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ABSTRACT  Solid-state ™H, *C, "N, and 3'P NMR spectroscopy was used to study the effects of the bee venom peptide, melittin, on
aligned multilayers of dimyristoyl-, dilauryl- and ditetradecyl-phosphatidylcholines above the gel to liquid-crystalline transition tempera-
ture, T,. Both 3'P spectra from the lipid headgroups and 'H resonances from the lipid acyl chain methylene groups indicate that the
peptide does not affect the mosaic spread of the lipid molecules at lipid:peptide molar ratios of 10:1, or higher. None of the samples
prepared above T, showed any evidence of the formation of hexagonal or isotropic phases. Melittin-induced changes in the chemical
shift anisotropy of the headgroup phosphate and the lipid carbonyl groups, and in the choline N quadrupole splittings, show that the
peptide has effects on the headgroup order and on the molecular organization in the sections of the acyl chains nearest to the bilayer
surface. The spin-lattice relaxation time for the lipid acyl chain methylene protons was found to increase and the rotating-frame longitu-
dinal relaxation time to markedly decrease with the addition of melittin, suggesting that motions on the nanosecond time scale are

restricted, whereas the slower, collective motions are enhanced in the presence of the peptide.

INTRODUCTION

Melittin is a 26-residue peptide from bee (Apis mellifera)
venom with the sequence H,N-G-I-G-A-V-L-K-V-L-T-
T-G-L-P-A-L-I-S-W-I-K-R-K-R-Q-Q-CONH, (Haber-
mann and Jensch, 1967). Itis one of a family of water-sol-
uble peptides that bind strongly to membranes, altering
their permeability and, under some conditions, causing
disruption that leads to cell lysis (DeGrado et al., 1982).
It forms voltage-dependent, anion-selective pores in
lipid membranes (Dempsey, 1990).

In the crystalline state (Terwilliger et al., 1982) and in
methanol solutions (Bazzo et al., 1988; Pastore et al.,
1989) melittin has been shown to be predominantly o-
helical. Studies of the peptide bound to micelles of per-
deuterated lysophosphatidylcholine (Inagaki et al.,
1989) and to lipid vesicles (Vogel and Jahnig, 1986; Wa-
kamatsu et al., 1986) indicate that the membrane-bound
melittin is also largely helical. Major controversies re-
main, however, over the state of aggregation of the pep-
tide in the membrane (monomeric [Schwarz and Bes-
chiaschvili, 1989; Weaver et al., 1989] or tetrameric
[ Vogel and Jahnig, 1986]), the location with respect to
the lipid membrane (on the surface [Terwilliger et al.,
1982; Altenbach et al., 1988; Altenbach and Hubbell,
1988; Schulze et al., 1987; Dawson et al., 1978; Stan-
kowski and Schwarz, 1990; Eibl and Woolley, 1986],
partly looped into the lipid [Dawson et al., 1978; Brown
et al., 1982; Coddington et al., 1983], or a transbilayer
orientation [Vogel and Jahnig, 1986; Dawson et al.,
1978; Vogel, 1987]), and the mechanisms by which it
promotes both ion transport and cell lysis (Dempsey,
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1990). Earlier experiments with gramicidin have shown
that NMR studies of peptides in aligned lipid multilayers
are useful in resolving such questions (Cornell et al.,
19884; Smith et al., 1989). Interpretation of these experi-
ments, however, requires knowledge of the lipid organi-
zation in the presence of the peptide (Cornell et al.,
1988a).

Melittin has been shown to affect the orientation and
organization of lipid molecules. The effects are depen-
dent on the lipid class: it causes negatively-charged lip-
ids, but not zwitterionic lipids, to form inverted (Hy)
phases at low lipid:peptide ratios. The phase properties
of zwitterionic lipids are affected in a different way: at
lipid:peptide ratios near 4, dipalmitoylphosphatidylcho-
line (DPPC) molecules in dispersions retain a bilayer ar-
rangement but form small, rapidly-tumbling structures
that manifest spectra characteristic of isotropic motion
(Dufourc et al., 1986; Dempsey and Watts, 1987).

