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ABSTRACT: The  interaction of bee venom melittin with mixed phospholipid bilayers composed of di- 
myristoylphosphatidylcholine deuterated in the a- and p-methylenes of the choline head group (DMPC-d,) 
and dimyristoylphosphatidylserine deuterated in the a-methylene and p-CH positions of the serine head 
group (DMPS-d3) was studied in ternary mixtures by using deuterium N M R  spectroscopy. The  changes 
in the deuterium quadrupole splittings of the head-group deuteriomethylenes of DMPC-d, induced by DMPS 
in binary mixtures [DMPC-d4:DMPS (80:20 mol/mol)] were systematically reversed by increasing con- 
centrations of melittin, so that a t  a melittin concentration of 4 mol % relative to total lipid the deuterium 
N M R  spectrum from DMPC-d, in the ternary mixture was similar to the spectrum from pure DMPC-d, 
bilayers. This concentration of melittin is sufficient to neutralize the excess negative charge from DMPS. 
The absence of deuterium N M R  signals arising from melittin-bound DMPS in ternary mixtures containing 
DMPS-d3 indicates that  the reversal by melittin of the effects of DMPS on the quadrupole splittings of 
DMPC-d, results from the response of the choline head group to the net surface charge rather than from 
phase separation of melittin-DMPS complexes. In mixtures containing deuterated DMPS [DMPC:DMPS-d3 
(50:50 mol/mol)] melittin caused systematic changes in the quadrupole splittings of the DMPS head-group 
deuterons that closely matched effects observed for a cationic transbilayer polyleucyl peptide (K2GL2,,K2A) 
in similar ternary mixtures [Roux, M., Neumann, J. M., Hodges, R. J., Devaux, P. F., & Bloom, M. (1989) 
Biochemistry 28, 2313-23211. The similarity in the effects of the two cationic but otherwise dissimilar 
peptides indicates that  the DMPS head group responds to the surface charge resulting from the presence 
in the bilayer of charged amphiphiles, in a manner analogous to the response of the choline head group 
of phosphatidylcholine to the bilayer surface charge. The presence of DMPS greatly stabilized DMPC bilayers 
with respect to melittin-induced micellization, indicating that the latter effect of melittin may not be important 
for the hemolytic activity of the peptide. 

B e e  venom melittin (Habermann & Jentsch, 1967) is a 
basic, hydrophobic peptide of 26 amino acids that binds to 

model and cell membranes, causing their lysis through as yet 
unknown mechanisms. Melittin associates with membranes 
as an amphiphilic a-helix; the aggregation state of the peptide 
and the orientation of the helix with respect to the membrane *Oxford University. 

Present address: Department of Molecular Biophysics and Bio- 
chemistrv. Yale Universitv. 260 Whitnev Ave.. New Haven. CT 0651 1.  remain undetermined [see Altenbach and Hubbe1 (1988) for 

I' Institut de Biologie Physico-Chemique. a recent discussion]. In  model membranes, melittin induces 
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changes in lipid membrane morphology, causing reversible 
transitions between bilayers and micellar disks in saturated 
phosphatidylcholine membranes (Dufourc et al., 1986a,b; 
Dempsey & Watts, 1987; Dempsey et al., 1987), stabilizing 
bilayer structure in mixtures of DMPC and its hydrolytic 
products (Dempsey & Watts, 1987) and in phosphatidyl- 
ethanolamine membranes (Batenburg et al., 1988), and in- 
ducing inverted lipid structures in negatively charged mem- 
branes (Batenburg et al., 1987a-c). The relationship between 
the effects of melittin on lipid organization and bilayer 
structure and its hemolytic activity is not established. It has 
been suggested that the ability of melittin to solubilize 
phospholipids as membrane disks may underlie the lytic ac- 
tivity of the peptide (Dufourc et ai., 1986a) and that the 
similarity in the effects of melittin and lysophosphatidylcholine 
on membrane morphology in saturated phosphatidylcholine 
membrane may indicate common mechanisms of membrane 
disruption for melittin and lysoPC (Dempsey & Watts, 1987). 

The affinity of melittin (net charge of +5 at pH 7.5) for 
negatively charged lipids is about 2 orders of magnitude greater 
than for zwitterionic lipids (Batenburg et al., 1988), and there 
is evidence for phase separation of melittin-lipid complexes 
in bilayers containing negatively charged lipids when the 
membranes are cooled into the gel phase (Faucon et al., 1981; 
Bernard et al., 1982; Lafleur et al., 1989). The potential ability 
of melittin to induce phase separation of negatively charged 
lipids, together with its selective effects on the organization 
of different lipid types, leads to the possibility that its hemolytic 
activity results from selective binding and phase separation 
of negatively charged membrane lipids with local changes in 
lipid morphology resulting in  membrane disruption. These 
possibilities are explored here by using deuterium NMR to 
study the effects of melittin on mixed bilayers composed of 
head-group-deuterated DMPC and DMPS. The use of sep- 
arate membrane preparations in which either the DMPC or 
the DMPS is deuterated allows independent determination of 
the effects of the peptide on each of the membrane components 
with the possibility of determining phase separation, in 
fluid-phase membranes, on the time scale of the deuterium 
NMR spectral anisotropy. 

