol groups was also concluded for the
helical axis in aligned dioleoylphosphatidylcholine at low
peptide concentration and hydration on the basis of x-ray
diffraction data (Hristova et al., 2001). Recently, molecular
dynamics simulations have examined the interaction of
melittin with a fully hydrated dimyristoylphosphatidylcho-
line (DMPC) bilayer (Bernëche et al., 1998; Bachar and
Becker, 2000; Lin and Baumgaertner, 2000). Bachar and
Becker (2000) suggest that melittin adopts a 25° tilt relative
to the membrane normal with the N-terminus embedded in
the membrane perpendicular to the surface in a transbilayer
orientation. It should be acknowledged that in the simula-
tion, an initial transbilayer orientation was assumed.

In our earlier NMR study (Smith et al., 1994), the orien-
tation of melittin in lipid was determined using an aligned
membrane system with 13C-labeled melittin analogs incor-
porated into bilayers in a 15:1 lipid:melittin ratio, with 50%
w/v hydration. The peptide was found to be well aligned in
the bilayers and reorienting about the bilayer normal. The
same experiments showed there was no apparent difference
in the orientation or motion of residues in the regions that
form separate helices in the water-soluble form of the pep-
tide. This suggested that in membranes the angle between
the helices is greater than the 120° observed in the crystal
form and closer to the 160° observed in methanol (Bazzo et
al., 1988).

The study of melittin in model membranes may be useful
for the development of techniques for the determination of
membrane protein structures. Solid-state NMR methods
such as rotational resonance (RR) that have been developed

over the last decade have tremendous potential to provide
details of local structure within membrane-incorporated
peptides (Peersen and Smith, 1993; Peersen et al., 1995).
This technique requires isotopic labeling to allow measure-
ment of the internuclear distance between pairs of labeled
sites and entails reintroducing the dipolar coupling that is
removed by magic angle spinning (MAS). Inter-nuclear
distances for peptides within a lipid bilayer can be deter-
mined with an accuracy of �0.2 Å. In this paper we report
RR measurements of melittin lyophilized from different
solvents and dispersed with phospholipid in lyophilized
powder and following hydration, with particular focus on
the angle of the bend around the proline at position 14.

MATERIALS AND METHODS

Materials
13C-labeled amino acids, [1-13C]Gly, [1-13C]Ala, [2-13C]Ala, [1-13C]Leu,
and [2-13C]Leu (99% enrichment) were purchased from Cambridge Isotope
Laboratory (Woburn, MA). Rink-modified TentaGel resin, 9-fluorenylme-
thoxycarbonyl (FMOC)-amino acids, O-benzotriazole-N,N,N�,N�,-tetra-
methyl-uronium-hexafluorophosphate (HBTU), N-hydroxybenzotriazole
(HOBt), benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium-hexafluoro-
phosphate (PyBOP), piperidine, diisopropylethylamine (DIPEA), and tri-
fluoroacetic acid (TFA) were obtained from Auspep (Melbourne, Austra-
lia). Triethylsilane was obtained from Aldrich (St. Louis, MO).

Native melittin (70% purity) was purchased from Sigma (St. Louis,
MO) and purified by high-performance liquid chromatography (HPLC) on
a C18 column (Zorbax 300SB, 4.6 � 250 mm, 300-Å pore size), using a
gradient of acetronitrile in 0.1% TFA. 1,2-Ditetradecylphosphatidylcholine
(DTPC) was bought from Avanti Polar Lipids (Alabaster, AL).

Peptide synthesis

Synthesis of FMOC-protected amino acids

FMOC amino acids were synthesized using two different methods to give
pure products with high yield. FMOC-[1-13C]alanine was produced using
the method of Fields et al. (1989) whereas FMOC-[2-13C]leucine and
FMOC-[1-13C]glycine were made using the method of Carpino and Han
(1972) with, respectively, yields of 60% and 84% for the two methods. All
three products were characterized by 1H and 13C solution NMR and HPLC.

