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Binding of the antibacterial peptide magainin 2 amide
to small and large unilamellar vesicles
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Abstract

Ž .The thermodynamics of binding of the antibacterial peptide magainin 2 amide M2a to negatively charged small
Ž . Ž . Ž .SUVs and large LUVs unilamellar vesicles has been studied with isothermal titration calorimetry ITC and CD
spectroscopy at 458C. The binding isotherms as well as the ability of the peptide to permeabilize membranes were
found to be qualitatively and quantitatively similar for both model membranes. The binding isotherms could be
described with a surface partition equilibrium where the surface concentration of the peptide immediately above the
plane of binding was calculated with the Gouy]Chapman theory. The standard free energy of binding was
DG0 fy22 kJrmol and was almost identical for LUVs and SUVs. However, the standard enthalpy and entropy of

Ž 0 0 . Ž 0binding were distinctly higher for LUVs D H sy15.1 kJrmol, DS s24.7 JrmolK than for SUVs D H sy38.5
0 .kJrmol, DS sy55.3 JrmolK . This enthalpy]entropy compensation mechanism is explained by differences in the

lipid packing. The cohesive forces between lipid molecules are larger in well-packed LUVs and incorporation of M2a
leads to a stronger disruption of cohesive forces and to a larger increase in the lipid flexibility than peptide
incorporation into the more disordered SUVs. At 458C the peptide easily translocates from the outer to the inner
monolayer as judged from the simulation of the ITC curves. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Magainins are antimicrobial peptides belonging
to the innate immune response of the African

w xclawed frog Xenopus lae¨is 1 . The positively
charged peptides act by enhancing the permeabil-

w xity of the microbial target membrane 2,3 . Ma-
gainins adopt a random coil conformation in wa-
ter, but fold into amphipathic a-helices upon

w xbinding to the biological membrane 4]6 .
Membrane-binding is the first step of the pep-
tide]membrane interaction mechanism and
knowledge of its determinants and driving forces
is prerequisite for the understanding of the mech-
anism of action and of the molecular reasons for
the prokaryotic specificity. Several membrane-
binding studies of magainin peptides have been

w xpublished 4,6]9 . The positively charged peptides
were found to bind preferentially to negatively
charged membranes which is a major reason for
the prokaryotic specificity. The enhanced affinity
is caused by an electrostatic attraction of the
peptides to the negatively charged membrane sur-
face rather than a specific peptide]lipid interac-

w xtion 9 .
Membrane binding studies are mostly per-

Ž .formed using small unilamellar vesicles SUVs
Ž .made by sonification mean diameter ;30 nm

Ž .or large unilamellar vesicles LUVs prepared by
Žthe extrusion technique mean diameter ;100

.nm . SUVs are highly curved and are less densely
packed than LUVs. Nevertheless, SUVs offer
specific advantages for physical]chemical studies.
Because of their small diameter, their light scat-
tering activity is minimal and spectroscopic meth-

Ž .ods, such as circular dichroism CD spectroscopy,
can be used to detect changes in the protein
conformation upon binding. Furthermore, high-

Ž .sensitivity isothermal titration calorimetry ITC
has revealed that the heats of binding obtained
with SUVs are often distinctly more exothermic

w xthan those obtained with LUVs 10]12 . This
effect was designated as non-classical hy-

w xdrophobic effect 12 . The large binding enthalpy
improves the signal-to-noise ratio of the calori-
metric measurement and leads to a higher accu-
racy in the evaluation of the binding isotherms.
LUVs, on the other hand, appear to be more

closely related to biological membranes, since the
curvature stress is reduced and the lipid packing
density is higher. Since both model systems are
widely used we have systematically compared the
two types of vesicles for the specific case of ma-

Ž .gainin 2 amide M2a binding and membrane
permeabilization.

