
234 

Biochimica et Biophysica Acta, 602 (1980) 234--247 
© Elsevier/North-Holland Biomedical Press 

BBA 78971 

QUANTITATIVE ANALYSIS OF THE BINDING OF MELITTIN TO 
PLANAR LIPID BILAYERS ALLOWING FOR THE DISCRETE-CHARGE 
EFFECT 

PETER SCHOCH and DAVID F. SARGENT 

Institut fiir Molekularbiologie und Biophysik, Eidgen6ssische Technische Hochschule, 
CH-8093 Ziirich (Switzerland) 

(Received April 17th, 1980) 

Key words: Melittin; Lipid-protein interaction; Binding parameter; Surface potential; 
Discrete-charge effect; (Bilayer) 

Summary 

The interaction of melittin with lecithin bilayers was studied using the 
resulting surface potentials at the bilayer/water interfaces to monitor the asso- 
ciation. Melittin added to the aqueous phase binds strongly to the interface 
but remains localized on that side of the bilayer to which it is added. The 
analysis of the binding curves reveals the inadequacy of the Gouy-Chapman 
theory for the fixed-charge surface potential in describing the electrostatic 
potential experienced by the adsorbed molecules. Calculations based on the 
Stern equation, modified for a di.screte charge distribution, give a good fit 
to the experimental data. The thermodynamic analysis revealed different 
binding energies, AG °, at 10 and 100 mM ionic strength (---7.85 and--8.26 
kcal/mol, respectively). Binding saturates at an area of 650 ~:  per melittin 
molecule. A change in the surface dipole potential corresponding to --1.1 
debye/ea (ea = dielectric constant of the adsorption region) had to be postu- 
lated. The Debye-Hfickel length for a charge bound to the membrane/solution 
interface was found to be about one-third smaller than in bulk solution. 

Introduction 

Polypeptide-lipid interactions are of great importance in many processes 
controlling the state of biological membranes. This report deals with the 
bilayer binding properties of melittin, a polypeptide of 26 amino acids, which 
we use to gain interesting insights into the thermodynamics of binding of 
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multiply charged peptides to neutral lipid membranes. In a second paper 
(unpublished results; for a preliminary report see Ref. 1) these insights are then 
applied to the analysis of a molecule showing more complicated binding 
properties, namely the polypeptide hormone, adrenocorticotropin-(1-24)- 
tetrakosipeptide (ACTH1.24). 

The primary structure [2] of melittin 6+, the main component (approx. 
50% of dry weight) of bee venom, is: 

(+)Gly-Ile-Gly•Ala-Val-Leu-Lys(+)-Val-Leu-Thr-Thr•Gly-Leu-Pr•-A•a-Leu•Ile-Ser-Trp-Ile- 
1 5 I0 15 20 

-Lys(+)-Arg(+)-Lys(+)-Arg(+)-Gln-Gln-NH2 
25 

Its pronounced amphiphilic character is reflected in many of its properties, 
e.g., the strong surface activity [3--9]. Recently melittin was also shown to 
stimulate various phospholipases A2 [10--12], one of which is a component 
of bee venom [13]. For a review of the biochemical and surface properties 
of melittin see Ref. 14. 

Much work has been performed to establish the structural basis of melittin's 
mechanism of action. The amphiphilic structure of melittin cannot explain 
all of its effects: no simple correlation exists between lyric properties, surface 
activity and activation of phospholipases [15--17]. It is remarkable that both 
lysis and stimulation of phospholipases require a combined action of the 
whole molecule: neither the hydrophilic nor the hydrophobic part alone 
seems to have a significant effect. 

From NMR and CD measurements [9,18--23] it has been suggested that in 
pure water, free melittin has predominantly an extended, flexible conforma- 
tion, whereas binding to lipid structures or self-aggregation leads to a well 
defined conformational state that is quite different from that in solution. 
In the bound state, melittin seems to have a high ~-helix content, mainly in 
the N-terminal region. Its conformation is thus rather independent of the type 
of lipid or detergent and seems to be determined mainly by the apolar/polar 
interface of the lipid/water system [3,9]. NMR studies with detergent micelles 
[9,21] suggest that the entire hydrophobic portion of the molecule penetrates 
into the apolar lipid core, assuming a definite backbone conformation but 
retaining considerable rotational mobility of the side chains. The hydrophilic 
C-terminal part shows only weak interactions and probably conserves confor- 
mational mobility involving both backbone and side chains. It is usually 
assumed that raelittin adsorbs only to the front side of the membrane, dipping 
more or less deeply into the lipid core without actually spanning it, but there 
is no proof of this as yet. 