MATERIALS AND METHODS 
Materials. Melittin was purified from lyophilized bee 

venom (Bulgarcoop, Sofia, Bulgaria) by forced dialysis, ion- 
exchange chromatography on Sephadex G-25, and gel filtra- 
tion as described (Gauldie et al., 1976; Dempsey & Watts, 
1987). Residual phospholipase A2 activity in melittin prep- 
arations was inhibited by inclusion of 5 mM EDTA in all 
buffers. Lipid integrity was determined by TLC after all 
NMR experiments (Dempsey & Watts, 1987). In none of the 
lipid preparations for which data are presented in this paper 
was there detectable formation of lysolipid or free fatty acid 
that would indicate lipid hydrolysis. 

DMPC was purchased from Fluka. Head-group-deuterated 
DMPC (DMPC-d, and DMPC-d,) were prepared as described 
previously (Six1 & Watts, 1982). DMPS and DMPS-d3 
(deuterated in the cy- and 0-positions of the head group) were 
synthesized by the method of Roux and Neumann (1986). 

Preparation of Lipid Samples for ESR and NMR Exper- 
iments. Lipids were mixed in CHC13-MeOH in the appro- 
priate weight ratios, and the solvent was removed in a stream 
of dry nitrogen and then by high vacuum ( Torr) overnight. 
Samples containing DMPS were mixed in CHC1,-MeOH with 
5% water to aid solubilization of DMPS. These samples were 
lyophilized to minimize the selective precipitation of DMPS 
from DMPC during removal of the organic solvent. The dried 
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lipid was resuspended by vortexing above the phase transition 
temperature of DMPS (45 "C) in an excess of 50 mM Tris- 
HCl and 5 mM EDTA, pH 7.5, made in deuterium-depleted 
water (Aldrich Chemical Co.) and containing an appropriate 
amount of melittin to give the desired me1ittin:lipid ratio. The 
pH was adjusted back to pH 7.5 if neccessary. The lipid was 
pelleted by centrifugation (70000g for 30 min at room tem- 
perature) and the supernatant removed and retained. The lipid 
samples were then placed in 5 mm X 30 mm NMR tubes and 
the samples freeze-thawed three times. The amount of free 
melittin in the supernatant was determined by UV spectros- 
copy using an extinction coefficient t280 = 5600 M-' cm-' 
(Quay & Condie, 1983), and the melittixlipid ratio in the 
pellet was calculated by adjusting the starting ratio to account 
for unbound melittin. The melitthlipid ratios quoted here 
refer to lipid-bound melittin. The amount of unbound melittin 
in the DMPS-containing samples was negligible. 

NMR Measurements. Deuterium NMR spectra were ob- 
tained at 55.3 MHz by using a Nicolet spectrometer with an 
Oxford Instruments magnet operating at 360 MHz for protons 
and using a solenoid probe (Bruker) tuned to the deuterium 
frequency. Spectra were collected by using pulse rotation 
angles between 60" and 90" in the single pulse mode in 1K 
data points over a spectral width of 40 kHz with a minimum 
preacquisition delay of 12 ps following the pulse. The sig- 
nahoise ratio was improved by exponential multiplication of 
the free induction decay (FID) and the block size increased 
to 2K by zero-filling before Fourier transformation. The 90° 
pulse for deuterium was around 11 ys. Spectra taken later 
in the study were obtained by using a quadrupole echo pulse 
sequence (Davis, 1983) with 7-ys 90" pulses (obtainable by 
using a 300-W power amplification), digitizing the signal with 
a Nicolet digital oscilloscope (Model 2090-1 11A) using a dwell 
time of 2 ps. Phosphorus NMR spectra were obtained at 145.9 
MHz over a spectral width of 50 kHz without proton decou- 
pling. 