Binding of M2a to negatively charged SUVs
composed of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholiner1-palm itoyl-2-oleoyl-sn-

wglycero-3-phospho-rac-glycerol POPCrPOPG
Ž .x3:1 has already been investigated previously at

w x308C 8 . The binding isotherm was derived with
ITC for peptide concentrations below 7 mM. At
peptide concentrations )7 mM, a second, en-
dothermic process was superimposed on the ex-
othermic binding reaction and was tentatively as-
signed to pore formation. The endothermic

w Ž .process D Hf25 kJrmol ;6 kcalrmol pep-
xtide was found to be dependent on the lipid-to-

protein ratio: upon dilution with lipid the ‘pores’
disintegrated, returning the heat consumed dur-
ing formation. ‘Pore’ formation was clearly visible

Ž . w xat 308C for POPCrPOPG 3:1 membranes 8
but barely detectable with pure POPC mem-

w xbranes 9 . In the present study, all measurements
were performed at 458C since the higher temper-
ature should favor the endothermic process. In-
deed, the latter appeared to be fully activated at
all lipid-to-protein ratios yielding a constant reac-
tion enthalpy for most peptide concentrations

Ž .measured up to 40 mM . This greatly simplified
the analysis of the calorimetric titration experi-
ments. The binding isotherms for LUVs and SUVs
could thus be determined with ITC. As an addi-
tional control, the binding isotherm for SUVs was
also measured with CD spectroscopy.

2. Materials and methods

2.1. Materials

POPC and POPG were purchased from Avanti
Polar Lipids, Inc, Alabaster, AL, USA. M2a was a

Žkind gift of Dr W.L. Maloy Magainin Phar-
.maceuticals, Inc, Plymouth Meeting, PA, USA .

All other chemicals were of analytical or reagent
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grade. Buffer was prepared from 18 MV water
obtained from a NANOpure A filtration system.
The buffer used in all experiments was 10 mM
Tris, 100 mM NaCl at pH 7.4.

2.2. Preparation of ¨esicles

A defined amount of lipid in chloroform was
first dried under nitrogen. The lipid was dissolved
in dichloromethane and then again dried under
nitrogen and, subsequently, overnight under high

Žvacuum. Typically, 2]3 ml of buffer 10 mM Tris,
.100 mM NaCl, pH 7.4 were added to the lipid

and the dispersion was extensively vortexed. For
Ž .preparation of small unilamellar vesicles SUVs

Ž .the lipid dispersion was sonified in ice-water
using a titanium tip ultrasonicator until the solu-
tion became transparent. Titanium debris was

Žremoved by centrifugation Eppendorf table-top
.centrifuge, 10 min at 14 000 rev.rmin .

LUVs were prepared by the extrusion tech-
w xnique 13 . The lipid suspension was frozen and

Ž .thawed in liquid nitrogen six times and extruded
Žthrough polycarbonate filters six times through

two stacked 0.4-mm pore size filters followed by
.eight times through two stacked 0.1-mm filters .

The lipid concentration was calculated on basis of
the weight of the dried lipid for SUVs as well as
LUVs.

SUVs and LUVs for dye release experiments
were prepared as described above using calcein

Žcontaining buffer 70 mM calcein, 10 mM Tris,
.pH 7.4 . After preparation, the untrapped calcein

was removed from the vesicles by gel filtration on
Ža Sephadex G75 column eluent: buffer contain-

.ing 10 mM Tris, 100 mM NaCl, pH 7.4 . The lipid
concentration was determined by quantitative

w xphosphorus analysis 14 .

2.3. High sensitï ity titration calorimetry

Isothermal titration calorimetry was performed
using a MicroCal Omega high-sensitivity titration

Ž . w xcalorimeter Microcal, Norhampton, MA 15 .
Solutions were degassed under vacuum prior to
use. The calorimeter was calibrated electrically.
The heats of dilution were determined in control
experiments by injecting either peptide solution

or lipid suspension into buffer. The heats of dilu-
tion were subtracted from the heats determined
in the corresponding peptide]lipid binding exper-
iments.

2.4. Circular dichroism measurements

CD measurements were carried out on a Jasco
720 spectrometer at wavelengths between 200 and
260 nm at 458C. Minor contributions of circular
dichroism and circular differential scattering of
the SUVs were eliminated by subtracting the lipid
spectra of the corresponding peptide-free suspen-
sions.

