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ABSTRACT: The interaction of the antibiotic magainin 2 amide (M2a) with lipid bilayers was investigated
with high-sensitivity titration calorimetry. The enthalpy of transfer of the cationic M2a to negatively
charged small unilamellar vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) (75:25, mol/mol) was measured as∆H
) -17.0( 1 kcal/mol of peptide. The adsorption isotherm was determined by injecting lipid vesicles
into peptide solutions at low peptide concentrations (cP

o < 7 µM). The apparent partition coefficient was
Kapp ≈ 1.2 × 104 M-1 at a peptide equilibrium concentration of 1µM but decreased with increasing
peptide concentration. The hydrophobic partitioning of M2a into the lipid membrane is modulated by
electrostatic effects that arise from the attraction of the positively charged peptide to the negatively charged
membrane. Using the Gouy-Chapman theory to correct for electrostatic attraction, the experimental
binding isotherms can be explained with an intrinsic (hydrophobic) partition coefficient ofK ) 55 ( 5
M-1 and an effective peptide charge ofz) 3.7-3.8. The free energy of binding is∆G) -4.8 kcal/mol.
At peptide concentrationscP

o > ∼7 µM, a second effect comes into play, and the titration enthalpies can
no longer be explained exclusively by peptide partitioning. The first few injections produce enthalpies
of reaction which are distinctly smaller than expected from a pure partition equilibrium, followed by a
series of injections with reaction heats larger than expected. After subtracting the enthalpic contribution
due to partitioning, the residual enthalpies are endothermic for the first few injections, and exothermic for
the consecutive steps. Furthermore, the endothermic excess heat is compensated exactly by the exothermic
excess heat; i.e., the excess heat consumed in the first part of the titration experiment is returned during
the second part. Endothermic excess enthalpies are observed for total molar peptide-to-lipid ratios of P/L
> ∼3.0%, whereas exothermic excess heats were seen for 0.7%< P/L < 3.0%. Below P/L< ∼0.7%,
the binding follows the partition equilibrium. Based on earlier spectroscopic evidence, it is suggested
that magainin 2 amide binds to the lipid membrane and forms pores at high peptide-to-lipid ratio, this
process being characterized by an endothermic reaction enthalpy. Pore formation is reversed with increasing
lipid concentration, and the peptide pores disintegrate. The limiting peptide-to-lipid ratio deduced from
titration calorimetry for M2a pore formation is in excellent agreement with spectroscopic methods. The
enthalpy of pore formation amounts to∆H ) + 6.2( 1.6 kcal/mol peptide or∆H ∼ 25-45 kcal/mol
pore if the pore is comprised of 4-7 peptide molecules.

Magainins are a class of antimicrobial peptides which are
secreted from the skin ofXenopus laeVis (1, 2). They are
bacteriocidal, fungicidal, and virucidal but not hemolytic and
are therefore of pharmaceutical interest as broad-band
antibiotics. Magainins were also found to act selectively
against a number of tumor cell lines, making them potential
candidates for anti-cancer therapies with low side-effects (3,
4). Magainins consist of 21-26 amino acid residues and
are highly positively charged (+3 to+5). At physiological
pH, they are soluble in aqueous solutions at high concentra-
tions. Magainins show secondary structural homology to
lytic peptides isolated from bee and wasp venoms and have
been classified as class L amphipathicR-helices (5). In the

helical conformation, they possess a large hydrophobic
moment, a broad nonpolar face, and a narrow polar face;
the positive charges of the lysine residues are clustered at
the border of the polar/nonpolar face (5, 6). Due to their
ability to form an amphipathic helix, magainins show a high
tendency to bind to lipid membranes [for a recent review,
see (7)]. Membrane binding may be accompanied by a
perturbation of the bilayer (8, 9). The cytotoxic effects of
magainins are thought to arise from a permeabilization of
the cell membrane (10-12), though the mechanism and
selectivity of action are a matter of current debate (7,
13-15).
Magainin 2 and its derivatives are by far the most intensely

