Biophysical
Chemistry

i

ELSEVIER Biophysical Chemistry 962002 191-201

www.elseviercom/locate/bpc

Thermodynamics of the coik-helix transition of amphipathic
peptides in a membrane environment: the role of vesicle
curvaturé

Torsten Wieprecht , Michael Beyermahn , Joachim Séelig *

@Department of Biophysical Chemistry, Biozentrum University of Basel, Klingelbergstrasse 70, CH-4056 Basel, Switzerland
Pnstitute of Molecular Pharmacology, Alfred-Kowalke-Str. 4, D-10315 Berlin, Germany

Received 19 June 2001; received in revised form 2 October 2001; accepted 5 October 2001

Abstract

The binding of peptides or proteins to a bilayer membrane is often coupled with a randemccbitlix transition.
Knowledge of the energetics of this membrane-induced folding event is essential for the understanding of the
mechanism of membrane activity. In a recent stlidfieprecht et al., J. Mol. Biol. 2941999 785-794, we have
developed an approach which allows an analysis of the energetics of membrane-induced folding. We have
systematically varied the helix content of the amphipathic peptide magainin-2-amide by synthesizing analogs where
two adjacent amino acid residues were substituted by their corresponengntiomers and have measured their
binding to small unilamellar vesicle&SUVs). Correlation of the binding parameters with the helicities allowed the
evaluation of the thermodynamic parameters of helix formation. Since SB¥s1m in diameter are characterized
by a non-ideal lipid packing due to their high membrane curvature, we have now extended our studies to large
unilamellar vesiclegLUVs) (100 nm in diameterwith a lipid packing close to planar membranes. While the free
energy of binding was similar for SUVs and LUVs, the binding enthalpies and entropies were distinctly different for
the two membrane systems. The thermodynamic parameters of the coil-helix transition were nevertheless not affected
by the vesicle size. Helix formation at the membrane surface of LUM3Vs) was characterized by an enthalpy
change of—0.8 (—0.7) kcal/mol per residue, an entropy change-&.3 (—1.9) cal/mol K per residue, and a free
energy change of-0.12 (—0.14) kcal/mol per residue. Helix formation accounted fer50% of the free energy of
binding underlining its major role as a driving force for membrane-bind®@002 Elsevier Science B.V. All rights
reserved.
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Fig. 1. Calorimeter traces of the injection of M2a,©) and d11,12 M24b,d) into POPQPOPG(3:1) LUVs (a,b) or SUVs(c,d)
at 30°C. The specific conditions weré€a) injection of 7wl of 200 wuM M2a into 20 mM POPZPOPG(3:1) LUVs; (b) injection
of 7 pl of 200 uM d11,12 M2a into 20 mM POPEPOPG (3:1) LUVs; (c) injection of 5 ul of 200 uM M2a into 20 mM
POPQPOPG(3:1) SUVs; (d) injection of 6wl of 200 wM d11,12 M2a into 17.5 mM POPPOPG(3:1) LUVs.

1. Introduction only three peptides studied so far are the bee
_ _ venom melittin [21] the antimicrobial peptide
The potential of a peptide to assume an  magainin 2 amide(M2a) [1] and the signal
helical conformation is generally higher in a hydro- sequence of mitochondrial rhodend&HD) [22].
phobic environment than in water since the water e thermodynamic analysis was made possible
molecules destabilize the intra-molecular hydrogen by the synthesis of a set of peptides with the same
bonds of the heli{2,3]. The binding of peptideS  iinan “sequence but with two adjacent amino
proteins to biological membranes corresponds to a4cids substituted by the correspondingenantio-
transfer fror_n the aqueous phase to a hydrophobic mers. Doubles-substitution leads to a local distur-
phase and is frequently accompanied by a confor- bance of the helical conformation, but does

