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The binding of bee venom melittin to small unilamellar vesicles and large nonsonicated multilameUar bilayer 
membranes composed of l-palmitoyl-2-olcoyl-sn-glycero-3-phosphocholine (POPC) was studied by means of circular 
dichroism, 3tP.NMR and electrophoretic mol~ility. The melittiu binding isotherm for small unilameUar vesicles 
(SUV) could be described by a partition equilibrium with Kp = (6:5: 1) • 104 M - a  Electrostatic effects ~ r e  taken 
into account by means of the Gouy.Chapman theory. Combining th~ partition equilibrium with the Gouy.Chapman 
analysis suggested an effective charge for melittin of Zp-- 1.9, which is lower than the true electric charse of S-6. 
The variation of the 31P.NMR signal of SUV showed the change in potential at th, phosphodiester moiety of the 
liptd upon addition of melittin. Th~s potential chang¢ was I o~ r  ~han that for an ion with an electrical charge of 5-6 
and corresponded to a charge of 1.5. E]ectrophorctic mobility measurements with multilamellar vesicles confirmed 
the charge reduction effect. These experimental results show that the use of the simple Gouy.Chapman theory 
requires an effective electrical charge of the melittin which is lower than the formal charge. 

Introduction 

Melittin, a small peptidc of 26 amino acids, is a 
main component of bee venom. The amino acid se- 
quence of mclittin is: 

(+)Gly LIle-Gly-Ala-Val-leu-Lys( + )-VaI-Leu-Thr-Thr.Gly- 

Leu-Pro-Ala-Leu-lle-Ser-Trpt%lle-Lys( + )-Ars( + )-Lvs( + )- 

Arg( + ),GIn-GIn2~-CONH 2 

Hydrophobic and polar residues arc unevenly dis- 
tributed: the 20 residues on the N-terminal side are 
mainly hydrophobic, whereas the other 6 at the C- 
terminal are polar. Because of its amphiphilicity (high 
solubility in water and strong interaction with lipids 
and detergents), melittin is a suitable model for lipid- 
protein interaction. 

Abbreviation: POPC, l.palmitoyl.2.oleoyl.sn-g)ycero-3-phospho- 
cholin¢i POPG, l-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; 
NMR, nuclear magnetic resonance; CD, circular dichroism; SUV, 
small unilamellar vesicles, 

Correspondence: G. Beschiaschvili, Abteilung Fdr BiophysikaUsche 
Chemie, Biozentrum der Universit~t, Klingclbergstrasse 70, CH.4056 
Basel, Switzerland. 

Many binding studies of melittin with lipids have 
been carried out [1-3]. A binding constant, and num- 
ber of lipids per bound melittin between 2 and 60, 
were evaluated using linear Scatchard plots, but be- 
cause of statistical effects such an evaluation of data is 
not applkv:ble for the binding of ligands covering more 
than one receptor [4-6]. Moreover, although at neutral 
pH meli*.tin has 5-6 positive charges, the electrostati- 
cal t ffects of the attraction of melittin to negatively 
charged lipids or repulsion from positively charged 
lipids were not taken into consideration. A more realis- 
tic model of the interaction ~f melittin with neutral 
lipids [7.8] or with negativcty charged lipids [9] has 
been proposed. A simple partition equilibriam between 
aqueous and lipid phases was assumed. The concentra- 
tion of meiittin near the lipid surface was corrected 
according to the Gouy.Chapman theory. An effective 
charge of mclittin of about 2 was found, which is much 
lower than th= electrical charge of 5-6 which is ex- 
pected at pH =~ 7.4. 

Evidence that the lipid surface 'senses' a much 
lower charge than 5-6 has been obtained from 2H- 
NMR of lipid headgroups [8,9]. It is important to 
confirm experimentally this as yet inexplicable charge 
reduction effect. 

In this work we have studied the interaction of 
melittin with vesicles of pure l-palmitoyl-2-oleoyl-sn- 
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glycero-3-phosphoeholine (POPC): the CD signal of 
melittin was utilized to determine the binding parame- 
ters of melittin to small unilamellar vesicles (SUV) of 
POPC. We have also measured the change of surface 
potential of SUV after the binding of melittin, using 
the 3tp-NMR signal of lipid vesicles in the presence of 
paramagnetic ions [10]. The absolute values of surface 
potential were obtained from electrophoretic measure- 
ments of multilamellar vesicles of POPC upon addition 
of melittin. 