investigated members of the magainin family. Their interac-
tion with membranes was shown to be strongly promoted
by the presence of negatively charged lipids (11, 16).
Furthermore, magainin 2 was shown to induce efflux of
water-soluble molecules encapsulated in artificial membranes
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(11, 17), to form ion channels in planar lipid membranes
(18, 19), and to dissipate the electrochemical proton gradient
across lipid bilayers (10, 12). The structure and orientation
of the magainin molecules in the membrane leading to these
effects have been investigated by circular dichroism (20),
nuclear magnetic resonance (21-23), Raman spectroscopy
(24), and fluorescence spectroscopy (25), as well as neutron
in-plane scattering (14). At a low peptide-to-lipid ratio, the
peptide molecules were shown to be in a helical conforma-
tion, located in the lipid headgroup region and aligned
essentially parallel to the bilayer surface (20, 22, 23, 26).
At higher peptide-to-lipid ratios, an orientation perpendicular
to the bilayer surface was suggested by circular dichroism
spectroscopy (20). A torroidal arrangement of magainin
molecules (in a helical conformation) inserted in a distorted
lipid bilayer has been proposed where the inner and outer
leaflets are fused (14, 27, 28). The transition from a parallel
to a perpendicular orientation (with respect to the bilayer
surface) occurs at concentrations similar to those required
for cytolytic activity (10, 12).

In this study, we used high-sensitivity titration calorimetry
to investigate the binding of magainin 2 amide (M2a) to
unilamellar phospholipid vesicles composed of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) (75:25,
mol/mol). We measured the enthalpy of M2a partitioning
into the lipid membrane as well as the binding isotherm. At
low peptide concentrations, the latter could be described
quantitatively by a combination of the Gouy-Chapman
theory (correcting for electrostatic effects) and a simple
surface partition equilibrium, characterized by an intrinsic
(hydrophobic) partition coefficient. These results provided
a full thermodynamic description of M2a binding to nega-
tively charged lipid membranes. For peptide concentrations
abovecP

o ≈ 7 µM, the titration curves exhibited a more
complex behavior. From a series of experiments with
different peptide concentrations, a partial “phase diagram”
of the lipid/peptide system could be constructed from the
titration isotherms. The boundaries separating the regions
correlate with data reported for pore formation and cyctotoxic
activity, respectively.

MATERIALS AND METHODS

Materials. Magainin 2 amide (M2a) (GIGKFLHSAKKF-
GKAFVGEIMNS-NH2) was a gift from Magainin Pharma-
ceuticals Inc. (Plymouth Meeting, PA). The puritiy was
checked by mass spectroscopy. 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol (POPG) were obtained from
Avanti Polar Lipids (Birmingham, AL). All chemicals were
employed without further purification. Buffers were pre-
pared from 18 MΩ water obtained from a NANOpure A
filtration system.

Preparation of Lipid Vesicles.Small unilamellar vesicles
(SUV) were prepared as follows. A defined amount of lipid
(∼50 mg) was first dried under a stream of nitrogen, followed
by high vacuum for 1 h atroom temperature and in the dark.
The lipid was then dissolved in dichloromethane (0.5 mL)
and again dried under nitrogen. High vacuum was applied
overnight. A defined amount of buffer (2 mL) was added

to the lipid film, and the suspension was vortex-mixed
extensively. Next, the lipid dispersions were sonicated for
10-20 min (T ) 10 °C) until the solution became transpar-
ent. The opalescent solution was centrifuged in an Eppendorf
table-top centifuge (8 min at 14 000 rpm) to remove metal
debris. Lipid concentrations were determined gravimetrically
by carefully weighing the samples immediately after drying
and by adding defined amounts of buffer (10 mM Tris, 100
mM NaCl, pH 7.4). In separate experiments, we have
analyzed the lipid content of sonified vesicles with phos-
phorus analysis (29). The phosphate analysis yielded a 4.7%
(average of 9 determinations) smaller lipid content than the
nominal concentration, with maximum deviations between
-2% and+10%. The data reported were calculated on the
basis of the weighing-in concentration.
High-SensitiVity Titration Calorimetry. Isothermal titration

calorimetry was performed using an Omega high-sensitivity
titration calorimeter from Microcal (Microcal, Northampton,
MA) (30). Solutions were degassed under vacuum prior to
use to eliminate air bubbles. The calorimeter was calibrated
electrically. The data were acquired by computer software
developed by MicroCal. In control experiments, the corre-
sponding peptide solution (or vesicle suspension) was
injected into buffer without lipid (or without peptide). Heats
of dilution were small compared to the actual measurement
but were nevertheless included in the final analysis.