The aims of the experiments reported here were first to
determine whether at low lipid:peptide ratios the peptide
retained a well oriented bilayer structure, and secondly
to determine the influence of the peptide on the struc-
ture and dynamics of the lipid molecules. Experiments
have been performed with ester- and ether-linked lipids;
although the former are more biologically abundant, the
latter have significant advantages in '*C solid-state NMR
studies of peptide-lipid complexes, as they do not have
carbonyl resonances that overlap with those of the pep-
tide (Cornell et al., 1988a).

MATERIALS AND METHODS
Melittin synthesis and purification

Natural melittin (Sigma Chemical Co., St. Louis, MO) was purified by
reverse-phase high performance liquid chromatography to remove
traces of phospholipase A,, which is commonly found associated with
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the commercial peptide. The purified sample was assayed for residual
lipase activity (Batenburg et al., 19874) and revealed no lipid break-
down. Many of the experiments were performed with '*C-labeled me-
littin synthesized by standard solid-phase methods using either t-butyl-
oxycarbonyl (t-Boc) or fluorenylmethoxycarbonyl (Fmoc) amino pro-
tecting groups; details will be published elsewhere.

Dilauryl-sn-glycerophosphorylcholine (DLPC) and dimyristoyl-sn-
glycerophosphorylcholine (DMPC) were purchased from Calbiochem-
Behring Corp. (La Jolla, CA) and Sigma Chemical Co., respectively.
DitetradecylPC (DTPC) was a gift from Dr. Ruthven Lewis (University
of Alberta).

Preparation of aligned multilayers

For solid-state NMR spectroscopy aligned multilayers of lipid contain-
ing melittin (~50 mg total weight) were deposited on glass slides. The
lipids and melittin were dissolved in methanol, and aliquots applied to
each of a series of glass plates. The solvent was removed by heating to
323 K under vacuum in a dessicator before the plates were placed
under vacuum overnight. The lipid:peptide mixtures were hydrated by
addition of 50 ul of distilled water.

The stack of glass plates was sealed in a 10-mm glass tube containing
an additional 10 ul of water, which was then mounted in a probe that
allowed measured rotation of the sample about an axis perpendicular
to the magnetic field without removal of the probe from the spectrome-
ter (Cornell et al., 1988a).

NMR spectroscopy

'H NMR spectra were recorded at 300.066 MHz on a Bruker CXP-300
spectrometer (Bruker Instruments Inc., Karlsruhe, Germany). Typical
operating conditions were: 90° pulse, 7 us; repetition delay, 10 s; acqui-
sition time, 8.5 ms; sweep width, 62.5 kHz; number of scans, 10. Spec-
tra were acquired using a simple 90° pulse.

3P spectra were recorded at 121.46 MHz using the Ganapathy pulse
sequence (Ganapathy et al., 1985). Typical operating conditions were:
90° pulse duration, 7 us; repetition delay, 2 s; sweep width, 62.5 kHz;
spin-locking time, 10 us; number of scans 100.

N quadrupole spectra were recorded at 21.67 MHz using the Gana-
pathy pulse sequence with a 90° pulse time of 8 us, a spin-lock period of
100 us, and recycle time of 0.3 s. Typically, 40,000 scans were recorded
for each spectrum.

Proton-enhanced '3C spectra (Pines et al., 1973) were recorded at
75.46 MHz. Typical operating conditions were: Hartman-Hahn 90°
pulse, 8 us; contact time, 1.5 ms; acquisition time, 8.5 ms; repetition
delay, 2 s; sweep width, 62.5 kHz.

Spin-lattice relaxation

Laboratory frame spin-lattice relaxation times, T, were measured by
the inversion-recovery method. The rotating frame longitudinal relax-
ation times, T,, were measured using the cross-polarization method of
Pines et al. (1973).

RESULTS
'H NMR

Fig. 1 shows the 'H resonances arising from water, the
lipid headgroup methyls, and the lipid acyl chain methy-
lene groups for an aligned multilayer sample containing
a 1:15 molar ratio of melittin:DMPC. Parallel results
were obtained with the other two lipids. The samples
were aligned with the lipid bilayer normal oriented at the
“magic angle” to the spectrometer magnetic field, result-
ing in the collapse of the dipolar interactions that would
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FIGURE 1 300.066 MHz 'H spectrum obtained with chemically syn-
thesized (**C-Leu-6) melittin in aligned multilayers of dimyristoylPC at
a 15:1 lipid:peptide mole ratio. The experimental parameters were:
temperature, 303 K; linebroadening, 1 Hz; number of scans, 10. The
multilayers were aligned with the bilayer normal at the “magic angle”
(54°47') to the spectrometer magnetic field.

otherwise cause these resonances to overlap. Integration
of the water resonance yields the extent of hydration of
the samples, which was always =20 molecules/lipid mol-
ecule. About 10 water molecules are needed to fully hy-
drate the headgroup of each lipid molecule. The sample
tubes also contained excess bulk water that was not
taken up by the lipid-peptide complexes over several
days at room temperature.