Synthesis of melittin

The following site-specific labeled analogs of melittin were studied:
[1-13C]Gly3-[2-13C]Ala4 melittin, [1-13C]Gly3-[2-13C]Leu6 melittin,
[1-13C]Leu13-[2-13C]Ala15 melittin, [2-13C]Leu13-[1-13C]Ala15 melittin,
and [1-13C]Leu13-[2-13C]Leu16 melittin. The first four analogs were
kindly donated by F. G. Prendergast, Mayo Foundation (Rochester, MN).
Duplicate samples of these doubly labeled melittins and the fifth analog
were synthesized by FMOC-chemistry using Rink-modified TentaGel resin
(0.5 g, 0.1 mmol scale synthesis) and manual solid-phase techniques
(Stewart and Stewart, 1984). The resin was first swollen with dichlo-
romethane for 30 min and then with dry N,N-dimethylformamide (DMF)
for an additional 45 min. The first FMOC-protected amino acid (0.5 mmol)
was attached to the resin via an amide bond. This was activated by coupling
reagents: HOBt (34 mg, 0.5 mmol), HBTU (95 mg, 0.5 mmol), and DIPEA
(200 �l) in 2 ml of dry DMF, which were added to the resin and mixed for
2 h. Double couplings on the first amino acid and other difficult residues
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(valine, leucine, proline, and the labeled amino acids) were carried out to
ensure complete reaction. The removal of the FMOC group was achieved
using 25% piperidine in DMF (5 ml for 20 min). Completion of each
coupling and the deprotection step were confirmed by the Kaiser test
(Kaiser et al., 1970). Once the whole sequence was synthesized, the resin
was washed three times with dichloromethane, then with methanol, and
finally with ether and dried overnight. The peptide was cleaved from the
resin in 95% TFA with 2.5% H2O and 2.5% triethylsilane, and rinsed three
times with 2 ml of TFA. The combined filtrates were evaporated down to
1 ml under N2 gas, and cold ether was added to precipitate the peptide. The
precipitate was centrifuged and the solvent decanted. After drying to
remove the residual solvent, the peptide was purified by HPLC and
characterized by mass spectroscopy and 1H and 13C solution NMR.

Sample preparation

Melittin analogs were studied in three forms: lyophilized powder, dry lipid
dispersions, and hydrated lipid bilayers. In each case, a corresponding
natural abundance sample was prepared for the purpose of background
spectral subtraction. The samples, which typically contained 2–4 mg of
peptide, were prepared as follows. For lyophilized powders, peptides were
dissolved in methanol and freeze-dried using a liquid nitrogen cold-trap.
One sample was freeze-dried from water for comparison. For dry lipid
dispersions, melittin was co-dissolved in methanol with DTPC in 1:15
molar ratio. The samples were then lyophilized overnight. For hydrated
lipid bilayers, dry DTPC/melittin samples were mixed with MilliQ water
(50% w/w) by centrifuging back and forth through a narrow constriction at
a temperature above the gel-liquid crystalline transition temperature, TC �
25°C (Smith et al., 1994). Samples were transferred to rotors for MAS
experiments.

Solid-state NMR spectroscopy

Solid-state NMR spectroscopy was carried out on a Varian Inova 300
(Varian, Palo Alto, CA) equipped with a Doty MAS probe (Doty Scientific,
Columbia, SC). The operating frequencies were 75.45 MHz for 13C and
121.44 MHz for 31P, while 1H decoupling and cross-polarization were
applied at 300.04 MHz.

Rotational resonance (RR) is a MAS experiment that detects the rota-
tion-driven transfer of Zeeman magnetization between like spins (typically
13C pairs) that occurs when the frequency of sample spinning, �r, matches
the condition �� � n�r, where �� is the isotropic chemical shift difference
in Hz between the resonances and n is a small integer (Peersen and Smith,
1993). After initial signal enhancement by cross-polarization, the signal is
restored to the z direction by a flip-back pulse. One of the two labeled-site
resonances is then selectively inverted, and the exchange of longitudinal
magnetization between nuclei as a function of mixing time, �m, is moni-
tored with the aid of an observation pulse. From the change in intensity of
the two labeled sites the dipolar coupling can be extracted using computer
analysis (based on a program developed by M. H. Levitt, University of
Stockholm, and generously provided by A. Watts, University of Oxford)
which searches zero quantum T2 (T2ZQ) and dipolar coupling parameters
for the best fit of the experimental data. The dipolar coupling, DIS, is
related to the interatomic spacing, rIS, according to rIS � (�I�Sh/4�2DIS)1/3

(Peersen et al., 1995; Levitt et al., 1992), where �I,S are the gyromagnetic
ratio for spins I and S, and h is Planck’s constant. T2ZQ is the time constant
of zero quantum magnetization transfer from the energy state �� to ��
(where �, � are the spin states of the two dipolar coupled spins I, S) and
is similar to T2 or the spin-spin relaxation time constant. The accuracy of
the RR experiment is �0.5 Å with precision �0.1 Å (Peersen et al., 1995;
Levitt et al., 1992) where 0.5 Å applies at the upper distance limit of rIS �
6.5 Å, whereas at shorter distances the uncertainty is less.