Using a recently developed method that detects electrostatic surface poten- 
tials (fixed-charge and dipole potentials) by their influence on membrane 
capacitance (capacitance minimization [24]), we have further characterized 
the interaction between melittin and planar lipid bilayers. The aim of this 
study was two-fold: (a) to check if part of the melittin molecule might be 
translocated to the opposite side of the bilayer upon binding, and (b) to work 
out the thermodynamic parameters that govern the binding of melittin to 
lecithin bilayers. This was carried out by analysis of the dependence of the 
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bilayer surface potential, caused by binding of the peptide, on ionic strength 
and bulk melittin concentration. 

We first tried to fit the experimental data using the Stern equation [25,26], 
which uses the Gouy-Chapman fixed-charge surface potential to describe the 
energy barrier which is built up by charged adsorbants and impairs further 
adsorption. Such an approach was not sufficient to describe the experimental 
data, however, and we interpret the discrepancy in terms of discrete-charge 
effects [27]. From a discrete modelling of surface charges [28] we deduce 
a straight forward expression that relates the micropotential for a static array 
of bound charged molecules to the measured average surface potential. This 
expression allows us to modify the Stern adsorption equation to describe cor- 
rectly the measured adsorption isotherms. 

Materials and Methods 

Lecithin was isolated in a pure state (one spot on thin-layer chromatogra- 
phy) from egg yolks by alumina column chromatography as described in Ref. 
29. The antoxidant, 2,6-di(t-butyl)-p-cresol (Sigma Chemical Co.) was added to 
the final solvent at 0.1% of the weight of the lipid. The fatty acid composition 
as determined by gas chromatography was 39.3% C16 : 0, 29.9% C18: 1, 
13.0% C18 : 2, 12.0% C18 : 0, 3,3% C20 : 4, 2.4% C16 : 1, with traces of 
C16 : 2. 

The electrolytes usually contained 9 mM KC1 and 2 mM Mes (2-(N-morpho- 
lino)ethanesulfonic acid, Fluka Chemicals), corresponding to an ionic strength 
of 10 mM; or 99 mM KC1 with again 2 mM Mes (ionic strength 100 mM), both 
at a pH of 6.2. When the ionic strength was increased during an experiment 
it was performed by the replacement of an appropriate volume of solution by 
4 M KC1. Changes of pH were performed by addition of small amounts of 
0.1 M NaOH. 

Melittin (Apis mellifera) was a gift from Dr. J. Lauterwein and was purified 
from lyophilized bee venom as described in Refs. 11 and 30. As shown by 
NMR [22], this melittin preparation is free of the Glyl-formylated derivative, 
which is also a component of native bee venom. Thus, the melittin used in the 
present study is homogeneous with six positive charges per molecule. 

Planar lipid bilayers were formed essentially by using the technique of 
Montal and MueUer [31]. Usually the bilayer was formed before all the hexane 
had evaporated from the surface monolayers. The resulting increase in bilayer 
compressibility facilitates the measurement of voltage-dependent capacitance. 

The experimental set-up for the measurement of the capacitance minimiza- 
tion potential is shown schematically in Fig. 1. As the method has already 
been described in detail [24] only the principal aspects will be mentioned here. 
Artificial lipid bilayers can be compressed by an electric field: the minimal 
capacitance, Co, is found only when the potential difference between the two 
surfaces is zero. Any asymmetry in surface potential, A~,  caused for example 
by asymmetric binding of a charged substance, changes the capacitance-voltage 
characteristic: the minimum capacitance is shifted to V . . . .  A~,  where V is the 
externally applied voltage. This potential, which thus minimizes Cm(V), is 
called Vcmin , and provides a measure of the amount of substance adsorbed. 