RESULTS 
DMPS:DMPC-d, Mixtures. Figure 1 illustrates the effects 

of DMPS on the deuterium NMR spectra of DMPC-d4 at 25 
and 40 "C and the effects of melittin at various 1ipid:peptide 
molar ratios on the spectra of DMPC-d4:DMPS (80:20 
mol/mol) mixtures. As previously shown (Six1 & Watts, 
1983), inclusion of DMPS in bilayers with DMPC results in 
an increase in the value of the quadrupole splitting of the 
a-CD2 groups and a decrease in Auq for the 0-CD2 methylenes 
(Figure 1B) when compared with pure DMPC-d, bilayers 
(Figure 1A). Melittin was previously shown to have the op- 
posite effect in bilayers of DMPC-d,, reducing the quadrupole 
splitting of the a-CD2 methylenes by 60% at a me1ittin:DMPC 
ratio of 4 mol % and marginally increasing (by 8%) the 
splitting of the 0-methylenes (Dempsey & Watts, 1987). 
Successively increasing the concentration of melittin in mixed 
DMPC-d4:20% DMPS bilayers results in a continuous reversal 
of the effects of DMPS on the head-group splittings of 
DMPC-d, (Figure 1). A spectrum similar to that obtained 
from pure DMPC-d, is obtained at a molar ratio (melittin: 
DMPS) of 1:5 (Figure lD), which is approximately equivalent 
to a neutralization by melittin (5 or 6 positive charges/mol- 
ecule, depending on the ionization state of the N-terminal 
amino group) of the excess surface charge resulting from 
incorporation of DMPS at 20 mol % into DMPC bilayers. 

All the spectra obtained from DMPC-d,:DMPS (20 or 50 
mol %) mixtures with or without melittin are characteristic 
of single components with no evidence for DMPS-induced or 
melittin-induced phase separation of subpopulations of 
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FIGURE 1: Deuterium NMR spectra of DMPC-d4 in single-lipid 
bilayers (A), in mixed bilayers containing 20% DMPS (B), and in 
mixed DMPC-d4:20% DMPS bilayers containing melittin at  2 mol 
% (C) and 4 mol % (D) relative to total lipid. The lipid was suspended 
in 50 mM Tris-HCI, pH 7.5,  and 5 mM EDTA. 

lm 0 -lm Hz loo00 0 -loom Hz 

FIGURE 2: Variation of the deuterium NMR spectra of mixed bilayers 
containing DMPC-d4:20 mol % DMPS (left) and DMPC-d4:20 mol 
% DMPS:4 mol % melittin (right) as the temperature is lowered 
through the gel to liquid-crystalline phase transition of the lipid. 

DMPC-d, having lifetimes greater than 104-10-5 s (the time 
scale required to average the residual deuterium quadrupolar 
anisotropy). Similarly, the DMPC-d4 quadrupole splittings 
increase and the spectral lines broaden continuously as the 
temperature is lowered through the liquid-crystalline-gel phase 
transition of the lipid in DMPC-d,:DMPS mixtures with and 
without melittin (Figure 2), indicating the absence of phase 
separation at the phase transition. The lipid phase transition 
temperatures, estimated by deuterium NMR from the marked 
onset of spectral broadening (Figure 2 ) ,  were always similar 
to phase transitions measured by ESR tempo partitioning (not 
shown). 

In Figure 3 the temperature dependencies of the quadrupole 
splittings of the a- and @-methylenes of DMPC-d, are plotted 
for pure DMPC-d4 bilayers and for DMPC-d, bilayers con- 
taining 20% DMPS with and without melittin. As previously 
observed (Browning & Seelig, 1980), the quadrupole splittings 

la\ 
3:7-0-, , , 1 ;I, , ; , 1 0-0 

2 0 3 I L Q M  20 4) LO M 
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FIGURE 3: Temperature dependence of the deuterium NMR quad- 
rupole splittings (Au,) for the choline head group a-deuteriomethylenes 
of DMPC-d4 (left) and the 0-deuteriomethylenes (right) in 50 mM 
Tris-HC1, pH 7.5. (+) Pure DMPC-d4 bilayers; (0) DMPC-d4:4 mol 
% melittin; (0) DMPC-d4:20 mol % DMPS; (0) DMPC-d4:20 mol 
% DMPS:2 mol '36 melittin; (m) DMPC-d4:20 mol % DMPS:4 mol 
'% melittin. 

of the a-deuteriomethylenes are relatively insensitive to tem- 
perature, whereas the 6-deuteriomethylenes show a large 
temperature dependence in Au,. These temperature charac- 
teristics are largely maintained in the presence of DMPS and 
in ternary mixtures containing DMPS and melittin despite very 
large chains in the values of Av, induced by these compounds. 