Materials and Methods 

Materials. Melittin was purchased from Sigma (St. 
Louis, MO) (grade 2, phospholipase free) and purified 
according to Refs. 2 and 8. The melittin used in the 
microelectrophoresis measurements was purchased 
from Mack Chemical (lllertissen, F.R.G.) and was puri- 
fied according to Ref. 7. Control experiments showed 
no differences between the two samples. The peptide 
concentration was determined by UV spectroscopy us- 
ing an absorption coefficient of 5570 M- m cm- ~ at 280 
nm [11]. 

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) was purchased from Avanti Polar Lipids (Bi- 
~'mingham, AL) and used without further purification. 

For CD and zeta potential measurements the fol- 
lowing buffer was used: 100 mM NaCI, 10 mM Tris-HC! 
(pH 7.4), 0.1 mM Na2EDTA. For 31P-NMR measure- 
ments 100 mM NaCl, 10 mM Tris-HCl (pH 7.4) buffer 
was taken. 

Preparation of lipid samples for CD, NMR and micro- 
electrophoresis experiments. Small unilamellar vesicles 
(SUV) of POPC were required for the CD and NMR 
measurements and were prepared as foll r,ws" a lipid 
dispersion (approx. 3 mg/ml  for CD and 16 mg/ml  for 
31P.NMR measurements) was sonicated under a nitro- 
gen atmosphere in buffer for 40-50 rain at 10 °C. 
Metal debris from the titanium tip was removed by 
centrifugation for 10 lnin in an Eppendor'; centrifuge. 
Multilamellar vesicles for zeta potential r~.~,surements 
were prepared by the method of Bangham [12]. Usually 
4 mg of POPC were dissolved in chloroform/metha- 
nol/water (20: 9:1, v/v) (see also Ref. 13) and evapo- 
rated in a round-bottom flask by rotary evaporation for 
at least 30 rain. After rotary evaporation the flask was 
put under high vacuum for at least 1 h. 5 ml buffer was 
added together with a few glass beads to the dried thin 
lipid layer and the suspension was shaken gently. Tile 
multilamellar vesicles formed in this way had a size of 
1-10 pro, The desired quantity of melittin was added 
to the solution after the preparation of the vesicles, 

CD and NMR measurements. CD measurements were 
made with a Cary 61 spectrometer calibrated with 
d(+).10-camphorsulfonic acid. The optical length of 
the cuvette was 2 ram. [0] represents the mean elliptic- 

ity per residue in deg cm2/dmol. 31p-NMR measure- 
ments were carried out on a Bruker MSL-400 spec- 
trometer operating at 162 MHz, 50 mg of lipid was 
taken in buffer containing 20% D20 for a field- 
frequency 'lock'. Cobaltcloride (CoCl2"6H20) was 
added to freshly prepared vesicles in a final concentra- 
tion of 6 mM and were present only in the external 
medium. Low amounts of bound paramagnetic Co 2÷ 
ions broaden significantly the phosphorus line of the 
lipid in the outer monolayer. The broadening is pro- 
portional to the free concentration of cobalt in the 
aqueous phase adjacent to the phosphate group. The 
change of the linewidth of 3~p upon melittin binding 
was used to calculate the potential on the phosphodi- 
ester group. The phosphorus relaxation time T l in the 
outer monolayer was much reduced upon addition of 
Co 2+ ions, while T I from the inner monolayer re- 
mained approximately the same. This difference in 
relaxation times T~ was used to suppress the signal 
from the inner monolayer with a (~-'r-~r/2) radio fre- 
quency pulse [10,14]. The 90 o pulse width was 18 tzs, 
the interpulse delay ~" was 0.54 s and the recycle time 
was 4.5 s. The spectral width was 20000 Hz. The 
linewidth AVp iS determined as the difference between 
the 31p-NMR linewidths of POPC vesicles in the pres- 
ence and absence of cobalt. 