All the experiments started with symmetrical conditions with respect to 
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Fig. 1. Block  d i ag ram  of  the  e x p e r i m e n t a l  set-up.  F o r  a de ta i l ed  desc r ip t ion  see Ref .  24. The e lement ,  
Cm,  rect i f ies  the  90  ° c u r r e n t  c o m p o n e n t  of  a smal l  1 0 0 0  Hz signal an d  no rma l i ze s  it  w i th  the  app l i ed  
a m p l i t u d e .  T he  m e m b r a n e  s i m u l a t o r  ( fed  w i th  an i n v e r t e d  signal) a l lows c o m p e n s a t i o n  of  the cons tant  
pa r t  of  the  m e m b r a n e  capac i t ance  signal to  ach ieve  b e t t e r  reso lu t ion .  T h e  process  con t ro l l e r  m o n i t o r s  
the C m signal and  appl ies  a d.c.  vo] tage  to  the  m e m b r a n e  so t h a t  C m is m i n i m i z e d .  This  app l i ed  vol tage  

is VCmin .  

lipid and aqueous solutions, i.e., with Y c m i n - - 0 .  The change in surface 
potential  found when a substance binds to a bilayer involves the Gouy-Chap- 
man fixed~charge surface potential,  VG, and a dipole potential,  VD (see Ref. 
25). Therefore, A~I, = --Vcmin = AVG + AVD (A = difference between the two 
sides of  the membrane).  Only VG depends on the ionic strength in solution. 
This allows one to distinguish VG separately and thereby calculate the surface 
charge density and thus the amount  of  substance bound.  

In our set-up, Vcmin is moni tored continuously and the t ime course follow- 
ing addition of  the peptide is plot ted on a chart recorder. 

Results 

(a) Experimental data 
Fig. 2 demonstrates  a typical experiment.  It shows the t ime course of  the 

development  of  the capacitance minimization potential,  Vcmin , upon addi- 
t ion of  2 • 10 -~ M melittin to the cis-side of  the membrane,  and the subsequent  
change of  Vcmin when the ionic strength on either side of  the membrane is 
increased. The initial rise of  Vcmin represents the adsorption of  melittin to 
the bilayer. The polarity is compatible  with a deposit ion of  positive charges 
on the front  side of  the membrane.  The time course was not  analyzed as it 
depends on stirring conditions. 
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Fig. 2. Changes  in V C m i n  w i t h  t i m e  o n  add i t i on  o f  me l i t t in .  T i m e  A,  addi t ion  o f  m e l i t t i n  (f inal  c o n c e n t r a -  
t i on  0 .2  /~M) to  the  cis-side o f  the  bf layer.  T i m e  B, increase  in the  ionic  s trength  on  the  trans-side f r o m  
1 0  to  9 0  m M  by  add i t i on  o f  KCI; the  transient  peak  is observed  w h e t h e r  or  n o t  the  ion ic  s trength  is 
changed.  T i m e  C, increase  in the  ionic  s trength  o n  the  cis-side f r o m  1 0  to  9 0  m M  (addi t ion  o f  KCI). 
T i m e  D,  increase  in the  pH o n  the  trans-side f r o m  6 . 2  to  a b o u t  8 . 5 - - 9 .  The  curve  o f  pure l ec i th in  repre-  
sents  the  base- l ine for  the  m e l i t t i n  curve.  During  stirring tl~e bi layer  ca pa c i ta nce  is d i f f i cu l t  to  mea sure  
and the  correspond i ng  por t ions  o f  the  curves  are thus  on ly  a p p r o x i m a t e  ( d o t t e d  por t ions ) .  

The 'pure lecithin' bilayer alone shows a slight response to changes in ionic 
strength. The minor change of  2 mV may be due either to the pure lipid itself 
{e.g., a small head-group reorientation) or be caused by minor impurities (e.g., 
free fatty acids): based on the Gouy-Chapman theory, a surface charge density 
of  about one negative charge per 23 000 . ~  would suffice to explain the 
observed shift. As will become evident in the next section, the electrical effects 
of such a low background surface charge density will be overshadowed by 
bound melittin at a bulk melittin concentration of  only 3 • 10 -9 M (see Fig. 
5), and can thus be neglected. In any case, the changes in Vcmin values for 
melittin-containing membranes are analyzed relative to the corresponding 
portion of  the curve for the unmodified bilayer and thus reflect only changes 
caused by the presence of  melittin itself. 