Figure 3 shows that the ability of melittin to reverse the 
effect of DMPS in increasing the splitting of the a-CD2 group 
of DMPC-d, in mixed bilayers is much more effective than 
the reversal of the effect of DMPS on the &splitting. Thus, 
the incorporation of melittin at 2 mol % in DMPC:20% DMPS 
bilayers overcompensates the effect of DMPS on the a-CD2 
groups, while at 4 mol 7% melittin the effect of DMPS on the 
@-splitting still dominates. Rather than simply canceling the 
effect of DMPS on the splittings of the a- and @-deuterio- 
methylenes of DMPC-d,, the effects of melittin and DMPS 
are roughly additive. 

Dilution of DMPS with 
equimolar DMPC results in a reduction of the deuterium 
quadrupolar splittings of the DMPS head group by about 60% 
(Browning & Seelig, 1980; Roux & Neumann, 1986). Further 
dilution of DMPS with DMPC has little effect on the DMPS 
head-group quadrupolar splittings, so that their magnitudes 
are little different for mixtures of DMPC and DMPS-d3 
containing 50% or 80% DMPC [compare our Figure 5 with 
Figure 6 of Roux et al. (1989)l. This finding indicates that 
the large quadrupole splittings (and short TI relaxation times) 
observed in pure DMPS result from strong intermolecular 
interactions between the PS head groups (Browning & Seelig, 
1980) and that these interactions are almost fully suppressed 
by dilution of DMPS with equimolar DMPC. 

Addition of melittin to bilayers composed of equimolar 
DMPS-d3 and DMPC causes successive decreases in the 0 and 
the a ,  quadrupole splittings of the serine head group, whereas 
the inner az splitting is relatively unaffected by the presence 
of melittin at concentrations of up to 8 mol % relative to total 
lipid (16 mol % relative to DMPS; Figures 4 and 5). The 
value of the quadrupolar splitting of the outer a,-CD, splitting 
presumably changes sign, going through zero at around 6 mol 
% melittin (Figure 4), an observation confirmed in Figure 5, 
which shows the variation of the values of the quadrupolar 
splittings of the DMPS-d3 head-group deuterons as a function 
of the me1ittin:lipid ratio in the equimolar DMPS-d3:DMPC 
bilayers. 

All of the spectra recorded from these ternary mixtures 
indicate the presence of a single DMPS-d3 spectral component 

DMPC:DMPS-d3 Mixtures. 
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FIGURE 4: Deuterium NMR spectra at 35 OC of DMPS-d3 in mixed 
bilayers with 50 mol % DMPC (bottom spectrum) and in mixed 
DMPS-d3:DMPC (50:SO mol/mol) bilayers containing increasing 
amounts of melittin. The lipids were suspended in 50 mM Tris-HCI, 
pH 7.5,  and 5 mM EDTA. 
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FIGURE 5: Variation of the deuterium NMR quadrupole splittings 
(Au ) of the serine head group of DMPS-d, in mixed bilayers with 
D M k  (DMPS-d,:DMPC, 50:50 mol/mol) on increasing the con- 
centration of melittin. (+) 0-CD; (A) al-CD2; (V) a2-CD2. Mea- 
surements were made at 35 OC. 

with no evidence for phase separation on the N M R  time scale 
(104-10-s s). Spectra obtained over a bandwidth of 0.5 MHz 
by using quadrupole echo excitation optimized to detect broad 
spectral components showed no components other than those 
observed in single-pulse excitation (Figure 6), confirming that 
melittin does not form long-lived complexes with DMPS in 
mixtures with DMPC. Similarly, the quadrupole splittings 
for the deuterated serine head group increase and broaden 
continuously when the temperature is lowered through the 
phase transition temperature, which is reduced to about 23 
O C  in the ternary mixture containing DMPC, DMPS-d3, and 
melittin (50:50:4 mol/mol/mol), indicating the absence of 
phase separation of DMPS and DMPC a t  the gel-liquid- 
crystalline phase transition of the lipid (Figure 7). 

I " " / " " I " " I " " I ' '  

200 100 0 -100 -200 KHz 

FIGURE 6: Deuterium NMR spectrum of a ternary mixed bilayer of 
DMPS-d,:DMPC:melittin (50:50:6 mol/mol/mol) obtained with a 
quadrupole echo pulse sequence (7-ps 90' pulse; 30-ps interpulse delay; 
2-ws dwell time). The upper spectrum is a 10-fold vertical expansion 
of the lower spectrum. 
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FIGURE 7: Variation of the deuterium NMR spectra of mixed bilayers 
of DMPS-d,:DMPC (50:50 mol/mol) (left) and DMPS- 
d3:DMPC:melittin (50:50:4 mol/mol/mol) (right) as the temperature 
is lowered through the gel to liquid-crystalline phase transition tem- 
perature of the lipid mixture. 