Microelectrophoresis measurements. Electrokinetic 
mobilities were measured with a Rank Brothers Mark 
2 microelectrophoresls apparatus, using a cylindrical 
cell and platinum electrodes. The zeta potential, ~" was 
calculated from the electrophoretic mobility, u, using 
the Helmholtz-Smoluchowski equation 

~ffi (un)/(caE o) (1) 

where ~ is the viscosity of the aqueous phase, e0 is the 
permitivity of free space and eR the dielectric constant 
of water. Care was taken to focus at the stationary 
layer [18]. The concentration of melittin in the aqueous 
phase, ccq, was determined after the zeta potential 
measurements. The suspension of multilamellar vesi- 
cles was centrifuged at 300000 ×g  for 140 rain using 
polyallomer vials, resulting in a clear and lipid-free 
supernatant. The concentration of melittin in the su- 
pernatant was determined with UV-spectroscopy at 
280 nm. 

All experiments were carried out at 25 ° C. 

Results 

CD experiments 
In aqueous solution melittin exists in monomeric 

aud tetrameric forms [11,15]. The equilibrium between 
the two forms depends upon the salt concentration, the 
pH of the aqueous medium and the melittin concentra- 
tion. In our CD experiments melittin was always pre- 
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Fig. 1. Variation of the negative ellipticity per residue of meliRin at 
222 nm versus the total lipid m peptide ratio. The melittin concen- 
tration was 10 ~tM. The data have been obtained at DH 7.4 (10 ram 

Tris.HCI, 100 NaCi, 0.l raM NaaEDTA). 

sent as monomer in buffer. The monomeric form of 
melittin has a low degree of secondary structure and 
shows no significant signal at 222 nm (0 f - - -3800  
dog cm2/dmol). Upon titration of melittin with SUV it 
becomes more helical and the signal at 222 nm reaches 
a plateau (0 b -- - 19500 dog cm2/dmol) (see Fig. 1). 

Melittin binds to the outer monolayer of vesicles 
[16,17]. The change of the CD signal of melittin upon 
addition of SUV was utilized to determine the binding 
isotherm, i.e. the amount of bound melittin per lipid as 
a function of free aqueous peptide concentration. Fig, 
2 shows the association isotherm of melittin to SUV of 
POPC, where x~ is the extent of binding corrected for 
the asymetrical binding of melittin to vesicles, i.e. x* -- 
xb/0.6 [9], where xb--concentration of bound melit- 
tin/concentration of lipid. The binding isotherm was 
fitted with the theoretical curve (see Discussion and 
also Refs. 7, 9 and 38). 

3# P-NMR experiments 
The addition of cobalt ions to SUV causes broaden- 

ing and a small shift of the 3~p signal from the outer 
monolayer [10]. The broadening is proportional to the 
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Fig, 2. Melittin binding to POPC vesicles. The amount of melittin 
bound per mole of lipid (considering only the outer vesicle layer) is 
plotted versus the equilibrium ~",,,~entration of frec mclittin in 
solution. The solid line is the theoretical binding isotherm with 

K = 60000 M- t and zp = 1,9 (see Discussion). 
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Fig. 3. 31p-NMR spectra of the outer raonolayer of sonicaled POPC 
vesicles with (spectrum b; x~ = 0.019) and without (spectrura a) 
raelittin. The spectra have been obtained at pH 7.4 (I0 mM Tris-HCI, 
100 mM NaO). The total lipid concentration was 21.3 raM, Cobalt 
;ons were presen( only in the external aqueous medium (c o = 6 raM), 