After Vcmi, reached equilibrium (42 mV), the ionic strength was increased 
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Fig. 3.  T h e  b inding  curves  o f  m e l i t t i n  t o  egg l ec i th in  b i layers  at  t w o  d i f f eren t  ion ic  s trengths .  (a)  0 . 0 1  M 
KCI, (b)  0 . 1  M KCI, pH 6 .2 .  T h e  s tandard dev ia t ion  o f  the  individual  data  po in t s  is 1 .4  m V .  The  sol id  l ine 
is the  t heore t i ca l  curve  d r awn  w i t h  th e  parameters  g iven in Table  I accord ing  to  the  m o d i f i e d  Stern  
equat ion .  
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on the trans-side. The small decrease (2 mY) in Vcmin is identical to that found 
for the native bilayer, thus no charges resulting from the binding of melittin have 
appeared on the trans-side. When the salt concentration was raised on the 
cis-side, Vcmin decreased by 14 mV or, taking the change of the base-line 
into account, by 16 mV. This change is caused by the increased shielding 
of the positive surface charge of melittin by the higher ionic strength. A 
quantitative description of this change must also reflect the fact that lowering 
the surface potential reduces the electrochemical potential of bound charged 
molecules, which in turn allows more molecules to enter the adsorption plane 
from the aqueous solution. 

At the end of the recording, the pH in the trans-chamber was increased from 
6.2 to 8.5--9.0. The observed change of Vcmin is again clearly only that of the 
unmodified bilayer. The polarity implies that negative charges were created by 
deprotonation. This again could be caused by fatty acid impurities. The 7 mV 
change would correspond to a density of about one charge per 3300 ~2. 

Fig. 3 shows the 'binding curves' of melittin to lecithin bilayers at two 
different ionic strengths. {Although the term binding is not entirely correct 
(the value of Vcmin itself rather than the surface concentration is plotted), 
we will use it here in this context.) Binding becomes measurable between 
10 -9 and 10-~M melittin. This is much lower than the limit of detection 
reported for all other lipid-melittin studies. The upper limit of measurement 
is given by the lytic effect of melittin: above about 10 -6 M melittin, bilayers 
are too short-lived for meaningful measurements. 

(b) Thermodynamic analysis o f  the binding curves; indication of  discrete- 
charge effects 

Discrete-charge phenomena in adsorption processes are reflected in the 
so-called Esin-Markov coefficient [27]. This coefficient is related to the change 
in the mean fixed-charged surface potential, VG, for a 10-fold increase in the 
aqueous concentration of the free adsorbent, c~: dVG/dlog c~. If adsorption 
is determined purely by the Gouy-Chapman theory this coefficient is expected 
to be at most 58 mV/z  (z = charge of adsorbent, see Appendix A). A larger 
value is traditionally ascribed to discrete-charge effects. The reason is simple 
to understand: if the electrostatic potential at the adsorption plane is not 
uniform but varies locally according to the discrete nature of the bound 
charges, then the newly adsorbing molecules would sit into the wells in the 
micropotential, thereby maximizing the nearest-neighbour distance. As it is this 
micropotential (Ve~) that determines the adsorption, more molecules may 
bind than expected from the macroscopically measured VG. For melittin with 
z = 6 the Gouy-Chapman theory suggests a slope of about 10 mV/decade. 

The observed slope (Fig. 3) is about 40 and 33 mV/decade for the two 
ionic strengths, respectively. That in itself does not prove the existence of 
discrete-charge effects, as Vcmin also has a dipole contribution. However, as 
a first approximation, the observed slope strongly suggests the influence of 
the discreteness of adsorbed melittin and, as the analysis will show, it is even 
more marked than the slope of Vcmin suggests. 
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(c) B ind ing  mode l  and f i t t ing  o f  the binding curves 
Ycmin is composed of  VG and VD, the changes in the surface potentials 

upon binding. VG has been explicitly shown to be associated solely with the 
cis-side (no ' trans' effect) and, considering the geometry of  adsorption, this 
is also assumed for VD, although this is not  crucial to the analysis. Both VG 
and VD are functions of  CD. The Vcmin vs. Cb curves were fitted to Eqn. 1: 

2R T D Cb 
- -Vcmin  -= V G "{" V D -- ~ ln(s + ~ )  + - - .  - -  (1) 

ea CO 

with 

s = z .  F .  Cb/X/~ • [KC1] • eoe.  R T  (2) 

where ea = dielectric constant  of  the adsorption layer, e = dielectric constant  
of  the aqueous solution, and D = change of  dipole momen t  per bound mole- 
cule. The other  symbols have their usual meanings. VG, the average potential 
at the surface of  the membrane relative to the bulk solution, is assumed to be 
given by  the Gouy-Chapman equation for 1-1 electrolytes [25,26].  (As Vcmin 
depends on the average potential,  the use of  the Gouy-Chapman theory  is 
justified.) VD is the effective potential  jump at the interface caused by  the 
adsorbed molecular dipoles [26].  