2.5. Dye release experiments

Aliquots of a calcein-containing vesicle suspen-
Žsion 10]20 ml, depending on the lipid concentra-
.tion were injected into a cuvette containing 2.0

ml of a stirred, thermostated peptide solution of a
Ždefined concentration final lipid concentration

.was between 50 and 81 mM . Calcein release from
vesicles was determined fluorometrically by mea-

Žsuring the decrease in self-quenching excitation
.at 490 nm, emission at 520 nm on a Jasco FP 777

spectrofluorometer. The fluorescence intensity
corresponding to 100% calcein release was de-
termined by addition of 100 ml of 10% Triton
X-100 solution.

3. Results

3.1. ITC experiments

Binding isotherms of M2a to POPCrPOPG
Ž .3:1 LUVs at 458C were determined by injecting

w xlipid vesicles into peptide solutions 16 . In this
type of experiment, small aliquots of a concen-

Ž .trated vesicle solution 6 ml of 35 mM lipid were
injected into the calorimeter cell containing the

Ž .peptide solution between 6 and 40 mM M2a .
Calorimetric traces of typical experiments are

Ž .given in Fig. 1 upper panels . Fig. 1a,c show the
results of injection of 6 ml of 35 mM LUVs into 6
and 40 mM M2a, respectively, and Fig. 1b,d show
the analog experiments performed with SUVs.
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Ž . Ž . Ž . ŽFig. 1. Titration calorimetry of M2a solutions with POPCrPOPG 3:1 LUVs a,c and SUVs b,d at 458C buffer: 10 mM Tris, 100
.mM NaCl, pH 7.4 . The upper panels show the calorimeter tracings and the lower panels show the heats of injection. The heat of

dilution was measured in separate control experiments and is already subtracted from the heats of injection. The specific conditions
Ž . Ž .were as follows: a Injection of 6-ml aliquots of 35 mM LUVs into 6 mM M2a. b Injection of 6-ml aliquots of 35 mM SUVs into 6

Ž . Ž .mM M2a. c Injection of 6-ml aliquots of 35 mM LUVs into 40 mM M2a. d Injection of 6-ml aliquots of 35 mM SUVs into 40 mM
M2a.
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Control experiments with injection of lipid into
buffer revealed small and constant heats of dilu-
tion which were subtracted from the actual mea-
surement. The corrected heats of injections are
given in the lower panels of Fig. 1a]d. Binding of
M2a to vesicles was always accompanied by ex-
othermic heats of reaction. These were consider-

Ž .ably smaller for LUVs Fig. 1a,c , but the relative
change of the exothermic heats with increasing
injection number was comparable for LUVs and
for SUVs. The measured heats, per injection, h ,i
are expected to decrease in magnitude with in-
creasing injection number since less and less pep-
tide remains free in solution.

The ITC experiments provide the standard
molar reaction enthalpy D H 0 according to

0 0 Ž .D H sÝ dh r c V 1Ž .i i pep cell

Žwhere dh are the heats of injection heats ofi
. 0dilution subtracted , c is the total peptide con-pep

centration and V is the volume of the calorime-cell
Ž . w x 0ter cell 1.3353 ml 16 . D H was found to be

Ž]15.1"3.3 kJrmol for LUVs number of experi-
.ments ns9 and ]38.5"2.5 kJrmol for SUVs

Ž . Ž .ns8 Table 1 . Obviously, binding of M2a to
SUVs is distinctly more exothermic than binding
to SUVs.

Ž . ŽNext, the binding isotherms X s f c X sb f b
molar ratio of bound peptide per total lipid, c sf
peptide equilibrium concentration free in solu-

. w xtion can be derived from the measured dh 8,16i

and are shown in Fig. 2. The binding isotherms
are based on the assumption that the lipid on
both leaflets of the vesicles was accessible to the
peptide. The two isotherms are the results of nine
LUV and eight SUV lipid-into-peptide titration
experiments performed at different peptide con-
centrations between 6 and 40 mM. Very similar
binding isotherms were found for LUVs and
SUVs, indicating a slightly better binding of M2a
to LUVs than to SUVs.