amount of bound cobalt ions, which in turn is propor- 
tional to the concentration of free cobalt in the aque- 
ous solution close to the lipid surface. After addition of 
cobalt we added melittin to the SUV, In the ~tP-NMR 
experiments all added melittin was boand to the SUV 
because of the high lipid to melittin ratio. The concen- 
tration of melittin was kept low enough to prevent 
penetration of Co 2+ to the inner volume of SUV (the 
maximum value of x~ was 0.02). Such a low melittin/ 
lipid ratio also ensures the stability of the SUV during 
the experiments, and excludes the likehood of the 
other effects influencing the spectrum. Control experi- 
ments showed that for the duration of the experiments 
(approx. 3 h) the binding of cobalt remained asymmet- 
rical. The binding of melittin leads to an increase in 
positive surface potential whose magnitude depends 
upon the effective charge of melittin. This positive 
potential will repel cobalt ions from the lipid surface 
and the ~! NMR iinewidth becomes narrower. We have 
indeed observed the narrowing of the 31P-NMR 
linewidth upon binding of melittin as shown by the 
31P-NMR spectra of the outer monolayer of SUV with 
and without bound melittin (see Fig. 3), This narrowing 
of the 31p-NMR spectrum of the outer monolayer was 
accompanied by a shift of the resonance position of 
approx, 055 ppm (Fig. 3a) to 0.25 ppm (Fig. 3b) to the 
31 p peak of SUV without melittin and cobalt ions. The 
shift is not so suitable for evaluation as the narrowing 
because it can be determined much less precisely. 

Fig. 4 shows the variation of "~P-NMR linewidth 
Avp with increasing amounts of bound melittin, x~, 
The two theoretical curves show the variation of 
linewidth for effective charge of melittin equal to 1,5 or 
5 (see Discussion). 

Microelectrophoresis experiments 
The zeta potential is the average electrostatic poten- 

tial at the hydrodynamic plane of shear, which lies in 
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Fig. 4, Variation of 31P-NMR linewidth (Aup) of POPC molecules in 
the outer monolayer of SUV with the amount of bound melittin 
(xt*). The two solid lines are the theoretical "aIP-NMR tinewidth 
variations for two different effective charges of melittin (see Discus- 

sion). 

the aqueous phase 2 A, from the surface in 0.1 M 
monovalent salt solution [18]. At small values of the 
surface potential, ~b o _< 25 mV, the variation of electro- 
static potentiai in the aqueous phase, if(x), can be 
described by the following equation [19]: 

O(x) =~,. e ~" (2) 

where K is the reciprocal Debye length. 
Fig. 5 shows the increase of the surface potential ~o 

with the increasing of equilibrium concentration of 
melittin in the aqueous phase, c=q. The surface poten- 
tial was calculated from the zeta potential using Eqn. 
2. The bound melitti=t can extend some amino acids 
into the water phase. These amino acids act as a 
hydrodynamic drag and can decrease the elec- 
trophoretic mobility [20]. A contrary effect increases 
the mobility. Charges located at some distance from 
the surface have a larger influence on the mobility than 
charges located at the surface [40]. We neglect both 
these effects. The zeta potential measurements carried 
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Fig. 5. Zeta potential measurements. Variation of the surface poten. 
tial with concentration of melitlin ia the aqueous phase. The solid 
lines are theoretical curves for two different effective charges of 
melittin (see Discussion). The data have been ob¢ained at pH 7.4 (10 

mM Tris-HCi, 100 mM NaCI, 0.1 mM NazEDTA). 

out with gentamicin and spermine showed no such 
effects [21]. The two theoretical curves in Fig, 5 show 
the variation of surface potential in the case of the 
effective charge of melittin equal to 2.2 or 5 (see 
Discussion). 

Discussion 

The analysis of binding of melittin to neutral lipids 
by means of the Gouy-Chapman theory has been given 
previously [8]. Briefly, the binding of melittin and cobalt 
ions create a positive charge at the outer monolayer of 
SUV, The positive charge density is: 

(3) 

zp is the effective charge of melittin, e o is the elemen- 
tary electrical charge, A L is the surface area of POPC 
molecule and A L = 68 A z, A p/A L is a factor to correct 
for the expansion of the lipid surface upon melittin 
binding, where Ap = 150 A 2, [9,22] and x~,, is the 
extent of Co 2* ion binding at the outer lipid mono- 
Layer. 

The surface charge at the lipid surface generates a 
surface potential (Ou), which can be calculated by 
means of the Gouy-Chapman theory [23,24]: 

er" = 2000~o~RRT~dcix,(e-~,r~,,,,/nr_ l) (4) 
i 

where ~a = 78 is the dielectric constant of water, ~o 
the permittivity of free space, R the gas constant, F 0 
the Faraday constant, ci,,, q the concentration of the ith 
electrolyte in the bulk aqueous phase (in moles per 
liter), and zi the signed charge of the ith species. 