Melittin-Induced Lipid Polymorphism. In bilayers com- 
posed of saturated phosphatidylcholines, melittin induces 
transitions between fluid-phase extended bilayers and gel-phase 
micellar disks at the lipid phase transition, an effect observable 
by the collapse of the phosphorus and deuterium fluid-phase 
powder patterns to narrow lines below T, characteristic of 
isotropic reorientation of the gel-phase lipid particles on the 
N M R  time scale (Dufourc et al., 1986a,b; Dempsey & Watts, 
1987). DMPC is particularly sensitive to melittin-induced 
bilayer disruption, significant gel-phase micellization occurring 
for melittin concentrations above about 2-3 mol % (Dempsey 
& Watts, 1987). In neither the ternary mixtures containing 
deuterated DMPC (Figure 2) nor deuterated DMPS (Figure 
7) was there any collapse of a proportion of the deuterium 
powder pattern into narrow lines when the mixtures were 
cooled through the lipid phase transition temperature into the 
gel phase that would indicate melittin-induced micelle for- 
mation. Similarly, the 31P spectra (not shown) showed that 
all the lipid was in a bilayer phase a t  all temperatures and 
melittin/lipid compositions studied at melittin concentrations 
of up to 6 mol % relative to total lipid (1 2% relative to DMPC 
in DMPC/DMPS equimolar mixtures). 
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T ,  Relaxation Data. The spin-lattice ( T I )  relaxation times 
measured at 42 O C  for the a-deuteriomethylenes (27 f 2 ms) 
and P-deuteriomethylenes (31 f 2 ms) were not significantly 
affected by the presence of either DMPS a t  20 or 50 mol %, 
melittin at 4 mol %, or mixtures of DMPS (20 mol %) and 
melittin (4 mol 5%). Similarly, there was no significant effect 
of melittin a t  8 mol 5% in DMPC/DMPS-d3 mixtures on the 
T ,  relaxation times of the DMPS head-group deuterons, which 
were 9.3 f 0.3 ms for a-CD2 and 9.4 f 0.3 ms for 0-CD a t  
35 "C. 

Electrostatic Contributions to the Phosphatidylcholine 
Head-Group Conformation. It has been shown that the 
quadrupole splittings of the a- and 6-deuteriomethylenes of 
PC vary linearly when groups conferring either a negative or 
positive potential to the membrane surface are titrated into 
a PC bilayer, an observation interpreted in terms of a 
charge-induced variation in the orientation of the choline 
head-group dipole [reviewed in Seelig et al. (1987)l. The 
deuterium quadrupole splitting of the a-CD2 group increases 
when the negative potential increases, and decreases (less 
markedly) as the surface potential becomes increasingly 
positive. The quadrupole splitting of the /3-CD2 group varies 
in the opposite way (Seelig et al., 1987). The effects of 
charged amphiphiles on the measured quadrupole splittings 
of the DMPC-d4 deuterons are characterized by fits to em- 
pirical equations of the form 

Au,-,(A) = Au,(O) + XCA (1) 

where Auq(A) is the measured quadrupole splitting in the 
presence of the charged amphiphile, Au,(O) is the measured 
quadrupole splitting of pure lipid in the absence of the am- 
phiphile, and cA is the mole fraction of the amphiphile (Al- 
tenbach & Seelig, 1984; Seelig et al., 1987). Derivation of 
similar equations for the quadrupole splittings of the a- and 
6-deuterons of DMPC-d4 (at 40 "C) in the presence of melittin 
a t  mole ratios up to 4 mol % (Dempsey & Watts, 1987; this 
study) and in mixtures with DMPS a t  mole ratios up to 20 
mol 5% (Sixl & Watts, 1983; this study) yields 

(2) 

(3) 

(4) 

(5) 

where cML and cPS are the mole percentages of melittin and 
DMPS, respectively. 

If the measured quadrupole splittings of the DMPC-d4 
deuteriomethylenes in the ternary mixtures examined here are 
a function of the residual surface charge, then the splittings 
should return to the values of pure DMPC-d4 when the excess 
surface charge from DMPS is neutralized by melittin. A 
similar conclusion is made by assuming an ideal situation in 
which phase separation of melittin-DMPS complexes occurs 
with a defined stoichiometry ( 1 5 ;  melittin-DMPS most closely 
satisfies the results obtained here). However, neither phase 
separation nor the response of the DMPC-d4 choline head 
group to the net surface charge is consistent with the data of 
Figure 3, which indicates that the effects of melittin and 
DMPS are additive. The quadrupole splittings might then be 
characterized by relationship of the form 
Auqa(melittin,DMPS) = 6200 - 920cML + 7OcPS (6) 

Au,@(melittin,DMPS) = 4800 + 200cML - 8OcPS (7) 

Au,a(melittin) = 6200 - 920cML 

Au,p(melittin) = 4800 + 200cML 

Au,a(DMPS) = 6200 + 7OcPS 

Au,p(DMPS) = 4800 - 80cPS 

and 

Dempsey et al. 