The parameters used in RR experiments for all samples were as follows:
spinning speed controlled to within �0.1% for n � 1 (8807 or 9085 Hz)

and n � 2 (4418 or 4623 Hz); recycle delay, 1s; 1H and 13C �/2 pulse
width, 3.6 �s; number of scans, 4,800–12,000; contact time, 3.5 ms;
selective � pulse of the order 220 �s; and sweep width, 30 kHz. Chemical
shifts were referenced to tetramethylsilane. Experiments were repeated to
determine the level of precision for the distance determination, and the
estimated error was the range from different experimental observations.

RR data were obtained at ambient temperature (�25°C) and also at low
temperatures (�30°C and �70°C). The temperature within the MAS
sample was calibrated using lead nitrate as a chemical shift thermometer
(Bielecki and Burum, 1995) with a shift of 0.455 ppm/°C and controlled
within �0.1°C. At low temperature, sample cooling was performed using
boil-off N2 gas on the MAS bearing line cooled by an exchange dewar
filled with liquid nitrogen.

For hydrated lipid samples, broadline 1H-decoupled 31P NMR spectra
were recorded at 30°C and �70°C to confirm, from the chemical shift
anisotropy (CSA), that the lipid was in the bilayer phase (Seelig, 1978;
Dufourc et al., 1992). A 31P �/2 pulse of 3.6 �s, recycle delay of 3s, sweep
width of 62 kHz, 1H decoupling of 60 kHz, and 4,096–22,000 scans were
used. Chemical shift was referenced to H3PO4 (85%).

Molecular modeling

Dynamics algorithm for NMR applications (DYANA) (Güntert et al.,
1997) was used to model the structure for melittin incorporating the RR
data. The atomic coordinates for melittin as crystal (Terwilliger and Eisen-
berg, 1982) and in DPC micelles (Inagaki et al., 1989) were used to
determine local structural constraints for structure calculations. The strat-
egy used in the structure calculations was to start with random structures
and use constraints derived from the x-ray (Terwilliger and Eisenberg,
1982) or NMR (Inagaki et al., 1989) structures. The local conformation of
the N- and C-terminal helices was constrained by the torsion angles to the
values derived from the published structures � 1° for residues 1–12 and
17–26. For residues 13–16, less restrictive constraints of the torsion angles
were applied with a range of �20° given to the published values, and the
distances determined by RR were included as additional constraints. RR
distances were given a relative weighting of 10 in the DYANA constraints
to bias the final structures toward these values. Little effect on the final
structure was observed if the torsion angles for residues 1–12 and 17–26
were either held essentially constant or allowed to vary by �20° during the
structure calculation. The larger range of angles was searched for residues
13–16, for which the internuclear distances measured by RR exhibited
sensitivity to environment. Fifty structures were determined by simulated
annealing in DYANA, and the best 10 were inspected and analyzed using
the software package MOLMOL (Koradi et al., 1996). Inter-nuclear dis-
tances and the inter-helix angles for the x-ray and DPC structures were also
measured in MOLMOL. An alternative modeling package, SYBYL 6.5
(Tripos, St. Louis, MO), was used to generate melittin structures using the
same constraints to confirm the consistency of the technique.

RESULTS AND DISCUSSION

Melittin was synthesized with amino acids 13C labeled at the �
carbon [2-C] and carbonyl carbon [1-C] to measure internu-
clear distances using RR. Five doubly labeled melittin analogs
(Fig. 1) were studied. The analogs [1-13C]Leu13-[2-
13C]Ala15, [2-13C]Leu13-[1-13C]Ala15, and [1-13C]Leu13-[2-
13C]Leu16 were used to probe peptide conformation in the
region of the bend in helical structure induced by Pro14, which
constitutes the major focus of this study. The analogs
[1-13C]Gly3-[2-13C]Ala4 and [1-13C]Gly3-[2-13C]Leu6 la-
beled near the N-terminus were used to calibrate the RR
experiment and confirm the maintenance of helical structure in
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the peptide. For example, the [1-C]Gly3-[2-C]Ala4 distance is
fixed at 2.4 Å, and [1-C]Gly3-[2-C]Leu6 is 4.4 Å in a helical
structure but 9.6 Å in a fully extended structure (measured for
model peptides using MOLMOL).