The theoretical analysis of the binding
isotherms requires the assumption of a specific
binding model. The model employed here is a
surface partition equilibrium with the additional
condition that the amount of bound peptide is
linearly related to the peptide concentration im-

Žmediately above the membrane surface surface
.concentration, c and not to the bulk concen-M

tration, c :f

Ž .peptide membrane]water interface

Ž .¡peptide membrane-bound

Ž .X sKc 2b M

Ž .c depends on: i the free peptide concentra-M
Ž .tion in bulk solution, c ; ii on the peptide charge;f

Ž .and iii on the membrane surface potential.
Ž .POPCrPOPG 3:1 vesicles are characterized by

a negative surface potential of approximately ]50
mV in the present buffer leading to an attraction

Table 1
Ž .Thermodynamic parameters of binding of M2a to POPCrPOPG 3:1 vesicles at 458C

0 a b 0 c 0 d 0
D H K DG yT DS DS

y1 bŽ . Ž . Ž . Ž . Ž .kJrmol M kJrmol kJrmol JrmolK

LUVs y15.1 110 y23.0 y7.9 25.0
SUVs y38.5 50 y20.9 17.6 y55.3

eLUVs coil 29.8 y14.2 y44.0 138.4
eSUVs coil 6.4 y12.1 y18.5 58.2

a
D H 0 as directly observed in the ITC experiments.

bK was calculated from the ITC and CD binding isotherms as described in the text.
c
DG0 sRT ln 55.5 K.

d yT DS0 sDG0 yD H 0.
e Binding parameters for a hypothetical M2a peptide which binds to the membrane without undergoing the coilªa-helix

transition.
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Ž . Ž . Ž . ŽFig. 2. Binding isotherms of M2a for POPCrPOPG 3:1 LUVs v and SUVs ` at 458C buffer 10 mM Tris, 100 mM NaCl, pH
. Ž . Ž .7.4 . The binding isotherms are based on nine LUVs and eight SUVs independent lipid into peptide titrations with peptide

concentrations between 6 and 40 mM. The ratio of bound peptide per lipid, X , is calculated on the basis of the lipid present in theb
y1 Ž .outer and inner layer of the vesicles. The solid lines correspond to theoretical binding isotherms with Ks110 M LUVs and

y1 Ž .Ks50 M SUVs , calculated by combining a surface partition equilibrium with the Gouy]Chapman theory.

Žof the cationic M2a zf3.8]3.6, depending on
.the surface concentration from bulk solution to

the membrane surface. Consequently, the peptide
Ž .concentration near the membrane surface c isM

Ž .enhanced compared to that in bulk solution c .f
ŽUsing the Gouy]Chapman theory for reviews

w xsee Aveyard and Haydon 17 and McLaughlin
w x.18,19 it is possible to calculate c for each dataM
point of the binding isotherm and to determine
the binding constant K. A detailed description of
this binding model as applied to magainin pep-

w xtides can be found elsewhere 8,9 . Using this
model we have simulated the calorimetric curves

Ž .obtained for the injection of POPCrPOPG 3:1
Žvesicles into 6 mM M2a lowest peptide concen-

.trations, Fig. 3 . Good agreement was found for
Ks30 My1, zs3.6]3.7, D H 0 s ]12.6 kJrmol

Ž . y1for LUVs Fig. 3a and Ks50 M , zs3.6]3.7,
0 Ž .D H s ]37.7 kJrmol for SUVs Fig. 3b . The

calculations were performed with the assumption
Žthat the peptide can cross the bilayer 100% of

.lipid accessible for binding . The binding con-

stants are consistent with those recently reported
Ž .for binding of M2a to POPCrPOPG 3:1 SUVs

Ž y1 . w xat 308C Ks50 M 8 .
Finally, we have used this model to simulate

the binding isotherms up to c s35 mM. Fig. 2f

demonstrates that the binding isotherm for LUVs
at 458C can be described by the surface partition
model extremely well with Ks110 My1. For
SUVs a good fit is obtained with Ks50 My1 up
to an equilibrium concentration of C ;15 mM.pep

For both calculations it was assumed that the
peptide can cross the membrane and that all lipid
is available for binding.