The width of the lipid resonances reveals that these
molecules are well aligned. Had a significant proportion
of the molecules varied from the magic angle orientation
by more than 2° the resultant chemical shift anisotropy
and dipolar interactions would have substantially broad-
ened the lipid peaks. Although previous experiments had
always shown a mosaic spread of less than 1° for diacyl-
phosphatidylcholine molecules in the presence of the
uncharged peptide gramicidin A, it was not known
whether this alignment would be maintained in the pres-
ence of melittin. The latter peptide has a carboxy-ter-
minal segment that includes the tetrapeptide Lys-Arg-
Lys-Arg, resulting in the introduction of positive charge
at the bilayer surface. Whereas zwitterionic lipid bilayers
maintain a fixed separation in the presence of excess
water, bilayers of charged lipids tend to increase their
separation continuously because of the electrostatic re-
pulsion between bilayers (Hauser, 1984), with a resultant
deterioration in the degree of molecular alignment
within the bilayers. It appears, however, that introduc-
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FIGURE 2 121.46 MHz *'P NMR spectrum with '*C-Leu-16-labeled

melittin at a 19:1 lipid:peptide molar ratio in aligned multilayers of
dilaurylphosphatidylcholine. The multilayers were oriented with the
bilayer normal at 0° (top) and 90° (bottom) to the spectrometer mag-
netic field. The experimental parameters were: temperature, 300 K;
sweep width, 62.5 kHz; 90 pulse, 6.5 us; repetition delay, 2 s; linebroad-
ening, 50 Hz; number of scans, 100.

tion of the charged peptide has not resulted in greater
lipid disorder within the bilayers.

3P NMR

As in the 'TH NMR spectra, the 3'P NMR peaks obtained
with aligned samples are narrow and there is only a small
powder resonance under the aligned signal; a typical re-
sult is shown in Fig. 2. The peak widths in the spectra
obtained at angles of 0° and 90° are, within the experi-
mental errors, equal to those of aligned bilayers of pure
PC. These results reinforce the conclusion, drawn from
the proton data, that melittin, even at a lipid:peptide
molar ratio of 10:1, does not significantly alter the mo-
saic spread of the lipid molecules, which is ~1° for pure
PC. Although melittin promotes formation of the hexag-
onal II phase by negatively charged lipids (Batenburg et
al., 1987b) it is apparent that PC remains in a lamellar

TABLE1 Comparison of ¥'P and *C chemical shift anisotropy
of melittin-phosphatidyicholine aligned samples at 303 K

3p 13C (sn-1 carbonyl)
DMPC —45 ppm —27 ppm
DMPC-Melittin (15:1) —38 ppm —27 ppm
DMPPC-Melittin (10:1) —26 ppm —22 ppm
DTPC —46 ppm
DTPC-Melittin (15:1) —40 ppm

All chemical shifts have an estimated error of +1 ppm.

phase as hexagonal, cubic, and isotropic phases yield
markedly different spectra from those observed. From
the angular dependence of the chemical shift of the 3'P
resonances reduced chemical shift anisotropies of —42 to
—46 + 1 ppm were determined for the PCs in the absence
of the peptide. These values were slightly reduced at a
lipid:peptide ratio of 15:1 and more markedly reduced at
a ratio of 10:1 (Table 1). Variations in the order of the
lipid molecules, the amplitude of the headgroup mo-
tions, the headgroup orientation, and the electronic envi-
ronment of the phosphorus nucleus can all lead to alter-
ations in the CSA. The absolute magnitude of the
changes observed with melittin are similar to those re-
sulting from the addition of basic proteins to acidic lipids
(Smith et al., 1983) or the addition of gramicidin A to PC
(Cornell et al., 1988b), molecules that are believed to
induce only minor changes in the amplitude of motion
of the headgroup (Smith et al., 1983).