A. B. C. D. 
FIGURE 8: Deuterium NMR quadruple splittings (Av ) of the choline 
head group a-CD2 group (open symbols) and @Cb, group (solid 
symbols) in pure DMPC-d4 bilayers (A), DMPC-d4:20 mol % DMPS 
(B), DMPC-d4:20 mol % DMPS:2 mol % melittin (C), and DMPC- 
d4:20 mol % DMPS:4 mol % melittin (D). The experimental data 
at 40 OC (taken from Figure 3) are denoted by squares. Broken lines 
denote values calculated by assuming (a) an additive electrostatic 
contribution of melittin and DMPS to the DMPC-d4 head group 
quadrupole splittings according to eq 6 and 7 (circles) and (b) phase 
separation of DMPS-melittin complexes from the mixed-lipid phase 
with stoichiometry of 5:l (DMPS:melittin) (triangles). See text for 
details. 

Figure 8 is a plot of the experimental variation of the values 
of the quadrupole splittings of the DMPC-d, head group (solid 
lines) together with the values of the quadrupole splittings 
calculated by assuming (1) melittin-DMPS phase separation 
occurs with a stoichiometry of 1 5  (me1ittin:DMPS) and (2) 
an additive effect of melittin and DMPS on the choline 
head-group quadrupole splittings according to eq 6 and 7. 
Neither the simple analyses based on melittin-DMPS phase 
separation nor the electrostatic contribution to the values of 
the head-group quadrupole splittings gives a preferred fit to 
the experimental data. 

DISCUSSION 

The absolute magnitudes of the quadrupole splittings of the 
choline head-group a-CD, and P-CD, deuterons have con- 
tributions both from the orientation of the C-D bonds with 
respect to the major axis of motional averaging (the director 
axis which is parallel to the bilayer normal) and from the 
amplitude of motions that are fast on the time scale of the 
quadrupole coupling constant (>> 1 0-6 s - I )  and motionally 
average the anisotropy inherent in bilayer membrane structure 
(Davis, 1983). The effect of DMPS in promoting an increase 
in the magnitude of the a-CD2 quadrupole splitting and a 
decrease in the magnitude of the P-CD, quadrupole splittings 
of the choline head group (Sixl & Watts, 1983; Figure 1) 
indicates that the negatively charged lipid induces a change 
in the average orientation of the head group. A general dis- 
ordering of the head group, characterized by an increased 
amplitude of fast motions, would generated decreased values 
of the quadrupole splittings at all sites (Seelig & Seelig, 1980). 
In the same way, the ability of melittin to counteract the effects 
of DMPS on the quadrupole splittings of the choline head 
group in the ternary mixtures demonstrates that the average 
conformation of the head group is affected by the presence 
of melittin, returning toward a conformation close to that of 
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the pure lipid (pure DMPC) at a me1ittin:DMPS ratio of about 
1:5 (mol/mol; Figure 1). 

There are two possible explanations for the effect of melittin 
in DMPS-DMPC-d4 mixtures. The first arises from reports 
of the ability of melittin to induce phase separation of sub- 
populations of negatively charged lipids (Faucon et al., 1981; 
Bernard et al., 1982; Lafleur et al., 1989) by the formation 
of melittin-lipid complexes. In the present study the effects 
of DMPS on the head-group splittings are “neutralized” by 
melittin a t  a ratio of melittin to DMPS of 1:s (mol/mol). 
Melittin has a net charge of +5 at pH 7.5 in membranes, and 
the ability of each molecule of melittin to remove five mole- 
cules of DMPS from the mixed phase could give rise to the 
effects seen in Figure 1. 