The standard free energy of binding, DG0, can
be calculated from K using the relation

0 wŽ . x Ž .DG syRT ln 55.5 M K 3

where the factor 55.5 M is the molar concentra-
tion of water and corrects for the cratic contribu-

w x 0tion 20 . DG was found to be y23 kJrmol for
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Fig. 3. Heat of injection as a function of the injection number
Ž . Ž .for a the injection of 35 mM POPCrPOPG 3:1 LUVs into

Ž .6 mM M2a; and b the injection of 35 mM POPCrPOPG
Ž .3:1 SUVs into 6 mM M2a. The solid lines correspond to the
best fit of the experimental data points using a model which
combines a surface partition equilibrium with the

Ž .Gouy]Chapman theory. The specific fit parameters are a
y1 0 Ž .Ks30 M , zs3.6]3.7, D H sy12.6 kJrmol; and b Ks

50 My1, zs3.6]3.7, D H 0 sy37.7 kJrmol.

LUVs and ]20.9 kJrmol for SUVs and corre-
sponds to the free energy of transfer of peptide

Žfrom the lipid]water interface peptide concen-
.tration c into the lipid bilayer.M

The standard entropy of binding can be calcu-
0 Ž 0 0.lated according to DS s D H yDG rT and

Ž . Žwas negative for POPCrPOPG 3:1 SUVs y55.3
. Ž .JrmolK but positive for LUVs 25.0 JrmolK .

While the entropy drives binding of M2a to LUVs
it opposes binding to SUVs. The thermodynamic
binding parameters are summarized in Table 1.

3.2. CD spectroscopy

Binding isotherms can be derived easily from
ITC measurements if D H is constant and inde-
pendent of X . This is normally observed forb
lipid-into-peptide titrations at a low peptide con-
centration and hence low X values. For higherb
peptide concentrations, changes in the structure
of the membrane and also peptide]peptide inter-
actions may occur, which could result in a D H
which varies with the extent of peptide binding.
In order to verify the ITC-derived binding
isotherms, we have therefore measured M2a
binding isotherms to SUVs also with CD spec-

Ž .troscopy at 458C .
M2a in solution shows a random coil structure,

whereas M2a bound to SUVs is a-helical. CD
Ž 0 .spectra of a M2a solution c s30 mM werepep

recorded in presence of varying amounts of
Ž . ŽPOPCrPOPG 3:1 SUVs lipid concentration

.between 0 and 6 mM . Without lipid, the mea-
sured ellipticity reflects the conformation of the

Ž .peptide in aqueous solution Q . The ellipticityW
becomes distinctly more negative with increasing
lipid concentration, c , and approaches a con-L
stant level at a lipid-concentration of ;5 mM
Ž .spectra not shown . At lipid concentrations )5
mM the peptide is completely membrane-bound
and characterized by the ellipticity, Q .M

At other lipid-to-peptide ratios the fraction of
bound peptide, X can be calculated accordingP,b
to

Ž . Ž . Ž .X s QyQ r Q yQ 4P ,b W M W

where Q is the measured ellipticity. Numerical
values used for Q and Q in this study wereM W
Q s y463 000 deg cm2rdmol and Q sM W
y34 500 deg cm2rdmol. The concentration of
peptide remaining free in solution, c , isf

0 Ž . Ž .c sc 1yX 5f pep P ,b

The molar ratio of bound peptide per lipid, X , isb
given by

0 0 Ž .X sc rc sX c rc 6b b L P ,b pep L
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where c0 is the total lipid concentration.L
In Fig. 4 the binding isotherm measured by CD

spectroscopy is compared to that obtained from
Žisothermal titration calorimetry both isotherms

.calculated on the basis of total lipid . A good
agreement between the two methods is obtained.
The solid line represents the theoretical binding
isotherm calculated with Ks50 My1. The CD
data follow the theoretical model up to the high-
est peptide concentration. The present measure-
ments are also consistent with a CD-derived bind-

w xing isotherm obtained previously at 238C 6 .

3.3. Membrane permeabilization experiments

In order to compare the ability of M2a to
Ž .permeabilize POPCrPOPG 3:1 SUVs and

LUVs, we have performed calcein release experi-
ments. The calcein fluorescence within these vesi-
cles is highly self-quenched because of the large

Ž .dye concentration 70 mM . The addition of a
M2a solution to the dye-containing SUVs or

Ž .Fig. 4. Comparison between CD-derived binding isotherm v

Ž .and ITC based binding isotherm ` of M2a to POPCrPOPG
Ž .3:1 SUVs at 458C. Binding isotherms were calculated with
the assumption that the inner and outer lipid layer is peptide
accessible. The solid line corresponds to a theoretical binding
isotherm calculated with Ks50 My1.