RR experiments were carried out by selectively inverting
one of the 13C-labeled resonances using a soft � pulse and
observing the subsequent exchange of magnetization be-
tween labeled resonances while performing MAS at a spin
rate satisfying the condition (�� � n�r) (Peersen and Smith,
1993). A range of mixing times �m was employed to follow
the magnetization transfer. Fig. 2 A illustrates the process
for [1-13C]Leu13-[2-13C]Ala 15 as a lyophilized powder in
DTPC. As �m is increased, greater magnetization transfer
between the two labeled carbons occurs, and the signal
intensity of each resonance decreases. Analysis requires that
spectra from samples containing native (natural abundance)
melittin under identical conditions be subtracted to remove
the background signal. Differences in peak intensity 	Iz �
Sz
, normalized to 1 at zero mixing time, were then plotted
against �m to generate a magnetization exchange curve
(Peersen and Smith, 1993; Peersen et al., 1995). The plot
shown for [1-13C]Leu13-[2-13C]Ala 15 with dry DTPC in
Fig. 2 B is typical.

From the decay in magnetization transfer and the mag-
nitude and orientation of the chemical shift tensor (Peersen
and Smith, 1993; Peersen et al., 1995), the dipolar coupling,
and hence the intermolecular distance between the two
13C-labeled nuclei, can be derived. RR experiments were
performed at spinning speeds satisfying both n � 1 and n �
2 to improve confidence in the results. On the one hand, the
n � 1 condition is preferable because analysis is essentially
insensitive to the relative orientation of the 13C chemical
shift tensors (Peersen and Smith, 1993), which is not pre-
cisely known. On the other hand, the stability of spinning
speed upon which the RR method critically depends was
better at n � 2. Thus, n � 1 was used to determine the
accuracy and n � 2 the precision of the measurements. The
data points in Fig. 2 B were obtained from experiment (n �
1), and the line drawn through the points represents a
nonlinear least-squares fit to the magnetization exchange

curve optimizing zero-quantum relaxation T2ZQ and the
dipolar coupling DIS (Levitt et al., 1992). Fig. 2 C is a
contour plot illustrating the square of the deviation (	2)
between experiment and calculation as a function of DIS and
T2ZQ, in a brute-force search through an appropriate range
of both parameters to locate a global minimum error value.
The range of dipolar couplings was chosen based on an
extended range of anticipated interatomic distances between
the two 13C-labeled nuclei. An estimate of the lower limit
for T2ZQ was estimated according to the relationship 1/T2ZQ

� 1/T2
I � 1/T2

S, or T2ZQ � 1/(�(
I � 
S)), where 
I,S is the
linewidth of 13C resonances measured away from the RR
condition, i.e., when �� � n�r, and the superscripts desig-
nate individual signal (Thompson et al., 1992). An upper
limit to T2ZQ was selected to ensure that a well-defined
minimum in 	2 was reached. Initially, the upper limit of
T2ZQ was chosen to be about twice the lower limit derived
from linewidth, and then a narrower range in T2ZQ was
searched around the 	2 minimum. Each value of T2ZQ and
dipolar coupling was taken to be equally likely.

Inter-nuclear distances in several site-specific labeled an-
alogs of melittin, either as lyophilized powders or in dry and
hydrated lipid, were determined by RR. In Table 1, they are
compared with the corresponding distances obtained using
x-ray diffraction of crystalline peptide (Terwilliger and
Eisenberg, 1982) and solution NMR of peptide in DPC
micelles (Inagaki et al., 1989). The precision of our exper-
iments was typically �0.1 Å in the dry powder and �0.2 Å
in the lipid bilayer, in agreement with Peersen and Smith
(1993). Accuracy is dependent on the stability of the sample
spinning speed, knowledge of the chemical shift tensor, and
T2ZQ (zero-quantum relaxation). Unlike n � 1, for RR
conditions satisfying n 
 1, calculation of the homonuclear
distance is dependent on the relative orientation of chemical
shift tensors. The 13C chemical shift tensor values of Sepa-
rovic et al. (1990) were used, and RR distances measured in
melittin were confirmed by spinning at n � 1 and n � 2 as
mentioned above. From our results, the accuracy and the
precision of the RR measurements appeared to be similar,
with an uncertainty better than �0.2 Å.