Phase separation of long-lived melittin-DMPS complexes 
on a time scale likely to be significant with respect to ma- 
croscopic effects such as hemolysis or disk micelle formation 
can, however, be ruled out on the following grounds. It is 
unlikely that any DMPS complexed with melittin in a 
phase-separated mixture would have identical conformational 
and dynamic properties compared with DMPS in the mixed 
phase with DMPC in the absence of melittin. At melittin: 
DMPS ratios lower than those required for stoichiometric 
complexation of all the DMPS, a two-component deuterium 
N M R  spectrum containing separate signals from DMPS-d3 
complexed with melittin and uncomplexed DMPS-d3 would 
be expected. However, in all mixtures studied, spectra 
characterized by only a single component of DMPS-d, were 
observed (Figure 4). Spectra obtained by using quadrupole 
echo detection (Davis, 1983) optimized to detect broad signals 
with short T2 relaxation times (Figure 6 )  also failed to reveal 
components other than those obtained with single-pulse ex- 
citation, indicating that rapid exchange of DMPS-d, between 
all sites was manifest on the time scale of the deuterium 
quadrupole coupling constant (lifetimes of specific complexes 
of less than about s). Similarly, there was no effect of 
melittin on the TI  relaxation times of the head-group deuterons 
of DMPS in the presence of melittin that would indicate an 
alteration of the rapid head-group motions either on binding 
to the peptide or through formation of a DMPS-rich phase 
having properties similar to those of pure DMPS (Browning 
& Seelig, 1980). Thus, it is unlikely that phase separation 
of discrete melittin-DMPS-d, complexes presents a reasonable 
explanation for the melittin-induced reversal of the effects of 
DMPS on the quadrupole splittings of the choline head group 
of DMPC-d4 in the ternary mixtures examined here. 

Despite the absence of spectral components characteristic 
of discrete melittin-DMPS complexes, it is reasonable to 
assume that on some time scale a preferential interaction of 
melittin (a positively charged amphiphile) with negatively 
charged lipid occurs. Lateral diffusion of lipid molecules is 
characterized by a site to site hopping rate of lo7 s-’ [Devaux 
& McConnell, 1972; Trauble & Sackmann, 1972; so that the 
lifetime of each lipid-lipid interaction is about SI, whereas 
an upper limit for the lifetime of the melittin-DMPS inter- 
action is about s (as required from the observation of 
single-component, unbroadened D NMR spectra). Thus, it 
is possible that a substantial preference of DMPS for melittin 
with relative association constant (KDMps:ML/KDMps:DMpc) of 
up to 100 may occur while satisfying the condition of fast 
exchange on the time scale of the deuterium quadrupolar 
anisotropy. Such a preferential interaction could make a 
significant contribution to the reversal of the magnitude of the 
quadrupole splittings of the choline head group by melittin in 
the ternary mixtures. Due to the rather slow time scale of 
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NMR relative to the lifetimes of lipid-lipid and protein-lipid 
associations, it is not possible to determine the contribution 
of preferential interactions to the effects of melittin on the 
DMPC head-group quadrupole splittings in the ternary mix- 
tures. 

The observation that all components of the ternary mixture 
DMPC-DMPS-melittin are in rapid diffusional exchange on 
the time scale of the static quadrupole coupling constant of 
- lo5 Hz requires that the contribution of the net surface 
charge to the conformation of the choline head group be 
considered. It is well established that the a- and @-quadrupole 
splittings of the choline head group respond to the net surface 
charge in a predictable manner (Seelig et al., 1987) due to 
systematic changes induced in the conformation of the head 
group. The effects of DMPS in inducing a concentration- 
dependent increase and decrease in the magnitudes of the 
DMPC-d4 a- and @-splittings, respectively (Six1 & Watts, 
1983; this study) and of melittin in promoting the opposite 
effects on the choline head-group splittings (decreasing the 
a-splitting and increase the @-splitting; Dempsey & Watts, 
1987; this study) are fully consistent with the contribution of 
these charged amphiphiles to the net surface charge (Seelig 
et al., 1987). In ternary mixtures containing DMPC, DMPS, 
and melittin in fast diffusional exchange, the conformation 
of the choline head group is expected to respond to the net 
surface charge. The melittin-induced reversal of the effects 
of DMPS on the choline head-group splittings is consistent 
with this expectation, as is the observation of a neutralization 
of the effects of DMPS at a concentration of melittin ( 1 5  
mol/mol, me1ittin:DMPS) sufficient to neutralize the excess 
negative surface charge contribution of DMPS. The response 
of the choline head-group conformation to the surface charge 
contributions of melittin, DMPS, and mixtures of the two 
charged amphiphiles is a sufficient explanation fot the effects 
of these molecules on the choline head-group quadrupole 
splittings. 