RESULTS

Binding Enthalpy and Titration Isotherms.We have used
high-sensitivity titration calorimetry to investigate the binding
of magainin 2 amide (M2a) to phospholipid vesicles. In the
first type of experiment, the calorimeter cell contained
sonified vesicles composed of POPC and POPG, and small
aliquots of M2a were injected. A typical result is shown in
Figure 1A. In each step, 4µL of a 203µM M2a solution
was injected into a suspension of mixed POPC/POPG (75:
25, mol/mol) small unilamellar vesicles. The reaction is
exothermic, and the heat of reaction ishi ≈ -14.5µcal per
injection as derived from the integration of the titration peaks
(Figure 1B). In a control experiment, peptide was injected
into buffer. The heat of reaction was small ((1.5µcal/inj)
and was indistinguishable from a buffer-into-buffer titration.
The heat of M2a partitioning into POPC/POPG membranes,
∆H, can be calculated under the assumption that all injected
peptide is bound to the lipid vesicles. The average heat of
reaction measured at three different peptide concentrations
was∆H ) -16.7( 1.1 kcal/mol.
In a second type of titration experiment, the peptide

solution was contained in the calorimeter cell, and lipid
vesicles were injected. Figure 2 displays an experiment
where 10µL aliquots of a phospholipid vesicle suspension
[POPC/POPG (75:25, mol/mol); total lipid concentration
cL
o ) 27.86 mM] were injected into the reaction cell (V )
1.2778 mL) containing magainin 2 amide (cP

o ) 6.6 µM).
Each injection produced an exothermic heat of reaction,hi,
which decreased in magnitude with consecutive injections.
As a control, buffer without lipid was injected into the
peptide solution (data not shown). The heat of dilution,hd,i,
varied between+1.5 and-1.5µcal per injection. The heat
of dilution was subtracted, and the quantitative evaluation
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of the experimental data was based on

The cumulative heat of reaction afteri injections

is shown in Figure 2B. It can be seen from Figure 2 that
the reaction has largely ceased after abouti ) 10 injections
of lipid vesicles. At this stage of the experiment, almost all
peptide is bound to the lipid vesicles, and the free peptide
concentration is small. Addition of more lipid entails no
further reaction. The cumulative heat of all injections
amounts toδH10 ) ∑k)1

10 δhk≈ -149.8µcal. Since the total
amount of peptide present in this experiment wasnP

o )
(1.2778 mL)(6.6µM) ≈ 8.4 nmol, the molar enthalpy of
binding amounts to∆H ) δH10/nP

o ≈ -17.8 kcal/mol,
which is consistent with the value determined in the peptide-
into-lipid titrations described above. The good agreement
between the two types of experiments provides evidence for
a virtually complete binding of M2a in the experiment shown
in Figure 1.
Titration curves analogous to that shown in Figure 2 were

observed for peptide solutions with concentrations up to
cP
o e 7 µM. Under these conditions, the titration curve can
be explained by a partition equilibrium of M2a modified by
electrostatic interactions. It is possible to derive the binding

isotherm and to determine the partition constantK as will
be discussed below. The solid line in Figure 2B then
corresponds to the theoretical titration curve calculated with
this model, using a partition (binding) constant ofK ) 50
M-1 and a pH-dependent peptide charge ofz ) 3.7-3.8.
The theoretical analysis further assumes that M2a binds to
the outer surface of the bilayer vesicle only (60% of total
lipid).
At peptide concentrations larger than 7µM, more com-

plicated titration patterns were observed (Figure 3A-E). The
heat of reaction no longer decreased smoothly with each
injection but showed an inflection point. This is particularly
obvious when the experimental heats of reaction are com-
pared with the theoretical titration curves. The latter were
calculated with essentially the same binding model as used
in Figure 2. However, at these higher peptide concentrations,
a rapid flip-flop of the lipids combined with a peptide
translocation across the membrane was assumed in ac-
cordance with recent fluorescence and neutron diffraction
studies (14, 27). The rapid lipid exchange requires that all
lipid be considered in the calculation of the peptide binding
isotherm. During the first few injections, the measured|δhi|

FIGURE 1: Titration calorimetry of small unilamellar vesicles
(POPC/POPG, 75:25, mol/mol,cL) 15.5 mM) with a solution of
magainin 2 amide (203µM). Aliquots (4 µL) of peptide solution
were added to the lipid suspension in the reaction cell (V) 1.2778
mL). The reference cell contained buffer (10 mM Tris, pH 7.4,
100 mM NaCl).T) 30 °C. Panel A shows the calorimeter tracing;
downward peaks denote exothermic reactions. The heat per injection
as evaluated from the areas underneath the tracing is shown in panel
B.