Inspection of Table 1 reveals similar interatomic dis-
tances near the N-terminus were obtained by RR and from
published x-ray diffraction and solution NMR structures
(Terwilliger and Eisenberg, 1982; Inagaki et al., 1989),
suggesting that the �-helical structure in this region was
preserved. Reassuringly, for [1-C]Gly3-[2-C]Ala4 the dis-
tance (2.4–2.5 Å) in each case was identical within exper-
imental uncertainty, which indicates that the accuracy of our
RR measurements was close to 0.1 Å for this distance. For
[1-13C]Gly3-[2-13C]Leu6 there was good agreement be-
tween the dry powder measurement by RR (4.6 Å) and the
x-ray crystal structure (4.4 Å), whereas with DTPC (5.0 Å)
and in DPC micelles (4.8 Å) the distances are slightly longer
but mutually consistent (giving an average distance of 4.5 Å
for melittin and 4.9 Å for melittin in lipid by the different

FIGURE 1 X-ray crystal structure of melittin (Terwilliger and Eisen-
berg, 1982) showing the five interatomic distances measured by RR be-
tween the doubly 13C-labeled sites of the five synthetic labeled melittin
analogs.
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techniques). These differences in interatomic distance may
indicate a dependence of the peptide structure upon envi-
ronment that was also evident in the region of the proline.

It is instructive to first compare the interatomic distances
measured by RR on melittin as lyophilized powder with the
values derived from the x-ray crystal structure. The situation
with [1-13C]Leu13-[2-13C]Ala15 is particularly interesting.
The interatomic distance by RR was 4.0 Å (�0.1 Å) when

lyophilized from methanol and 4.7 Å when lyophilized from
water, indicating a structural dependence based on environ-
ment. In the x-ray crystal structure the equivalent distance is
4.5 Å. Thus, it appears that the structure of melittin lyoph-
ilized from methanol resembles more closely that in DPC
micelles, where the distance is 4.1 Å. When lyophilized
from water, however, the RR distance was closer to that of
the published x-ray structure than the solution NMR struc-

FIGURE 2 (A) RR spectra of [1-13C]Leu13-[2-13C]Ala15 melittin in dry DTPC showing the results obtained from a selection of mixing times: 0.1, 4,
7, and 15 ms. The spectra were acquired at ambient probe temperature with n � 1 and conditions as stated in Materials and Methods with 12,000 scans.
The labeled carbonyl of melittin (4 mg) was selectively inverted. The increase in mixing time results in a decrease in signal for both the labeled C� (60
ppm) and carbonyl (177 ppm) of melittin marked with an asterisk. The resonances around 10–50 ppm are the CH and CH2 groups of the ether-linked lipid,
DTPC. (B) The magnetization exchange curve determined from the RR spectra for [1-13C]Leu13-[2-13C]Ala15 melittin in dry DTPC (F) and, for
comparison, an off-rotational resonance (n � 1) decay curve, 2 kHz below the RR condition (�). The symbols on the graph are the data points obtained
from experiment, and the fitted curve was obtained by nonlinear least-squares fitting of T2ZQ and the dipolar coupling. (C) Contour plot of the square of
the deviation (	2) between experiment and calculated values used to obtain the best fit of T2ZQ and dipolar coupling to the RR data. The contours increment
over a range in 	2 of 4.4 � 10�4 to 8.0 � 10�4.
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ture. This is most likely because the crystals used in x-ray
experiments were grown from aqueous solution. When ly-
ophilized from methanol, the more hydrophobic solvent
may result in a structure more like that found in DPC
micelles used in solution NMR. Less conformational sensi-
tivity to environment is implied for [2-13C]Leu13-[1-
13C]Ala15 and [1-13C]Leu13-[2-13C]Leu16 melittins. The
RR distances in powders lyophilized from methanol were
5.2 Å and 4.3 Å, respectively, for the two analogs whereas
the corresponding x-ray crystal values are 5.5 Å and 4.5 Å.
The differences of 0.2–0.3 Å are within experimental error.