Melittin is known to aggregate in aqueous solution, dependent  on both ionic 
strength and concentrat ion.  Under the condit ions of  the present measurements,  
however,  melittin occurs exclusively in the monomeric  form, as shown recently 
by  fluorescence [32] and NMR [23] studies. Other studies indicate that  
melittin binds as the monomer  [9,11].  The description of  the system is thus 
simplified considerably. 

To express the surface concentrat ion of  bound melittin, Cb, as a function of  
the free concentrat ion,  cf, the Stern adsorption isotherm [25] was modified 
for discrete-charge effects by  substituting VG with Ve~ = VG'V,  where ~, is 
derived from a theoretical description of  the potential  profile around a bound 
surface charge (see Appendix B). The modified Stern equation has the follow- 
ing form: 

_ Cf ( AG ° + 
Cb - ~ (qb~.x -- eb) exp t 

zFVG" ~ 
cf R-T ] (3) 

for which c}' = standard concentration in free solution- 1 M, Cbmax = saturat- 
ing surface concentration, and AG ° = change in the standard free energy. The 
standard state for bound melittin corresponds to the value at half-maximal 
saturation. 

It has to be emphasized that AG ° includes the energy difference per tool 
between the two standard states but excludes any intermolecular electrostatic 
interactions of bound molecules. Included in AG ° are intermolecular interac- 
tions in solution, if present (we have not explicitly introduced activity coeffi- 
cients), and changes in intramolecular interactions upon binding. For this 
reason, AG ° may be expected to vary with the KCI concentration. 

The data of the two binding curves (Fig. 3) were fitted to the adsorption 
isotherm (Eqn. 3) by a least-squares method. Only AG ° was allowed to depend 
implicitly on the KCI concentration. Table I shows the numerical results. 



241 

T A B L E  I 

T H E R M O D Y N A M I C  P A R A M E T E R S  F O R  T H E  B I N D I N G  O F  M E L I T T I N  T O  L E C I T H I N  B I L A Y E R S  
A C C O R D I N G  T O  T H E  M O D I F I E D  S T E R N  E Q U A T I O N  

2 + 1 ) - m e t h o d  [ 3 8 ] .  They  represent  The  values  in parentheses  are standard deviat ions  f o u n d  b y  the (Xmi n 
the uncertaint ies  in troduced  b y  that parameter  wi th  which  the numerica l  coupl ing  is s trongest  and are 
therefore  on ly  indicative o f  the to ta l  uncerta inty .  

AG ° (0.01 M KCI) (kcal/mol) 
AG ° (0.I M KCI) (kcal/mol) 
1/Cbmax (A 2/molecule) 
~o I* (A. M1/2) 

D/e a (debye) 

- - 7 . 8 5  ( - - 0 . 2 5 ,  + 0 . 1 5 )  
- - 8 . 2 6  ( - -O .25 ,  + 0 . 1 5 )  

6 5 0  ( - - 1 3 0 ,  + 2 2 0 )  
1 . 9 9  (---0.07,  + 0 . 0 5 )  

- - 1 . 1 0  ( - -0.06,  + 0 . 0 5 )  ** 

* See Discussion. 
* * Polarity of dipoles: membrane side negative. 

Figs. 4 and 5 show some theoretical curves drawn with the parameters given in 
Table I. The concentration range chosen is not limited to that of  the present 
experiments, but is extended to the range usually used in work on the physio- 
logical mechanism of  melittin. 

The actual Esin-Markov coefficients may be determined from curves lb  and 
2b of  Fig. 4, as they do not include dipole contributions: the coefficients 
amount to about 46 and 57 mV per decade of free melittin at 0.01 and 0.1 M 
KC1, respectively. These values clearly argue for the existence of pronounced 
discrete-charge effects. 