Fig. 5. Dependence of the extent of calcein leakage from
Ž . Ž . Ž .POPCrPOPG 3:1 LUVs v and SUVs ` on the molar

ratio of peptide per lipid. Leakage is given as the percentage
of fluorescence dequenching after 5 min. The lipid concentra-
tion was 50 mM for LUVs and 81 mM for SUVs.

LUVs at 308C induces dye release. Dye release
leads to a fluorescence dequenching and is re-
flected in a fluorescence increase. Fig. 5 shows
the extent of fluorescence dequenching, mea-
sured 5 min after mixing of peptide with

Ž .POPCrPOPG 3:1 vesicles as a function of the
total peptide-to-lipid ratio. Virtually no differ-
ences are seen between SUVs and LUVs.

4. Discussion

Ž .M2a binding to POPCrPOPG 3:1 SUVs and
LUVs was found to be rather similar but not
exactly identical. The binding isotherm could be
described by a surface partition equilibrium with
proper correction of electrostatic effects by means

w xof the Gouy]Chapman theory 8,21 and a rapid
permeation of the peptide through the mem-
brane. The binding isotherms and the free energy
of binding were almost identical for LUVs and
SUVs. Likewise, the ability of M2a to perme-
abilize SUVs and LUVs, as assessed by dye efflux
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experiments, was virtually identical. Both model
systems are hence equally suited to study quanti-
tatively the extent of peptide]membrane binding
as well as membrane permeabilization. Binding
constants which were similar for SUVs and LUVs
have previously been reported for a somatostatin

w xanalogue 10 and for amphipathic model peptides
w x11 . However, the contributions of enthalpy and
entropy to the free energy were always distinctly
different for LUVs and SUVs. This also holds
true for the present study. M2a binding to LUVs

Ž .is drï en by entropy 25.0 JrmolK , whereas bind-
Žing to SUVs is opposed by entropy y55.3

.JrmolK . In contrast, the reaction enthalpy
Žchange is more favorable for SUVs y38.5

. Ž .kJrmol than for LUVs y15.1 kJrmol .

4.1. Molecular interpretation of thermodynamic
binding parameters

Binding of the positively charged M2a to a
negatively charged membrane is a multi-step
process. First, the peptide is electrostatically ac-
cumulated at the surface of the negatively charged
membrane. The extent of the accumulation de-
pends on the peptide charge and the membrane
surface potential, where the latter is determined,
in turn, by the surface charge density of the
membrane and the ionic strength of the solution.
Secondly, the peptide is transferred from the
membrane surface into the membrane. Thirdly,
membrane incorporation is accompanied by a
conformational transition of M2a from a random

w xcoil structure to an a-helix 4]6 . Finally, the
peptide could flip from the outer to the inner
monolayer. Since our binding model corrects for
the electrostatic accumulation by using surface
concentrations, the thermodynamic parameters
summarized in Table 1 reflect the sum of the last
three steps.

Three energy contributions describe the inter-
action of M2a with the bilayer membrane: the
hydrophobic effect, the coil-to-helix transition,
and contributions arising from structural changes
within the bilayer itself, including the non-classi-

w xcal hydrophobic effect 9,12,22 . The hydrophobic
w xeffect is an entropy-driven process 23 . Partition

of non-polar residues into the membrane is ac-

companied by a release of ordered water from the
hydrophobic surface increasing thereby the en-
tropy of the system. Despite small structural dif-
ferences between SUVs and LUVs with respect
to lipid packing density and curvature strain it is
reasonable to assume that the amount of water
released from the peptide side chains upon mem-
brane binding is comparable for both systems.

A second energy contribution to the binding
process comes from the coilªa-helix transition.
CD measurements of M2a and M2a analogs with
substituted D-amino acids bound to SUVs re-
vealed that the helix is extended over the whole

w x 15amino acid chain 6 . Likewise, solid state N-
NMR experiments reported a completely helical
conformation for M2a bound to planar bilayers
w x5 . Therefore, significant conformational differ-
ences between M2a bound to SUVs and LUVs do
not exist and helix formation can be expected to
make the same energetic contributions to the
binding parameters of SUVs and LUVs. We have
recently determined the thermodynamic parame-
ters of helix formation of M2a in a membrane

w xenvironment 22 . Helix formation was found to
be driven by an enthalpy change of ]3.0 kJrmol