The conformation of melittin incorporated into DTPC
was studied using a 15:1 lipid:peptide ratio to allow com-
parison with earlier work in aligned DTPC multilayers
(Smith et al., 1994). DTPC, an ether-linked phosphatidyl-
choline (PC), was chosen to allow the observation of the
peptide carbonyl resonance without spectral overlap from
the lipid carbonyl resonances of ester-linked lipids (Smith et
al., 1994). Distance measurements in lyophilized samples of
melittin in DTPC in the absence and presence of 50% w/v
water were undertaken. To confirm that the samples were in
lamellar phase, broadline 1H-decoupled 31P NMR spectra
were obtained. Examples of 31P spectra of lyophilized and
hydrated samples of [1-13C]Leu13-[2-13C]Ala15 melittin in
DTPC are shown in Fig. 3, A and B, respectively. The
spectrum in Fig. 3 A is a broadened axially symmetric
powder pattern characteristic of lipids in a gel-like lamellar
phase, indicating that the sample is not entirely free of water
(Seelig, 1978; Dufourc et al., 1992). It should be noted that
in the gel phase, the ether-linked PC may adopt an inter-
digitated bilayer phase (Laggner et al., 1991; Hing et al.,
1991; Kim et al., 1987a,b). In Fig. 3 B, the spectrum with
50% w/v water at 30°C shows a narrowed spectrum with
CSA on the order of �45 ppm, establishing that the lipid
was in the fluid bilayer phase.

In dry DTPC the RR experiments were carried at probe
ambient temperature (�25°C) whereas in hydrated lipid the
samples were run at low temperature (��30°C and
�70°C). (Note that the term dry in this work, unless oth-
erwise stated, signifies lyophilized from methanol.) The

adoption of gel phase in the latter case eliminates fast axial
rotation of the peptide, which would project the dipolar
interaction along the axis of reorientation and, depending
upon orientation of the internuclear vector, scale the cou-
pling measured (Langlais et al., 1999). Increased efficiency
for cross-polarization between protons and carbon is an
additional advantage gained by the reduction in molecular
motion (Langlais et al., 1999). The RR distances observed
for melittin in dry and hydrated lipid in the gel phase were
the same and are listed together in Table 1. There were,
however, several differences in distances measured by RR
of melittin in DTPC compared with those of melittin as a
powder lyophilized from methanol or water.

The distances determined by RR for [1-13C]Leu13-[2-
13C]Ala15 melittin as a dry powder from methanol (4.0 Å)
or in DTPC (3.8 Å) were the same within experimental
uncertainty (�0.2 Å in lipid). The same level of agreement

FIGURE 3 (A) Static 31P NMR spectra of lyophilized powder of DTPC
containing [1-13C]Leu13-[2-13C]Ala15 melittin; (B) DTPC containing
[1-13C]Leu13-[2-13C]Ala15 melittin and hydrated with 50% w/v water at
30°C. Spectral parameters were as stated in Materials and Methods and
4096 scans.

TABLE 1 Inter-nuclear distances in melittin

Melittin

RR of dry
peptide

(Å)

RR in
DTPC

(Å)
X-ray
(Å)

Solution
NMR
(Å)

[1-1C]Cly3-[2-13C]Ala4 2.4 2.5 2.4 2.4
[1-13C]Gly3-[2-13C]Leu6 4.6 5.0 4.4 4.8
[1-13C]Gly3-[213C]Ala15 4.0

4.7*
3.8 4.5 4.1

[2-13C]Leu13-[1-13C]Ala15 5.2 5.0 5.5 5.1
[1[13C]Leu13-[2-13C]Leu16 4.3 4.8 4.5 4.3

RR of peptide lyophilized from methanol and in DTPC (dry or hydrated gel
phase), x-ray of crystalline peptide (Terwilliger and Eisenberg, 1982), and
solution-state NMR of peptide in DPC micelles (Inagaki et al., 1989).
*Samply lyophilized from water.
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was exhibited by [2-13C]Leu13-[1-13C]Ala15 melittin dried
from methanol (5.2 Å) or in DTPC (5.0 Å). An appreciable
difference between the dry powder and peptide in DTPC
was seen in the distance between [1-13C]Leu13 and
[2-13C]Leu16, which was 4.3 Å and 4.8 Å, respectively. The
implication is that there is a conformational change in the
proline region of melittin due to lipid binding.

A major difference in conformation of bound peptide
with respect to the x-ray crystal structure near Pro14 is also
implied from comparison of interatomic distances. Most
noticeably, the distance measured by RR of [1-13C]Leu13-
[2-13C]Ala15 melittin in lipid was 3.8 Å, which is to be
compared with 4.5 Å in the x-ray structure. Although the
differences seen for [2-13C]Leu13-[1-13C]Ala15 and
[1-13C]Leu13-[2-13C]Leu16 are not so large, they are at the
limit of experimental uncertainty or greater. The RR versus
x-ray distances were 5.0 versus 5.5 Å and 4.8 versus 4.5 Å,
respectively. By contrast, only one of the three interatomic
distances measured in this region by RR of peptide bound to
DTPC could be considered to be outside the bounds of
experimental uncertainty from the values derived from the
atomic coordinates of melittin bound to DPC micelles. The
least agreement is for [1-13C]Leu13-[2-13C]Leu16, where
4.8 Å and 4.3 Å are the respective RR and solution NMR-
derived distances. The corresponding distances for
[1-13C]Leu13-[2-13C]Ala15 are 3.8 versus 4.1 Å, and for
[2-13C]Leu13-[1-13C]Ala15 are 5.0 versus 5.1 Å.