CD experiments 
In these experiments no Co 2+ ions were added, i.e. 

x*o = 0. The positively charged membrane will repel 
melittin molecules from the lipid surface and the melit- 
tin concentration in the aqueous solution at the plane 
close to the lipid surface (c M) will be lower in compari- 
son with the concentration of melittin in the bulk 
solution (Ccq): 

¢M == eeq exo( -- zpFo$./RT ) (5) 

We obtain a simple partition equilibrium between two 
phases 

K=x~/cM (6) 

by setting zp=  1.9 +0.1. Combining Eqns. 3-6 we 
calculated the binding constant K =  (6 5: I) .  104 M -~ 
(see Fig. 2). 
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The binding between melittin and nonsonicated bi- 
layer membranes of POPC has been investigated [8]. 
The binding constant of K =  (2.1 :!: 0.2)" 10 "a M -~ is 
lower compared with our present result. We suggest 
that this differer~ce arises from the different lipid pack- 
ing in SUV and in planar lipid bilayers. Similar effects 
were observed with other proteins [25,26]. The interac- 
tion of melittin with SUV of a POPC/POPG mixture 
has also been investigated [9]. After correction of elec- 
trostatic effects a similar binding constant of g = 47 000 
M- ~ was found. 

• ~P-NMR experiments 
Using a Langmuir binding law with the Gouy-Chap- 

man theory after some simple algebra we obtain for the 
concentration of bound cobalt (cb,co): 

Kc, ,. eli n. 0.6. c o. exp( - 2 Fo6o / RT ) 
(7) c~,.c,) = I -~ Kco' c lip. 0.6. exp( - 2Fc)~,)/RT) 

Kc, ~ is the binding constant of cobalt ions and was 
taken to be 1 M- i [27], c)~, is total lipid concentration 
(21.3 mM), 0.6 is the factor correcting for asymmetrical 
binding of cobalt to SUV, and c 0 is the total concen- 
tration of cobalt ions (6 mM). 

In calculations we assumed that the free lipid con- 
centration was equal to the total lipid concentration in 
the outer lipid monolayer (the extent of cobalt binding 
was less than I%) and we used an equation for cobalt 
ions similar to that for melittin: 

Crux.,, -~ c~q.c~, exp( - 2F~)~o/ RT) (8) 

In the absence of melittin (x~ = 0) we obtain x~,, = 
0.005 (xt~o =cb,~o/(0.6 clip)) and ~o = +2.7 mV ac- 
cord;rag to Eqns. 3, 4, and 7. An addition of melittin 
leads to an increase in the positive potential at the 
lipid surface and this causes the narrowing of )|re 
3~ P-NMR linewidth. From Eqn. 7 we obtain the follow- 
ing expression for the ratio of two linewidths with and 
without melittin: 

'~'~ = exp{2F0(@t - @o)/ RT} [ l +O'61¢f'x,cliv exp(- 2F°@l / RT) ] 
Av--p l+0.6Kcocl~pexp( 2FI)f,o/RT) 

(9) 

where Av~ and Aur, are the 31P..NMR linewidths with- 
out and with melittin, respevtively, and ff~ i~ the sur- 
face potential upon binding of melittin. 

The term in the square brackets yields a small 
correction (about one percent). Solving Eqns. 3, 4 and 
9 we can fit the experimental points on Fig. 4. The best 
fit was with the effective charge of melittin zp = 1.5 + 
0.4. This value agrees well with the value of 1.9 from 
CD experiments. 