The fixed-charge surface potentials (curves b) diverge less than the total 
surface potentials (curves a), as the increased binding is partially shielded 
by the electrolyte. The different degree of  binding at the two ionic strengths 
is more obvious in the Vcmin curves, although the increased binding at higher 
ionic strength results in a reduction of  Vcmtn because the dipole contribution 
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Fig. 4.  Theoret i ca l  curves o f  surface potent ia l s  at the  l ec i th in / so lu t ion  interface for  adsorpt ion  of  mel i t t in  
(parameter  values  given in Table  I).  Abscissa ,  molar  concentra t ion  of  aqueous  mel i t t in  (assuming n o  
aggregation).  Curves 1, 0 . 0 1  M KCI;  cu rves  2,  0 .1  M KC1; cu rves  a ,  VCmin;  curves b ,  V G.  The dif ferences  
b e t w e e n  curves l a  and l b  or  2a and 2b correspond to  dipole  potent ia l  changes,  V D. 
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Fig. 5. T heo re t i c a l  curves  for  mel l t t in - lec i th in  b ind ing  ( p a r a m e t e r  values  given in Table  I). Abscissa,  mols.r 
c o n c e n t r a t i o n  o f  a q u e o u s  rnel i t t in  ( a s suming  no  aggrega t ion  ). Curves  I ,  0 .01 M KCI; curves  2, 0.1 M KCI; 
curves  a, T (= g a m m a ) ;  curves  b: - - log c b. 

is negative. A further point  of  interest is the very different melittin concentra- 
tions at which saturation is reached: 10 -s M at 0.1 M KC1, but  about  four 
orders of  magnitude higher at 0.01 M KC1. 

Discussion 

It was necessary to consider discrete-charge effects to explain the steep rise 
in Vcmin with increasing melittin concentrat ion (Esin-Markov coefficient).  
To this end we modified the original Stern equa t ion  with a discreteness factor, 
7 (Eqn. B4), reflecting the reduction of  mutual  repulsion between bound,  
charged molecules. It stems from a simple model  of  the potential  profile 
around a surface charge, ye t  leads to a good description of  the binding data. 

Before discussing the quantitative results, we wish to comment  on the 
basic geometry of  the melittin-bilayer interaction. The independence of  Vcmin 
of  the ionic strength on the trans-side of  the bilayer shows that  no charge 
appears on that  side. This means that  neither melittin as a whole nor any 
charged part  of  it crosses the bilayer: both  ends of  the molecule are presumably 
'anchored'  on the cis-side. Accepting some a-helical content  of  bound melittin 
[9,21] and resulting restrictions on length, it is unlikely that  any part o f  the 
molecule would be exposed on the trans-side. This is consistent with the 
structure proposed in Ref. 18. 

Our thermodynamic  analysis assumes that  each bound melittin deposits 
six positive charges right at the membrane/solut ion interface (if charges were 
displaced into the aqueous solution by a distance comparable with K -1, the 
surface potential  would be considerably reduced).  Indeed, our experimental 
data are bet ter  f i t ted with z = 6 than with z = 5 or less. Further  supporting 
evidence comes from NMR studies with melittin bound to detergent micelles, 
from which it appears that  the three lysines, two arginines and Gly 1 are all 
positively charged below pH 7 and lie probably in the interfacial region of  the 
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micelle (Refs. 9 and 21; and Brown, L.R., personal communication). 
The thermodynamics and electrostatics of adsorption are well described 

by the Stern equation modified to consider discrete~harge effects. However, 
we also tried to fit the binding data (Fig. 3) to a simpler adsorption isotherm 
neglecting the limitation of the binding process by spatial restrictions on the 
membrane surface: this results in the (Cbmax---Cb) term of Eqn. 3 being 
replaced by a constant factor. As long as Cb is small, a reasonable fit to the 
data is also obtained (not shown), but deviations are visible at the higher ionic 
strength (0.1 M KC1) at c~ > 10 -7 M. 

Several aspects of the fitted parameters (Table I) deserve comment: 
(1) Binding energies. The difference of the binding energies at the two ionic 

strengths, which is small but in our opinion significant, indicates that binding 
is favored at the higher ionic strength (the dissociation constants differ by a 
factor of 2). The explanation must lie in intramolecular interactions as inter- 
molecular repulsions are absent in solution (distances too large) and are explic- 
itly taken into account when bound to the membrane. 

(2) Maximal surface concentration. There are two alternative interpretations 
of the origin of the limited binding capacity. 1/Cbmax = 650 A2/molecule could 
be the area of the adsorbed melittin molecules themselves, but this seems 
improbable as the whole molecule would have to be spread flat on the mem- 
brane/solution interface. Alternatively, 'bound' lipid may contribute to the 
area of the binding site: about 10 lipid molecules would already result in the 
observed area. This number  of associated lipid molecules has been suggested by 
other studies [33,34]. The relatively large uncertainty in 1/Cbmax results from 
the small degree of saturation attainable (Fig. 3). Cbm~x cannot be determined 
at all from the curve at 0.01 M KC1. The value of 650 A2 per melittin molecule 
together with its uncertainty originates from the binding curve at 0.1 M KC1 
where the highest surface concentration reached is about one molecule per 
1270 A2. 