Ž .residue ]0.72 kcalrmol residue and contributed
Ž .]0.59 kJrmol residue ]0.14 kcalrmol residue to

the free energy of binding. It is instructive to
Žapply these parameters determined at 308C for

.SUVs , to the present data measured at 458C.
The helicity of M2a in the membrane-bound state
as calculated from the mean residue ellipticity at

w x222 nm is ;65% at 458C 24 . The contribution
of helix formation to the thermodynamic binding

Ž .parameters is then D H ;0.65=23= y3.0helix
sy44.9 kJrmol and, similarly, DG ; ]8.8helix
kJrmol. Subtraction of D H and DG fromhelix helix
the measured results yields the binding parame-
ters of a hypothetical peptide, locked into its coil

Žconformation designated as LUVs coil and SUVs
.coil in Table 1 . Interestingly, peptide binding

without folding is driven by entropy but opposed
by enthalpy for both, LUVs and SUVs. The favor-
able entropy change can in part be attributed to
the hydrophobic effect. It should be noted that
the unfavorable enthalpy change of the hypotheti-
cal random coil structure is clearly larger for

Ž . ŽLUVs q29.8 kJrmol than for SUVs q6.4
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.kJrmol reflecting presumably differences in the
packing density of the two membranes.

Membrane-bound M2a is oriented parallel to
the membrane surface with the hydrophilic groups
being in contact with the hydrophilic headgroup
environment and the hydrophobic groups pene-
trating into the hydrophobic acyl chain region
w x5,25 . Because of the superficial peptide location,
M2a binding increases the area available for the
lipid acyl chains close to the bound peptide. Area
expansion results in a membrane thinning, as was
recently confirmed for M2a by neutron scattering

w xexperiments 26 . Using standard thermodynamic
relations it can be shown that the inner energy
and the entropy of a bilayer vary considerably
with the lipid area, A , while the free energy isL

w xonly little dependent on A 10,27,28 . The changeL
Ž .in the inner energy U accompanying reversible

expansion of a bilayer at constant temperature is
given by

Ž . Ž .dUrd A sypq dQrd AL LT T

Ž .sypqTarxsp 7i

where p is the surface pressure, dQ is the heat of
expansion, a is the area expansivity at constant
membrane tension, x is the isothermal area com-
pressibility and p is the internal tension. Asi
previously suggested for binding of a somatostatin

w xanalogue to vesicles 10 , we make the following
Ž .two assumptions: i Binding of M2a to bilayers

Ž .slightly increases the area per lipid A . ii TheL
internal tension p , which is a measure for thei
cohesive forces in a sample, is higher in well-
packed LUVs than in highly curved SUVs. Typi-
cal values of p in membranes have been esti-i

2 w xmated as 290y420 mJrm 27,28 . Assuming pi
to be approximately 20% larger for LUVs than

Žfor SUVs as suggested by the area dependence
of the internal tension observed in monolayer

w x.experiments 28 , the difference in the internal
tension between LUVs and SUVs amounts to
about Dp f ]70 mJrm2. It is now possible toi
roughly estimate the area increase induced by
M2a binding according to

Ž . Ž .d AsDdUr Dp =N 8i A

where d A is the area increase of the bilayer upon
binding of one M2a molecule, DdU is the differ-
ence between the internal energy changes accom-
panying binding of M2a to LUVs and SUVs and

w xN is the Avogadro constant 10 . It should beA
mentioned that DdU ; DdQ s D H yLUVs
D H , since the difference between the mem-SUVs
brane tension of LUVs and SUVs, Dp, is much
smaller than the difference in the internal ten-

w Ž .xsion, Dp cf. Eq. 7 .i
Using DUs;25 kJrmol as determined from

the ITC experiments, d A is calculated to be ap-
˚2proximately 60 A . Therefore, binding of one M2a

molecule to the bilayer increases the area by
˚2approximately 60 A . The calculation depends

critically on the magnitude of Dp and should bei

considered as a rough estimate of d A. The above
calculation shows, however, that the differences
in D H can be explained by the different packing
density of SUVs and LUVs.