FIGURE 2: Titration calorimetry of a magainin 2 amide solution
(6.6 µM) with small unilamellar lipid vesicles (POPC/POPG, 75:
25, mol/mol,cL) 27.86 mM). (A) Each peak corresponds to the
injection of 10µL of lipid suspension into the reaction cell (V )
1.2778 mL) containing the peptide solution. The reference cell
contained buffer (10 mM Tris, pH 7.4, 100 mM NaCl).T) 30 °C.
(B) Cumulative heat of reaction as a function of the injection
number. The solid line was calculated using a surface partition
equilibrium of the formXb ) KcM, whereXb denotes the molar
ratio of membrane-bound peptide/total lipid (on the outer vesicle
surface) andcM is the free peptide concentration immediately above
the plane of binding.cM was calculated by means of the Gouy-
Chapman theory. The effective peptide charge wasz ) 3.7-3.8,
the intrinsic binding constantK ) 50 M-1, and the reaction enthalpy
∆H ) -17.7 kcal/mol (cf. text for details). The peptide binding
was limited to the outer monolayer of the lipid vesicle (60% of
total lipid).

δhi ) hi - hd,i (1)

δHi ) ∑k)1
i δhk (2)
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are smaller than the theoretical expectations. This is
followed by an about equal number of injection steps where
|δhi| is larger than the calculated values. Finally, after a
sufficiently large number of injections, theδhi values follow
the theoretical line; i.e., the experimental data correspond
to a simple partition model modulated by electrostatic
interactions.

An analogous behavior was observed before for the
partitioning of the surfactant octylâ-D-glucopyranoside (OG)
into lipid membranes (31, 32) and was explained by a second
thermodynamic process superimposed on OG partitioning
into membranes. This process could be identified by a
micelle formationT demicellization equilibrium of the
phospholipid/surfactant mixture (32). Such a dramatic
change can be excluded in the present experiments since the
integrity of the lipid vesicles was checked by light scattering
experiments (data not shown). In a typical experiment, 10
µL aliquots of a lipid vesicle suspension, equal to that used
in the calorimetric titrations, were injected into peptide
solutions of different concentrations, and the scattering signal
at 90° with respect to the incoming beam was recorded as a
function of time. For the peptide concentrations used in these
studies, the scattering intensities were equal to the control
values (vesicles into buffer without peptide) within experi-
mental accuracy. These results indicate the absence of any
peptide-induced disruption of lipid vesicles under the ex-
perimental conditions used. The excess heats observed in
the present titration experiments can thus not be explained
by a micellation process. Instead they are assigned to the
formation of membrane pores composed of M2a and lipids
as suggested by recent spectroscopic results (14, 27).
The cumulative heat of reaction of all injections shown

in Figure 3A amounts toδH ) ∑iδhi ) -173 µcal. The
amount of M2a in the calorimeter cell isnP

o ) 10.6 nmol,
yielding a molar heat of reaction of∆H ) -16.4 kcal/mol.
For the experiments displayed in Figure 3B,C, the corre-
sponding values amount to-16.7 kcal/mol and-17.7 kcal/
mol, respectively. The results are in excellent agreement
with the measurements shown in Figures 1 and 2 and suggest
that the loss inδhi during the first part of the titration
(compared to the theoretical titration curve) is returned in
the second half.
Binding Isotherms and Apparent Partition Coefficient,

Kapp. The binding isotherm,Xb ) f(cP,f), provides the
functional dependence between peptide bound to the mem-
brane (Xb) and peptide free in solution (cP,f). The binding
isotherm can be determined from the titration experiment
shown in Figure 2 (33, 34). Let us denote withnP

o andcP
o

the total molar amount and the total concentration, respec-
tively, of peptide in the calorimeter cell. Afteri injections
of phospholipid vesicles, the mole fraction of bound peptide
is

where nP,b
(i) is the molar amount of bound peptide afteri

injections,Vcell is the volume of the calorimeter cell, and
∆H is the molar enthalpy of binding. The free peptide
concentration in the calorimeter cell afteri injections can
be calculated according to

The amount of lipid in the cell increases with each injection
and afteri titration steps is given by