"N NMR

The magnitude of the splitting of the N quadrupolar
signal is determined by the amplitude of the motions
experienced by the choline segment of the headgroup.
The observed reduction in the N splitting upon the
addition of melittin is ~25% (Table 2). From Rothgeb
and Oldfield (1981) the S, of the N group is 0.08, which
is principally assigned to the overall disorder (S, ) of the
choline group (Petersen and Chan, 1977). The 25% re-
duction in S, thus, suggests an increase in the angular
range of tumbling of this group by ~5°.

TABLE 2 Nitrogen-14 quadrupolar splittings for melittin-
phosphatidyicholine aligned samples, at 303 K, with the
bilayer normal at 0° to the magnetic field

DMPC 19.6 kHz
DTPC 24.4 kHz
Av/ A"npid
Melittin + DMPC (1:15) 16.0 kHz 0.82
Melittin + DTPC (1:15) 16.8 kHz 0.69
Melittin + DMPC (1:10) 14.2 kHz 0.72

Smith et al.

Melittin-induced Changes in Multilayers 471



6T

9161
1'6L1

6'L9

IR B PR S
100 50 0 -50
PPH

-

" | M | i 1
250 200 150

FIGURE 3 75.46 MHz '*C NMR spectrum recorded with '*C-Leu-16-
labeled melittin at a 10:1 dimyristoylPC:peptide molar ratio. The mul-
tilayers were aligned with the bilayer normal at 0° to the spectrometer
magnetic field. The resonances are: 191.6 ppm, lipid s»#-1 chain car-
bonyl; 179.1 ppm, lipid sn-2 chain carbonyl; 67.9 ppm glycerol car-
bons; 29 ppm lipid chain methylenes. The spectral parameters were:
temperature, 303 K; sweep width, 62.5 kHz; 90° pulse, 8 us; repetition
delay, 2 s; linebroadening 50 Hz; number of scans, 38,000.

3C NMR

At the highest concentrations employed, melittin caused
a reduction in the CSA of the lipid sn-1 carbonyl reso-
nance (Fig. 3 and Table 1), showing that it not only af-
fects the headgroup, but also induces minor changes in
the molecular organization at the hydrocarbon/water in-
terface. No change was observed in the CSA of the reso-
nance of the sn-2 carbonyl. As this carbonyl normally
has a small CSA, which will be very sensitive to the orien-
tation of this group, it appears that the peptide has not
altered the organization of this segment of the lipid mole-
cule.

Relaxation rates

The effects of added molecules on the motion of lipid
bilayers may be monitored by measurement of the relax-
ation rates for the protons in the acyl chain methylene
groups.

Both the laboratory- and rotating-frame spin-lattice
relaxation rates were measured for the methylene pro-
tons of aligned samples of DMPC and DLPC in the pres-
ence and absence of the peptide, with the bilayer normal
at 0° to the spectrometer field (Table 3). The relaxation
rates were identical for pure DMPC and DLPC multi-
layers. With increasing concentrations of melittin, 7, in-
creased whereas T, was reduced up to eightfold. T, also

lost its orientation dependence (checked at 90°). Both
relaxation times are dependent on the modulation of di-
pole—dipole interactions which results from molecular
motion. T, is dominated by nuclear (and hence atomic)
reorientations that occur on the timescale of w,, i.c.,
~300 MHz, motions that primarily involve rotation
about bonds within the acyl chain. Rotating frame relax-
ation is dominated by motions on the 30-40 kHz time-
scale (2 w,); reorientations in lipids in this time frame
involve movement of substantial molecular segments
(i.e., collective motions) (Peng et al., 1988). Thus, the
changes recorded in Table 3 are indicative of an increase
in the spectral density of collective, segmental motions
and a decline in the spectral density of the faster motions
attributable to intramolecular rearrangements.

DISCUSSION

The longer term objective of our research is the direct
delineation of the location and structure of melittin in
lipid membranes. Application of solid-state NMR meth-
ods to such a problem requires the use of high
peptide:lipid ratios. It is necessary to establish that under
these conditions the lipid remains in the bilayer phase
and that there is no resultant phase change or significant
mosaic spread introduced into its molecular alignment.