Molecular modeling was undertaken to interpret the RR
distances in terms of the x-ray and micellar structures, and
the proposed transmembrane structure of Smith et al.
(1994). Modeling also allowed investigation of possible
structural changes that could be observed between melittin
in dry and hydrated membranes. However, the distances
measured for melittin in dry and hydrated gel-phase mem-
branes were the same by RR. Fig. 4 shows the model
structures generated by DYANA using the x-ray structure of
melittin but incorporating constraints derived from the RR
data. To provide a point of reference, they are superimposed
upon the x-ray structure such that the N-terminal helices
overlay with both stick (Fig. 4 A) and ribbon (Fig. 4 B)
representations shown. Similar structures were calculated
when using the RR distances obtained from melittin lyoph-
ilized from methanol. For purposes of comparison, model
structures were also calculated including the RR constraints
with constraints derived from the solution NMR structure of
melittin in DPC micelles. The more hydrophobic environ-
ment of the micelle is closer to that of the lipid used for RR
than the aqueous environment from which the x-ray crystal
was produced. Calculations using constraints from either
the x-ray or DPC structures, however, gave the same final
model structures. Virtually the same structures for melittin
were generated using SYBYL 6.5, an alternative modeling
package.

Table 2 lists the interhelical angles determined for
melittin on the basis of our RR data and other work. They

were measured at the intersection of the two lines drawn
through the axes of the helices defined by residues 1–13
and 17–26. A common definition is crucial for compar-
ison because the angle is sensitive to the number of
residues employed. It should be noted that earlier studies
(Terwilliger and Eisenberg, 1982; Inagaki et al., 1989;
Bazzo et al., 1988; Okada et al., 1994) used different

FIGURE 4 Comparison of model structures of melittin determined by
x-ray crystallography (Terwilliger and Eisenberg, 1982) and by incorpo-
ration of distance constraints derived from RR measurements of peptide in
DTPC: (A) Backbone representations of the x-ray structure (black) and the
family of 20 model structures determined by simulated annealing incorpo-
rating constraints from the RR experiments (gray); (B) Cartoon represen-
tation of the x-ray and mean RR-derived model structures, clearly showing
the difference in interhelical angle. For comparison, the structures are
superimposed over residues 1–10. The figure was produced using MOL-
MOL (Koradi et al., 1996).

TABLE 2 Interhelical angles (residues 1–13 and 17–26) for
the structures of melittin in different environments

Structure of melittin Interhelical angles

Powder, lyophilized from methanol 130°�9°
DTPC, dry or hydrated gel phase 142°�3°
Crystal (Terwilliger and Eisenberg, 1982) 129°*
DPC micelles (Inagaki et al., 1989) 126°�15°†

*Note that this angle comes to 126° with MOLMOL when residues 5–9
and 14–20 are used to define the interhelical angles, rather than the 120°
reported earlier (Terwilliger and Eisenberg, 1982; Dempsey, 1990).
†The authors (Inagaki et al., 1989) quote the angle as 135°�15° using
residues 1–10 and 13–26 to define the �-helical segments. The �15° range
stated here is their estimate.
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numbers of residues to define the �-helical segments.
The angles measured between the N- and C- terminal
�-helices in the structures modeled for melittin bound to
DTPC (Fig. 4 A) came to 142° � 3° (where the distri-
bution in angle represents the range in angles for the
generated structures), larger than the angle of 129° ob-
tained from the crystal structure (Terwilliger and Eisen-
berg, 1982). In DPC micelles (Inagaki et al., 1989), this
angle came to 126° � 15°, similar to that obtained using
the RR constraints for melittin lyophilized from metha-
nol, 130° � 9°. Despite variation in internuclear spacing
(Table 1), it appears that the interhelical angle is rela-
tively insensitive to environment. Exceptions to this trend
do exist in the literature. Approximately 160° was re-
ported for melittin dissolved in methanol (Bazzo et al.,
1988; Dempsey, 1990), whereas an angle of 86° � 34°
was reported on the basis of transferred NOE for melittin
bound to PC vesicles (Okada et al., 1994). Experimental
differences may be responsible. Low peptide concentra-
tion (7 � 10�4 mmol/�L and 50:1 peptide/lipid) and high
hydration apply to the latter study, for example, which
may result in a surface rather than the transbilayer ar-
rangement as reported in aligned multilayers (Smith et
al., 1994).