(3) Debye-Hiickel length at a charged surface. We define ~o as the reciprocal 
Debye-Hiickel length for a 1 M 1-1 electrolyte and, following the original 
Debye-Hiickel theory for ions in solution, assume that ~ = Ko ~ ~/[KC1], where 
[KC1] is the bulk concentration. In solution, ~o 1 has the value of 3.04 /~. 
In the present case, for charges bound to a low-dielectric surface, it assumed 
a value about 1/3 smaller than in bulk solution, which means that the potential 
around a surface charge decays faster than in free solution. This is not 
unreasonable, as a charge at the interface to a medium of low dielectric con- 
stant produces a higher potential than in solution [28], which will result in 
a denser cloud of counterions, thereby reducing the Debye-Hiickel length. 
This would explain the stronger dependence of the free energy on ionic 
strength for the bound compared to the dissolved melittin (see paragraph 1, 
above). 

(4) Change of the surface dipole moment per bound melittin molecule. The 
data cannot be fitted by the model presented if no dipole component is 
included. Many factors could contribute to the value, e.g., the normal compo- 
nent of any dipole moment of melittin itself, plus any rearrangements of 
phospholipid and surface water molecules. The effective dipole moment is 
given formally by the fraction, D/ea, for which the value of --1.1 debye was 
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found. If ea = 10, then D, the change of  the dipole moment  per bound melittin, 
is about - -11 debye.  Considering that  even a single peptide bond has a value of  
3.71 debye [35], our value of  about 11 debye per bound melittin molecule 
is quite modest.  This is easily rationalized on the basis of  partially compensat- 
ing or tangentially oriented dipoles. 

A p p e n d i x  A 

The Esin-Markov coef f ic ien t  for  a mul t ip ly  charged absorbent  
Taking the effective local potential,  Ve~, into consideration, the Esin- 

Markov coefficient is computed  as follows (cf. Ref. 27). In the lower range 
of  the binding curve, where Cbma~ does not  yet  noticeably limit the binding 
process, the surface charge density, o, may be expressed by: 

o = z • F .  c b = k • z • cf • e x p ( - - z F V e ~ f / R T )  (A1) 

where k is a combination of  constant  terms, as may be deduced from Eqn. 3. 
For a 1-1 electrolyte in the range of  small fixed-charge surface potentials, 

FVG << 2R T, the Gouy-Chapman theory allows the linear approximation: 

a = a • VG (A2) 

Combining Eqns. A1 and A2 yields, after suitable manipulation: 

d V 6  - V6 • (1  z F  dVeff I (A3) 
d In c~ - - R T "  d In c f /  

Replacing dVe~f/dln c~ by ( d V e ~ / d V G ) "  (dVG/dln c~) and rearranging leads 
directly to the Esin-Markov coefficient:  

d VG 2 .3R T / z F  
- -  - ( A 4 )  
d log c~ ( R T / z F V G )  + (dVeff/dVG) 

Two special cases are of  interest: (1) d V ~ f f / d V 6  = 0 (discreteness and very 
low adsorption): 

d V6 - 2.3 VG (A5) 
d log c~ 

and (2) d V e ~ / d V G  = 1 (uniform distribution) and zFVG > >  R T  (high adsorp- 
tion): 

dVG 
- -  - 58.4 m V / z  (A6) 
d log c~ 

which represents the maximal slope consistent with the Gouy-Chapman theory.  

A p p e n d i x  B 

Thed i scre teness  factor  ~[ for  p o i n t  surface charges 
With a discrete surface charge distribution the adsorption of  a charged 