The differences in the thermodynamic binding
parameters between LUVs and SUVs reflect an
entropy]enthalpy compensation mechanism. The
free energy of binding of M2a is similar for SUVs
and for LUVs, but large differences exists in the
binding enthalpy and entropy. An explanation can
again be sought in the different lipid packing.

Ž .Relatively strong cohesive forces large p existi
between the lipid molecules. This state is charac-
terized by a comparably low entropy, since the
tight packing reduces the motional degrees of
freedom. Binding of M2a to LUVs reduces the
cohesive forces at the site of incorporation and
increases the lipid flexibility resulting in a large
enthalpy and entropy increase as observed in the

Žexperiments see Table 1: parameters corrected
.for conformational effects: LUVs coil . In highly

curved SUVs, the packing of the lipid molecules
is less ideal giving rise to weaker cohesive forces
between the lipid molecules. At the same time,
the entropy of the lipid molecules is higher in
SUVs since the looser packing enhances the lipid
flexibility. Incorporation of M2a into SUVs leads
hence to a smaller increase in the enthalpy but, in

Žturn, also to a smaller entropy increase cf. Table
1: parameters corrected for conformational ef-

.fects: SUVs coil . In conclusion, the entropy]
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enthalpy compensation mechanism can be at-
tributed to differences in the cohesive forces
between lipid molecules in both model systems.

4.2. Membrane permeation of M2a at 30 and 458C

The binding of M2a to lipid vesicles can be
described with a surface partition equilibrium
combined with the Gouy]Chapman theory
w x8,9,21 . Previous studies with POPGrPOPC
membranes were performed at ambient tempera-
ture and an excellent agreement between theory
and experiment was obtained for low peptide
concentrations. Under these conditions, M2a
binds to the lipid vesicle outside only. However, if
the peptide concentration is increased beyond a
critical limit of approximately 7 mM, the peptide
translocates also into the inner monolayer as evi-
denced, in particular, by fluorescence spectros-

w xcopy 29 . This process is accompanied by pore
formationrlipid perturbation which is character-
ized by an endothermic heat of reaction of D Hf
25 kJrmol which distorts the binding isotherm at

w x308C 8 . The present data demonstrate that at
the higher temperature of 458C peptide transloca-
tion occurs even at low peptide concentrations.
The binding isotherms for LUVs and SUVs can
be explained with K-values consistent with the

Ž y1 .previous measurements K;50]110 M over
Ž .the whole concentration range up to 40 mM

assuming a rapid and quantitative equilibration of
M2a between both halflayers. The reaction en-
thalpy of D H 0 sy38.5 kJrmol at 458C is dis-

0 Žtinctly larger than D H sy71 kJrmol y17
.kcalrmol at 308C and can be explained as the

Žsum of the actual binding enthalpy y63 kJrmol;
expected for D H 0 at 458C, see Wieprecht et al.
w x. Ž9 and the additional peptide translocation or

.pore formaterlipid perturbation enthalpy of q25
kJrmol. A peptide translocation is in accordance
with results obtained by fluorescence resonance
energy transfer, which showed that membrane
permeabilization is coupled to a translocation of
peptide from the outer leaflet to the inner leaflet

w xof the bilayer 29 .

5. Conclusions

In the present work we have shown that the
lipid affinity of M2a as well as the pore formation
activity are very similar for highly curved vesicles
Ž . Ž .SUVs and planar membranes LUVs . Both
model systems are hence equally suited to study
peptide binding and pore formation. The free
energy of binding and the binding constant were
almost identical for both model systems. How-
ever, both the enthalpy and entropy of binding
were distinctly higher for LUVs than for SUVs
revealing an entropy]enthalpy compensation
mechanism. The enthalpic and entropic differ-
ences were traced back to differences in the lipid
packing between SUVs and LUVs. Incorporation
of the peptide into LUVs leads to a stronger
disruption of van der Waals interactions and to a
larger increase in the lipid mobility than peptide
incorporation into less tightly packed SUVs. The

Ž .binding isotherms of M2a to POPCrPOPG 3:1
SUVs and LUVs could be described by a surface
partition model where the peptide concentration
at the membrane surface was calculated with the
Gouy]Chapman theory. At 458C a rapid and
quantitative equilibration of the peptide occurs
between the outer and inner monolayer of the
vesicles.
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