In our earlier study, 10 analogs of melittin labeled with
13C at the peptide carbonyl were incorporated into DTPC
membranes aligned between glass plates (Smith et al.,
1994). Reduced CSA consistent with a transmembrane
arrangement in which N- and C-terminal helices possess
a similar orientation close to the bilayer normal were
recorded in the liquid-crystalline phase. The bend angle
was suggested to be the same as for melittin in methanol
(�160°) (Bazzo et al., 1988). Although the interhelical
angle (139°–145°) measured here for melittin in gel-
phase DTPC is greater than in crystals of the peptide, it
is less than that indicated in aligned multilayers and
implies a significant difference in conformation around
the proline residue. One possible explanation for the
smaller value may be that DTPC was in the gel phase,
whereas the aligned bilayer was in the fluid phase. Hy-
dration and lipid phase can affect the conformation and
location of membrane peptides (Hirsh et al., 1996), and
this may be reflected in local changes in secondary
structure of melittin as observed by RR. The distinction
between phases is particularly marked in DTPC that
interdigitates in the gel state. Interdigitation reduces the
bilayer repeat distance by �20 Å (Kim et al., 1987a,b).
These considerations exemplify the limitations of RR
(Langlais et al., 1999) for structure determination of
membrane peptides. RR experiments require studies of
dry powders or at low temperature, and distance mea-
surements are restricted to a particular section of the
molecule. In the present study, we focused on the proline
region of melittin in DTPC either as a dry powder or as
a hydrated gel phase, and this may explain why the angle

between the �-helices may be less than in fluid-phase
bilayers. Intriguingly, however, a recent solid-state NMR
study of 13C-labeled analogs of melittin bound to mag-
netically aligned DMPC, the ester-linked version of
DTPC, in the liquid crystalline state identified �140° and
�160° as possible values for the interhelical angle (Naito
et al., 2000).

Our data imply that melittin in a hydrophobic environ-
ment adopts a conformation with an interhelical angle that
does not differ greatly from crystals prepared from aqueous
solution. This observation applies to peptide lyophilized
from methanol and to the structure previously reported for
melittin bound to DPC micelles (Inagaki et al., 1989) but is
less applicable to peptide bound to DTPC in hydrated gel
state and dry form. However, given the range of experimen-
tal conditions, this is a remarkable finding. The multilamel-
lar systems utilized for solid-state NMR, for instance, have
much lower water content and curvature than the micelles of
solution-state NMR work. There appears to be a tendency
toward a bigger interhelical angle in planar membranes
(Smith et al., 1994; Naito et al., 2000). Here we see an
increase relative to crystalline melittin of �10° in DTPC in
gel-state multilamellar dispersion, whereas a similar or
greater increase was concluded for aligned bilayers of
DTPC (Smith et al., 1994) and DMPC (Naito et al., 2000) in
the liquid-crystalline state.

CONCLUSIONS

The conformation of melittin in DTPC lipid was determined
using rotational resonance NMR spectroscopy. A larger
interhelical angle at Pro14 was observed in structures de-
rived from RR data of melittin in dry and gel phase DTPC
lipid (139°–145°) than in peptide crystallized from aqueous
solution (129°) (Terwilliger and Eisenberg, 1982). The an-
gle is not as great as deduced in our work for melittin in
aligned fluid-phase DTPC membranes (160°) (Smith et al.,
1994). This difference might reflect a distinction in peptide
structure between ordered and disordered lipid environ-
ments and/or result from DTPC being interdigitated in the
gel phase, which produces a thinner membrane. Our results,
however, suggest that the interhelical angle in melittin is
relatively insensitive to significant changes in environment,
from largely hydrophobic membranes and powders lyophi-
lized from methanol to crystals prepared from aqueous
solution. This study demonstrates an application of RR
techniques to the structural analysis of membrane peptides
and could be applied to more complex systems, including
membrane-bound receptors (Williamson et al., 2000) and
ion channels. Currently, RR studies of a melittin-inhibitor
complex are underway.
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