The observation that the effects of melittin fit neither the 
result expected for a response of the PC head group to the total 
excess surface charge (Figure 8) nor the summed contribution 
to each of melittin and DMPS (Figure 8) indicates that these 
simple formalisms are insufficient to account quantitatively 
for the effects of the two components. This may not be sur- 
prising considering their empirical nature and the neglect of 
potential nonadditive contributions arising from interactions 
between the components of the ternary mixture such as var- 
iations in the location of the fixed charges on melittin or PS 
(Roux et al., 1989). Also neglected are nonelectrostatic 
contributions to head-group conformation that may arise from 
the presence of melittin in the membrane as seen in the dra- 
matic effects of melittin on the macroscopic structure of 
saturated phosphatidylcholine membranes at peptide concen- 
trations similar to those used here (Dufourc et al., 1986; 
Dempsey & Watts, 1987). Nonelectrostatic (steric) pertur- 
bations of the DMPC head-group conformation may be re- 
sponsible for the rather small effect of melittin on the @-CD2 
quadrupole splitting in DMPC bilayers (Dempsey & Watts, 
1987) compared with the effects of other positively charged 
amphiphiles (Akutsu & Seelig, 1980; Seelig et al., 1987; Roux 
et al., 1989). In bilayer membranes composed of choline- 
deuterated palmitoyloleoylphosphatidylcholine (POPC-d,), a 
lipid less susceptible to melittin-induced bilayer disruption, the 
effect of melittin on the value of the B-CD2 quadrupole splitting 
of the POPC-d4 head group is much greater than observed here 
for the P-CD2 quadrupole splitting of DMPC-d4 and similar 
to the effects of other positively charged amphiphiles (Ku- 
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chinka & Seelig, 1989). The effects of melittin on the mag- 
nitudes of the (Y-CD, quadrupole splitting of POPC-d, and of 
DMPC-d4 are very similar. 

The effects of melittin on the values of the head-group 
quadrupole splittings of DMPS in the ternary mixtures with 
DMPC similarly result from monotonic changes in the con- 
formation of the DMPS head group as the melittin concen- 
tration increases; the reversal of the sign of the a1 quadrupole 
splitting precludes a general disordering of the head group 
(Figure 4). The effects of melittin on the DMPS head-group 
quadrupole splittings are very similar to the effects of a cationic 
polyleucyl peptide (K,GLZoK2A) in ternary mixtures with 
DMPC and head-group-deuterated DMPS [compare our 
Figure 5 with Figure 6 of Roux et al. (1 989)]. Each peptide 
causes a concentration-dependent decrease in the magnitude 
of the p- and a,-splittings (a slightly larger effect being ob- 
served on the a,-splitting), whereas the a,-splitting is relatively 
unaffected by the presence of either peptide in the mixed 
bilayer. The observation that the three separate splittings of 
the DMPS head group change in the same manner indicates 
that each peptide induces similar effects on the DMPS 
head-group conformation, despite the absence of sequence 
homology and the likely difference in membrane orientation 
(Davis et al., 1983; Terwilliger et al., 1982) of the two peptides. 
The common feature of the two peptides is their high net 
positive charge (+5 for melittin; +4-5 for K2GL20K2A), and 
the common effects of the peptides on the conformation of the 
DMPS head group probably indicates that the DMPS head 
group responds to the surface charge induced by charged 
amphiphiles in a manner analogous to the response of the 
DMPC head group (Seelig et al., 1987). 

In  conclusion, we have shown that there is no detectable 
tendency for melittin to induce phase separation of negatively 
charged lipid in ternary mixtures with DMPC and DMPS. 
The effects of the peptide on the head-group conformation of 
head-group-deuterated DMPC and DMPS in mixtures of the 
two lipids are consistent with a major contribution from the 
net charge induced by melittin at the bilayer surface, although 
the peptide may have additional steric contributions to the 
head-group conformation. We propose that the marked sim- 
ilarities in the effects of melittin and of the transbilayer peptide 
K,GL,,K,A on the DMPS head-group splittings in ternary 
mixtures with DMPC (Roux et al., 1989; this study) indicate 
that the DMPS head-group conformation responds to the 
surface charge in a manner analogous to the response of the 
DMPC head group (Seelig et al., 1987). Finally, we have 
shown that the additions of DMPS to DMPC bilayers greatly 
stabilizes the bilayers with respect to melittin-induced mi- 
cellization. At melittin concentrations of up to 6 mol % relative 
to total lipid in equimolar DMPC-DMPS or DMPC-DMPS 
(80:20 mol/mol) there is no detectable micellization of lipid 
in either the fluid (Figure 1 and 4) or gel phases (Figure 2 
and 7), whereas a t  a concentration of 3 mol % melittin in 
DMPC substantial gel-phase micellization of lipid occurs 
(Dempsey & Watts, 1987; C.D., unpublished results). Melittin 
at 6 mol % relative to lipid is a larger concentration than is 
required for substantial lysis of erythrocytes (Tosteson et al., 
1985). If the absence of melittin-induced phase separation 
of negatively charged lipid, together with the stabilization of 
bilayers to the effects of melittin by negatively charged lipid, 
is maintained in biological membranes, then the significance 
of melittin-induced disk micelle formation (Dufourc et al., 
1986a,b; Dempsey & Watts, 1987) with respect to the he- 
molytic activity of the peptide may be questioned. 