FIGURE3: Titration calorimetry of magainin 2 amide solutions with
sonicated vesicles (POPC/POPG, 75:25, mol/mol). The panels on
the left show the calorimeter tracings. In each titration step, 5µL
of lipid suspension (cL ≈ 10 mM) was injected into the reaction
cell (V ) 1.2778 mL) containing the peptide solution (the peptide
concentrations are increasing from top to bottom). The reference
cell contained buffer (10 mM Tris, pH 7.4, 100 mM NaCl).T )
30 °C. The specific measuring conditions were as follows: (A)
cL
o ) 12.14 mM,cP

o ) 8.26µM; (C) cL
o ) 12.14 mM,cP

o ) 10.65
µM; (E) cL

o ) 12.14 mM,cP
o ) 12.86µM; (G) cL

o ) 12.06 mM,
cP
o ) 21.8µM; (I) cL

o) 12.06 mM,cP
o ) 31.2µM. The panels on

the right show the heats of reaction per injection vs the injection
number. The open circles are the experimental titration peaksδhi.
The solid lines are the calculated contribution of peptide partitioning
as described in the text. The simulation parameters were identical
in all cases.K ) 60 M-1, ∆H ) -17 kcal/mol, andz) 3.7-3.8,
depending on the membrane surface pH. The simulations were
performed with the assumption that all phospholipid was available
for binding.

θP,b
(i) ) nP,b

(i) /nP
o ) ∑k)1

i δhk/∆HVcellcP
o (3)

cP,f
(i) ) cP

o(1- θP,b
(i) ) (4)

nL
(i) ) iVinjcL

o (5)
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wherecL
o is the concentration of the lipid stock solution and

Vinj the injected volume per titration step.
Knowledge of the bound peptide,nP,b

(i) , and the total
injected lipid,nL

(i), yields the degree of binding,Xb
(i), defined

as

The two essential parameters which constitute the binding
isotherm, namely, the degree of binding,Xb, and the
corresponding free peptide concentration,cP,f, can thus be
determined from a single titration experiment. This is shown
in Figure 4 for two different titration experiments. The data
points in Figure 4 correspond to the individual titration steps.
The solid line was calculated with a theoretical binding model
to be discussed in more detail below. It should be empha-
sized that the above derivation of the experimental binding
isotherm is model-independent and does not require any
specific theoretical assumptions. Apparent partition coef-
ficients can be calculated directly from the binding isotherm
according toKapp ) Xb/cP,f. In terms of this simple model,
Kapp will depend on the peptide concentration. Inspection
of Figure 4 yieldsKapp ≈ 1.2 × 104 M-1 at a peptide
equilibrium concentration of 1µM with Kapp decreasing at
higher peptide concentrations.
Quantitative magainin binding data are scarce. Matsuzaki

et al. and Wieprecht et al. employed CD spectroscopy to
derive binding isotherms for different magainins (11, 35).
The latter authors used conditions similar to those in the
present experiment. Up to a concentration ofcP,f ∼ 1 µM,
the reported CD titration curve is in approximate agreement
with the present data (∼30% deviation). At larger peptide
concentrations, the CD data have a biphasic appearance and
are smaller than those obtained with titration calorimetry.
The difference can probably be traced back to the much lower
sensitivity of CD spectroscopy.

DISCUSSION

Magainin 2 amide (M2a) has four positive charges and
one negative fixed charge. In addition, the N-terminal amino
group is also partially positive with a pK ∼ 7.2. The net
charge of M2a is thus 3e ze 4 and will vary with the pH.
The binding of the positively charged M2a to the negatively
charged POPC/POPGmembranes can be divided into at least
two steps. The first step is an electrostatic adsorption process
which leads to a distinctly increased peptide concentration
immediately above the plane of the membrane. The second
step is a hydrophobic adsorption which is characterized by
penetration of the peptide into the lipid bilayer, be it only
into the headgroup region, or even into the hydrophobic part
of the lipid bilayer. The theoretical treatment for the binding
of molecules with a fixed charge has been developed first
for drug molecules and potential sensitive dyes (36, 37) and
then for peptides such as melittin (38, 39) or pentalysin (40).
More recently, the variation of the charge of the amino-
terminal was also included in the calculation (41). This effect
is relevant for membranes with a negative surface charge
where the proton density and thus the pH vary with the
distance from the membrane surface. Close to the membrane
surface the proton density is higher and the pH lower than
in bulk solution.
Magainin 2 Amide Binding Model.The binding of M2a

to negatively charged membranes will be described in terms
of the model proposed for somatostatin-like peptides (41).
The essential elements of this model are as follows. The
binding of M2a to the lipid membrane is described in terms
of a surface partition equilibrium:

Xb
(i) is the molar amount of peptide bound (after titration

stepi),K is the intrinsic (chemical) partition coefficient which
is independent of electrostatic effects, andcM is the interfacial
concentration of M2a immediately above the lipid membrane.
The interfacial concentration,cM, is related to its equilibrium
concentration in bulk solution,cP,f, according to

wherez is the signed electric charge of the peptide,Fo is
the Faraday constant, andRT is the thermal energy. An
analogous relation holds true for the proton concentration.
The membrane surface potential,ψo, is not known a priori,
but is related to the membrane surface charge density,σ,
according to

whereci,eq is the concentration of theith electrolyte in the
bulk aqueous phase,zi the signed valency of theith species,
εo the electric permittivity of free space,εr the dielectric
constant of water, andT the absolute temperature. The basic
principles of the Gouy-Chapman theory have been discussed
in a number of books and review articles (37, 42, 43). The
surface charge density is then related toXb which, in turn,
is experimentally accessible from the calorimetric measure-
ments.
Na+ binding to POPG was included with a Na+ binding

constant of 0.6 M-1 and was assumed to follow a Langmuir

FIGURE 4: Binding isotherm of magainin 2 amide for small
unilamellar vesicles (d∼ 30 nm diameter) as derived from titration
calorimetry. The degree of binding,Xb (i.e., millimoles of peptide
bound per mole of lipid), is plotted against the free (equilibrium)
peptide concentration in bulk solution,cP,f (T ) 30 °C). Lipid
titrated into a peptide solution of concentration ([) 5.36 µM of
(9) 6.6µM. The amount of bound peptide after “i” injection steps
is proportional to∑i∆hi/∆H, which can be translated intoXb and
cP,f. The solid line is the theoretical binding isotherm calculated by
combining the Gouy-Chapman theory with a surface partition
equilibrium using an intrinsic binding constantK ) 50 M-1 and a
peptide charge ofz ) 3.7-3.8. The latter was calculated with a
variable pH at the membrane surface using a pK value of pK )
7.2 for the N-terminal amino group.

Xb
(i) ) nP,b

(i) /nL
(i) (6) Xb

(i) ) KcM (7)

cM ) cP,f exp(-zFoψo/RT) (8)

σ2 ) 2000εoεrRT∑ci,eq(e
-ziFoψo/RT- 1) (9)
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adsorption isotherm (44). The pK of the N-terminal amino
group was assumed as pK ) 7.2 (45). The pH at the
membrane-water interface was calculated to be in the range
of 6.6< pH< 6.9, depending on the surface charge density
σ. The partial charge of the N-terminal amino group varied
according to the pH and wasδzNH3

+ ≈ 0.7-0.8. Together
with the fixed charge ofz) +3, this led to a total effective
charge ofz) 3.7-3.8, depending on the pH at the membrane
surface. The details of the theory have been described
recently (41). The solid line in Figure 2B (Figure 3F-K;
Figure 4 )was calculated with this model, using a binding
constant ofK ) 50 M-1 (60 M-1; 60 M-1) and a enthalpy
value of∆H ) -17.0 kcal/mol. For peptide concentrations
belowcP

o ) 7 µM, only M2a binding to the outer monolayer
is considered. An excellent agreement between experimental
and theoretical binding isotherms is obtained at low peptide
concentrations (Figure 2, Figure 4).
Knowledge of the partition constantK allows the calcula-

tion of the chemical part of the free energy of binding
according to∆G ) -RT ln(55.5 K), yielding∆G ) -4.8
kcal/mol. The factor 55.5 corrects for the cratic contribution
since the concentration of the peptide in solution is measured
in moles per liter, and that in the membrane phase, however,
in moles of peptide per mole of lipid (46). In view of the
large negative reaction enthalpy of∆H ) -17 kcal/mol, the
binding of M2a to sonicated lipid vesicles appears to be
enthalpy-driven, a phenomenon which has been termed ‘non-
classical’ hydrophobic effect and has been observed also for
other amphiphilic molecules and peptides (47-50). The
intrinsic binding constant of M2a is not large and is
comparable to that of somatostatin and its analogs (41) which
are characterized byK ≈ 50 M-1. This suggests that M2a
does not penetrate deeply into the hydrophobic interior of
the membrane but remains bound superficially. This is in
contrast to melittin, which is also an amphiphilic molecule
but binds to POPC/POPG sonified vesicles withKp ≈ 4.6
× 104 M-1 (39).
For practical applications, the overall binding constantKapp

is often preferred since it includes both electrostatic and
chemical effects. For the present system,Kapp varies from
Kapp≈ 1.2× 104 M-1 for cP,f ≈ 1.0 µM to Kapp≈ 5 × 103