species is determined by the effective local potential. In contrast  to recent 
a t tempts  to account  for this phenomenon in the  adsorption of  hydrophobic  
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Fig.  6. S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  disc]fete n a t u r e  o f  t h e  m e m b r a n e  s u r f a c e .  L o w e r  ha l f ,  h e x a g o n a l  
a r r a y  o f  a d s o r p t i o n  s i tes  o n  t h e  m e m b r a n e  s u r f a c e .  U p p e r  ha l f ,  t he  loca l  p o t e n t i a l  ]~i~(r i)  a l o n g  the  l ine  
1 - - 2 .  o ,  o c c u p i e d  s i te ;  o,  f ree  a d s o r p t i o n  si te.  Vef f ,  t h e  a c t u a l  p o t e n t i a l  t h a t  d e t e r m i n e s  t h e  a d s o r p t i o n  
t o  f ree  a d s o r p t i o n  site.  VG, average  p o t e n t i a l  a l o n g  t h e  i n t e r f a c e  as g iven  b y  the  G o u y - C h a p m a n  t h e o r y  o r  
b y  a n  a n a l y t i c a l  a v e r a g i n g  o f  t he  d i s c r e t e  p o t e n t i a l  p ro f i l e s ,  ro ,  d i s t a n c e  t o  n e a r e s t  n e i g h b o r s  in  t he  
h e x a g o n a l  a r r a n g e m e n t  o f  b o u n d  m o l e c u l e s .  

ions to internal binding sites [36,37], we consider the case of charges directly 
on the aqueous/hydrophobic boundary,  and include in the calculations an 
explicit description for shielding by the adjacent diffuse layer. Fig. 6 illustrates 
the quantities dealt with in this section. 

The potential  in the adsorption plane around a fixed point charge is given 
by the following expression [28]: 

a 
~(r) = r exp(--r~) (S l )  

where r is the distance from the fixed charge and lies along the interface, 
is the reciprocal Debye-Hiickel length and a is a combination of  various con- 
stants (containing, among other terms, the magnitude of  the charge, z, and the 
dielectric constants of  the membrane and the aqueous solution, em and e: 
a = z • 353 .~ • mV for e = 79.4 and em = 2.1). 

The interactions of  a charge q = z e  embedded in a hexagonal array with 
separation r o are approximated by considering only the six nearest neighbors 
forming a hexagon around q. This approximation is valid as long as ro > >  ~-1, 
the error being about  1% for r o = 5.6 • ~-~ and about  10% for ro = 2.8 • ~- ' .  
The total  potential  from these six nearest neighbors is: 

Veff = 6 a exp(--r0~) (B2) 
r 0  

In principle, this expression could be used to describe the discrete-charge 
effects in adsorption. However, to get a more illustrative factor we define 
"Y = V e f f / V A ,  where VA is the average fixed-charge surface potential,  often 
referred to as macropotential .  For smeared surface charges VA is given by the 
Gouy-Chapman theory,  but for a distribution of discrete charges we deduce 
it by averaging Eqn. B1 over the area/molecule: 
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T A B L E  II 

A N U M E R I C A L  C O M P A R I S O N  OF V G A N D  V A 

Cb - I  V G / V  A 
(A 2 / m e l i t t i n  6+) 

0.01 M KCI 0.1 M KCI 

106 1.55 1.55 
10 s 1 .55  1 .55  
104 1 .42  1.53 
5 • 103 1 .20  1 .49  
2"  103 0 .80  1 .29  
103 0 .53  1.01 
650  0 . 4 0  0 .82  

f ~ ( r )  • 27rr • d r  [ 2r~a • exp(--r~) • dr 
o 0 4rrafc- 

VA = - - (B3) 
area per charge x/3/2 • r2o V~"  r2o 

Combining Eqns. B2 and B3 yields: 

3v/-3 ro~ • exp(--ro~) (B4) ,y -- V e f f / V  A = 

In Eqns. 1--3 the average surface-charge potential ,is given by the Gouy-Chapman 
theory. Our modification of the Stern equation (Eqn. 3) consists of setting 
Veff =~'" Ve, which implies the equality of Ve (derived from the Gouy- 
Chapman theory) with VA as obtained above. A numerical comparison of 
VG and VA (Table II) shows that, in the range of our binding data, Veff as 
used in Eqn. 3 is up to 55% larger that it would b e  according to Eqn. B2. 
Our value for Vett is clearly only approximate, but it represents a first step 
in the description of interactions of discrete charges on a surface. 

This derivation of 7 assumes point charges of valence z, which is of course 
inadequate.  First, the z charges axe distributed along the melittin molecule. 
An error is introduced by calculating Vef~ from the distance between the 
centers of the hypothetical point charges instead of between the distributed 
charges. This may lead to serious deviations as soon as the intermolecular 
separation is comparable with the intramolecular spacing. The fact that four 
of the six charges are found on consecutive amino acid residues (Nos. 21--24) 
reduces this danger, however. 

A second objection is the finite size of the individual charges. At high 
surface concentrations and especially high ionic strengths, a distance of closest 
approach, R, should be introduced. 
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