Melittin at high concentrations has previously been
shown to induce phase changes that depend on the lipid
species. Whereas melittin causes negatively charged lip-
ids to prefer the hexagonal II phase, it induces the forma-
tion of an isotropic phase in egg phosphatidylethanol-
amine at temperatures well above its gel-to-liquid crys-
talline phase transition (Dufourc et al., 1989). It has been
reported that at extreme lipid:peptide ratios (near 4) me-
littin disrupts fluid phase (L,) zwitterionic (PC) lipid
multilayers, causing them to form small, rapidly-tum-
bling structures (Dufourc et al., 1986; Dempsey and
Watts, 1987; Dufourc et al., 1989). At lower ratios it also
causes negatively charged lipids to form an isotropic
phase (Batenburg et al., 1987b). Under the conditions
employed in these experiments (L, zwitterionic lipid
with a lipid:peptide molar ratio = 10) the 'H, “N, 3'P,
and !3C spectra were all consistent with the retention of a

TABLE3 Comparison of proton 7,, and T, for melittin-
phosphatidyicholine aligned samples with the
bilayer normal at 0° to the magnetic field

Tlp T| Tl/Tlp
ms ms
DMPC 40.0 210 5.2
DMPC-Melittin (15:1) 8.3 365 44.0
DMPC-Melittin (10:1) 53 455 86.0
DTPC 30.0 285 9.5
DTPC-Mellitin (15:1) 7.0 385 55.0
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multilamellar lipid phase by both the ester- and the
ether-linked lipids.

Dempsey and Watts (1987) observed a decrease in the
31P CSA of DMPC from —54 + 2 ppm for the pure lipid
to —46 + 2 ppm at a 25:1 lipid:peptide molar ratio at 300
K. Although the CSAs in Table 1 are slightly smaller
(possibly because of the different methods used to mea-
sure the CSA),' we observed a comparable decrease in
the anisotropy at a 19:1 DLPC:melittin ratio. With
POPC, the CSA has been observed to be approximately
constant at —48.5 ppm down to a 50:1 lipid:peptide mo-
lar ratio (Kuchinka and Seelig, 1989), a result that is in
accord with our observations. These changes in the 3'P
CSA, which are only apparent at high melittin concen-
trations, are compatible with the conclusion, drawn
from the experiments with metal ions (Akutsu and See-
lig, 1981) and selectively headgroup-deuterated lipids
(Dempsey and Watts, 1987; Kuchinka and Seelig, 1989),
that minor conformational changes in the headgroup re-
sult from the increased charge density at the bilayer sur-
face (Kuchinka and Seelig, 1989).

Changes in the motion and organization of the lipid
acyl chains are also apparent. The marked reduction in
T, and increase in T, (Table 3) indicates that the intra-
molecular motion of the methylene groups is restricted
in the presence of the peptide with an accompanying
increase in the collective motions of the lipids. These
observations parallel those in earlier studies of the effects
of membrane proteins, gramicidin A, and cholesterol
(Cornell et al., 1983; Cornell and Keniry, 1983). Others
have also noted melittin-induced changes in the lipid
hydrocarbon chain dynamics and order. The average ori-
entation for the cis double bond of 1-palmitoyl-2 (9, 10/,
’H,) oleoylPC is altered by melittin (Dufourc et al.,
1989). Coddington et al. (1983) noted a decrease in the
acyl chain methylene '3C T;s of chloroplast lipids. Small
reductions have also been noticed above 7 in the 2H T;s
of DPPC labeled at the 3 position and with DMPC con-
taining perdeuterated chains (Dufourc et al., 1989). By
contrast, in our experiments there was a very clear in-
crease in 7, for the acyl chain methylene protons. The
variable effects of the peptide on the T)s for these differ-
ent nuclei may arise from differences in their relaxation
mechanisms.,

In conclusion, down to 10:1 lipid:peptide ratios, mul-
tilamellar ester- and ether-linked PCs retain their bilayer
structure. The peptide does however induce changes in
the conformation of the lipid headgroups and modifies
the spectral density of the lipid acyl chain motions, fa-
voring low frequency motions.

This work was partly supported by an Australian Research Council
grant to Ross Smith and a grant for Industrial Research and Develop-
ment to Bruce A. Cornell.

' The CSAs reported here were derived from observations of the differ-
ence in the *'P peak position in samples oriented at 0° and 90° to the
spectrometer magnetic field, a method that is inherently more reliable
than measurement of the shoulder positions in powder spectra.
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