M-1 at cP,f ≈ 5.0 µM. A comparison ofK and Kapp

demonstrates that the adsorption/binding of M2a to the lipid
membrane is dominated by electrostatic attraction.
Magainin 2 Amide Pore Formation.For large M2a

concentrations, spectroscopic measurements suggest a rapid
flip-flop of the lipid molecules and a translocation of the
peptide across the bilayer membrane (14, 27). However,
even with this modification (100% lipid availability), a
simple partition model alone is no longer sufficient to
describe the experimental titration curves above a critical
limit of cP

o ≈ 7 µM (Figure 3). The deviations from the
theoretical model increase with increasing peptide concentra-
tion. The experimental titration curves can be divided into
three parts in which the experimental|δhi| values are either
smaller, larger, or identical to|δhtheor|. The excess heat can
be defined as

and can be evaluated for the different phases of the titration

experiment. For the experiments shown in Figure 3F-I,
these values amount to+25µcal and-28µcal (for the first
and second part, respectively),+32/-36µcal,+44/-46µcal,
and +156/-154 µcal, respectively. Within experimental
error, the endothermic excess enthalpy of the first few
injections is compensated by the exothermic excess enthalpy
during the second part of the titration experiment. The
experimental titration curves merge with the theoretical
predictions only at very large lipid-to-peptide ratios.
A similar phenomenon has been observed recently for the

titration of lipid vesicles into octyl glucoside solutions of
sufficiently high surfactant concentration (32). The deviation
from the theoretical prediction could be explained by a
micellizationT demicellization phenomenon of the phos-
pholipid vesicles. Such a process can, however, be excluded
in the present investigation since light scattering data yield
a constant scattering intensity of the phospholipid vesicles
at all M2a concentrations. Instead we assign the excess
enthalpies to a M2a pore formationT pore disintegration
equilibrium. CD spectroscopy indicates a random coil
structure for magainin in buffered solution (11, 51). Addition
of negatively charged phospholipid induces a conformational
transition toward an essentiallyR-helical structure. The
orientation of the magainin helix with respect to the plane
of the lipid membrane was investigated with oriented circular
dichroism and NMR spectroscopy. At low peptide concen-
trations, the helices were found to lie parallel to the
membrane surface (20, 22, 23, 26). However, for peptide-
to-lipid ratios P/L∼1/30, a substantial fraction of the bound
peptide adopted an orientation perpendicular to the membrane
surface (20). The arrangement of the helix bundles was
recently refined on the basis of neutron diffraction and
fluorescence spectroscopy studies (14, 27, 51). In the high
concentration regime, the helices form pores in which the
individual helices are separated by lipids. In this model, the
bilayer bends back on itself like the inside of a torus (14).
The peptide-lipid complex is highly dynamic, and lipid
molecules diffuse freely between the two monolayers through
the perimeter of the pore (27).
The toroidal pore formation model can be used for a

structural interpretation of the calorimetric data of Figure 3.
The three stages of the calorimetric titration can be assigned
to three distinct molecular processes. Partitioning of M2a
into the lipid phase occurs during the whole titration
experiment and produces an exothermic heat of reaction.
However, additional enthalpies come into play due to M2a
pore formation and pore disintegration. In the initial phase
of the titration experiment, the P/L ratio in the calorimeter
cell is high, and M2a partitioning is followed by M2a pore
formation. Pore formation is an endothermic process. Based
on the measured heat reduction observed in Figure 3 and
the amount of peptide bound in the initial titration phase,
the enthalpy of pore formation can be evaluated as∆H )
6.2 ( 1.6 kcal/mol of peptide. If a pore is composed of
4-7 magainin monomers (14), the total enthalpy of pore
formation is∆Hpore∼ 25-45 kcal per pore. The formation
of M2a pores in the lipid membrane is thus enthalpically
unfavorable and must be an entropy-driven process. With
increasing lipid injections, the P/L ratio decreases, and pore
formation comes to a halt. Addition of further lipid will
shift the poreT monomer equilibrium toward the M2a
monomer phase, and the pore will disintegrate. The pore