Microelectrophoresis measurements 
The binding of melittin to a coarse lipid dispersion 

of POPC was investigated earlier [8]. A binding con- 
stant of 2100 M-~ and an effective charge of Zr, -- 2.2 
were found. We must keep in mind that from thermo- 
dynamic principles x~' is a definite function of ccq. In 
both cases, i.e. when melittin penetrates through lipid 
bilayers in large multilamellar vesicles because of 
freeze-thaw and interacts with all the lipid [8], or when 
it interacts only with outer lipid layer as in our zeta 
potential measurements, this function stays the same. 
Taking Zp = 2.2 and surface potentials, which were 
obtained from our zeta potential measurements, we 
can calculate from Eqns. 3-6 the following binding 
constant: K = 1900 :t= 300 M-~ (see Fig. 5). It agrees 
excellently with the previously found value of 2100 
M- ~. in other words, with zp = 2.2 we obtain the same 
binding isotherm in both eases. If the effective charge 
of m¢littin was 5-6, then the surface potential calcu- 
lated from the given binding curve, using the Gouy- 
Chapman theory, would be significantly higher (see 
Fig. 5). We can see with all the different experimental 
methods that the effective electrical charge of melittin 
is reduced. 

A reduced electrical charge has also been observed 
with the other peptides [28,29,30,39]. There are sevei'al 
possible reasons for such a charge reduction. One is 
that charged amino acids of the bound peptide can lie 
rather far from the lipid surface and their contribution 
to the surface potential will be small. If we assume that 
the surface charge is placed in the water phase in the 
planeoParallel to the lipid interface, then a distance of 
6-7 A would be enough to explain such a potential 
reduction on the lipid surface [31]. BuL it has been 
pointed out that because of the dual nature of Lys ÷ 
and Arg + (mixed hydrophobic/hydrophilic character) 
the transfer of these amino acids from water to the 
lipid interface is accompanied by a large reduction of 
free energy [32]. On the other hand, it was shown that 
di-, tri-, tetra- and penta-lysine bind weakly to PC 
membranes [41]. It has also been pointed out that 
arginine residues of melittin contribute little to the 
interracial charge [38]. It is clear that the present state 
of knowledge does not allow this matter to be resolved, 

Another reason could be the large size of melittin 
compared with the Debye length (the Gouy-Chapman 
theory assumes that ions in the diffuse double layer are 
point charges). A theory which takes into consideration 
effects of charge separation has been introduced 
[33,34], with which it was shown that ions with a large 
charge separation exert a sm~,!!er screening effect than 
point charges, The concentration of such molecules in 
the aqueous solution near the lipid surface is then 
lower than predicted by the Gouy-Chapman theory. It 
was also pointed out that hv decreasing !he ionic 
strength the discrepancy between the experimentally 
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observed effect of the large ions and the theoretical 
prediction of the Gouy-Chapman theory should de- 
crease. But when the Debye length is varied from 7/ l ,  
to 31 ,~ the effective charge of melittin remains almost 
the same [7], The effective charge of melittin about 2 
(at pH = 7 ) w a s  found for the interaction of melittin 
with saturated iipids [38]. This effective charges stayes 
the same over similar variations of Debye length and 
decreases to as little as 0.3 at higher salt concentrat ion 
(1 M NaCI). This shows that the finite size of melittin 
alone cannot account for the whole charge reduction. 

One of the assumptions in the Gouy-Chapman the- 
pry is that charges at the surface are smeared out. 
Charged lipids and proteins introduce an essential 
discreteness of charge. An approach which takes into 
account the effects of the discreteness of charge has 
been presented by Nelson and McQuarrie  [35]. None 
of the discreteness of charge effects predicted by this 
theory were, however, found in mixtures of neutral  and 
charged lipids [36,37]. According to Nelson and Mc- 
Quarrie,  discreteness of charge leads to an overestima- 
tion of counterions near the lipid surface and an un- 
derest imation for colons compared with the Gouy- 
Chapman theory. This difference is greater  for divalent 
than for monovalent ions. If discreteness of charge 
plays an essential role in the interaction of melittin 
with lipids then we would expect a significantly greater  
intrinsic binding constant of melittin with negatively 
charged lipids, than with neutral  lipids. But no differ- 
ences between intrinsic binding constants were found 
in the case of P O P C / P O P G  (80:20, mo l /mol ;  90:10, 
m o i / m o l )  [9] and pure POPC vesicles. 

In conclusion, our  binding model,  constructed with 
the simple Gouy-Chapman theory, d~scribes the inter- 
action of melittin with neutral and charged lipids unex- 
pectedly well, provided that an effective charge about a 
third of the formal value is assigned to the melittin. 
The reason for the low effective charge has yet to be 
found. 
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