δHex ) ∑
i

(δhi,exp- δhi,theor) (10)
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disintegration is exothermic and will return the enthalpy
consumed during pore formation. This explains the ap-
proximate symmetry of the positive and negative excess
enthalpies as revealed by Figure 3. Finally, at very high
L/P ratios, only monomers are found on the membrane
surface, and the experimental results follow the theoretical
partition model.
The thermodynamic data suggest a simple scheme to

describe the M2a poreT monomer equilibrium. To this
purpose, Figure 5 shows a plot of the total peptide concen-
tration,CP,tot, vs the total lipid concentration,CL,tot, derived
from Figure 3 in the following manner. For a given peptide
concentration,CP,tot, those two lipid concentrations,CL,tot,
were determined where the experimental titration curve
intersects the binding isotherm of the partition model. The
dashed line then connects data points corresponding to high
P/L ratios. It defines the boundary between pure pores
(region III) and the coexistence region (region II). In the
latter, pores and M2a monomers coexist at variable ratios.
The solid line connects data points with a low P/L ratio and
describes the boundary between the coexistence region II
and the pure monomer region I. Region I is the simple
partition equilibrium of M2a in solution, i.e., the equilibrium
between a random-coil conformation in solution and M2a
bound in helical conformation parallel to the membrane
surface.
Linear regression analysis of the data in Figure 5 yields

for the boundary between the pore region and the coexistence
region. All data points are characterized by the sameXb )
21.3 ( 1.2 mmol/mol andcp,f ) 4.4 ( 0.7 µM. The
boundary between the pore/monomer coexistence region and
the pure monomer region is given by

The boundaries derived by titration calorimetry are in

agreement with spectroscopic data and with measurements
of biological activity. At magainin concentrations>∼3.3
mol %, CD spectroscopy showed that 50-100 % of the
peptide was inserted perpendicular into the membrane (14,
20), which is consistent with the boundary III/II defined by
eq 11. On the other hand,15N solid-state NMR spectroscopy
provides evidence for magainin 2 helices oriented parallel
to the bilayer surface when the total magainin 2:lipid ratios
are 0.8-3 mol % (7, 22, 26). Cytotoxicity studies revealed
that 0.6-3 mol % magainin resulted in half-maximal
decoupling of the respiratory free energy transduction in
bacteria, isolated mitochondria, and reconstituted cytochrome
c oxidase liposomes (10, 12, 52). In the present study, the
concentration range of 0.8-3 mol % can be identified as
the coexistence range of parallel and perpendicular helix
orientations. Since the percentage of the two varies, the
perpendicular orientation could have escaped notice in the
NMR experiments. It should also be noted that Figure 5 is
valid for sonified, 30 nm lipid vesicles composed of POPC/
POPG (3:1) whereas most of the previous CD, NMR, and
neutron diffraction studies employed oriented planar bilayers
squeezed between quartz plates. The lateral packing density
of the lipids is higher in planar than in highly curved
unilamellar vesicles. In addition, lipids with saturated fatty
acyl chains were employed in most of the earlier studies.
Both factors together could shift the boundaries toward
slightly higher magainin 2 concentrations than observed in
Figure 5.

CONCLUSIONS

We have used high-sensitivity titration calorimetry to
investigate the binding of magainin 2 amide to sonified
phospholipid vesicles composed of POPC and POPG (75:
25 mol/mol). The binding process can be described quan-
titatively by a surface partition equilibrium amplified by
strong electrostatic attraction. The partition coefficient after
correction for electrostatic effects isK ) 55 ( 5 M-1, the
enthalpy of binding is∆H ) -17 ( 1 kcal/mol, and the
effective charge of the peptide isz ≈ 3.7-3.8, depending
on the pH at the membrane surface and the extent of
protonation of the terminal amino group. The binding of
M2a is caused essentially by electrostatic forces. The overall
binding constant,Kapp, which includes both hydrophobic and
electrostatic contributions, varies considerably between∼105
M-1 and 103 M-1 (and lower) depending on the peptide
concentration, the membrane surface charge, the salt con-
centration, and other experimental conditions. At high
peptide concentrations, excess enthalpies were observed
which are assigned to an insertion of the helical peptide into
the lipid membrane followed by pore formation. Pore
formation is enthalpically unfavorable and requires∆H )
6.2( 1.6 kcal/mol peptide or∆H ≈ 25-45 kcal/mol pore
if the pore is composed of 4-7 peptides.
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