mational transition from a random coil conforma- not modify other important properties such as
tion to an a-helix. Typical examples exhibiting - . . ) .
such a transition are signal peptides, apolipopro- overall hydrophobicity and side-chain functlonallty
teins, virus fusion peptides and membrane-lytic [13,29. We have me?S“Ted the thermodyngmlc
antimicrobial peptide$4—13. parameters of the binding of_ these peptides
The thermodynamics of the-helix formation ~ © negatively-charged 1 - paimitby2 - oleoyl -
in water has been extensively investigated. Helix 7 - 9lyce - 3 - phosphocholingl - palmitoy! -
formation was found to be driven by a negative 2 - ©leoyl -sn - glycem - 3 - phosphoglycerdlPO-
enthalpy, AHe,, 0f —0.9 to —1.3 kca/mol per PC/POPG(3:1)] sonicated vesicleésmall unila-
residue and opposed by a negative entropy, mellar vesicles — SUVswith isothermal titration
ASheie Of —2.5 to —4.6 ca/mol K per residue  calorimetry (ITC) and have correlated them with
[14-2Q. AH,.x Was largely independent of the the peptide helicities in the membrane-bound state.
peptide sequence and was suggested to reflectA linear relationship between the relevant ther-
mainly differences in the enthalpic states between modynamic parameters and the extent of helix
intra- and intermolecular hydrogen bonds6,2q. formation could be observed. From the slopes of
Thermodynamic data on theembrane-induced the linear regression lines the contribution of helix
random coil> a-helix transition are scarce. The formation to the overall binding process could be
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derived. In the case of M2a, helix-formation was
accompanied by an enthalpy changeAdf, .=
—0.7 kcaymol per residue, an entropy change of
ASheix=—1.9 caf/mol K per residue and a free
energy change ofAG.i,=—0.14 kcaJmol per
residue.
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amino acids for peptide synthesis were obtained
from Novabiochem, Bad Soden, Germany. All
other chemicals were of analytical or reagent
grade. The buffer was prepared from 1&Mvater
obtained from a NANOpure A filtration system.

In the course of our studies, we have compared 2.2. Peptide synthesis

binding of M2a to small and to large unilamellar
vesicles at 45C (SUVs, LUV9) [24]. SUVs are

The peptide investigated was the antibacterial

prepared by sonication and have a mean diameterfrog peptide magainin-2-amidéM2a) with the

of ~30 nm. They are considerably curved, result-
ing in less dense packing of the phospholipids. In
contrast, LUVs are prepared by extrusion through
polycarbonate filters, have a larger diameter of
~100 nm and their lipid packing density is close
to that of planar membranes. SUVs offer experi-
mental advantages
(reduced light scattering but LUVs are probably
the system of choice most closely related to bio-
logical membranes. Binding studies with M2a
revealed almost identical free energies of binding
to LUVs and SUVs at 45C. However, both the
enthalpy and the entropy of binding were distinctly
more positive for LUVS(AH®= —3.6 kca)/mol;
AS°=+8.0 cafmol K) than for SUVs(AH®=
—9.2 kca)/mol; AS°= —9.6 caJ/mol K) [24]. The
molecular origin of these dramatic differences in
AH® and AS° was not explained and it could
indeed be argued that helix formation to SUVs
and LUVs is characterized by different sets of
thermodynamic parameters.

In the present study, we have therefore extended

our approach of double-D substitution to large
unilamellar vesicles, using again M2a and three
isomers(d4,5 M2a, d11,12 M2a and d16,17 M2a
We have determined the enthalpy of binding as
well as the binding isotherms to POPROPG
(3:1) LUVs (100 nm with high sensitivity iso-
thermal titration calorimetry and have correlated
the thermodynamic binding parameters with the
helicity.

2. Materials and methods
2.1. Materials

POPC and POPG were purchased from Avanti
Polar Lipids, Inc., Alabaster, AL, USA. The Fmoc

sequence GIGKF LHSAK KFGKA FVGEI
MNS(NH,). M2a and its double-isomers d4,5
M2a, d11,12 M2a, and d16,17 M2a were synthe-
sized by solid-phase methods using standard Fmoc
chemistry on Tenta Gel S RAM res{0.21 mmo}

g; RAPP Polymere, Tubingen, Germanin the

in  spectroscopic studies continuous-flow mode on a MilliGen 905@Mil-

lipore, MA, USA) peptide synthesizer. Purification
was carried out by preparative high-performance
liguid chromatography(HPLC) on PolyEncap
A300, 10 wm (250x 20 mm i.d) (Bischoff Ana-
lysentechnik GmbH, Leonberg, Germarnyp give
final products>95% pure by HPLC analysis. All
peptides were characterized by matrix-assisted
laser desorption ionization mass spectrometry
(MALDI II; Kratos, Manchester, UK with peptide
content of lyophilized samples being determined
by quantitative amino acid analysid.C 3000,
Biotronik-Eppendorf, Germany

2.3. Preparation of lipid vesicles

A defined amount of lipid in chloroform was
first dried under a nitrogen stream. The lipid was
then dissolved in dichloromethane and again dried
under nitrogen and subsequently overnight under
high vacuum. Typically, 2—3 ml buffef10 mM
tris(hydroxymethy)-aminomethane (Tris), 100
mM NacCl, pH 7.4 were added to the lipid and
the dispersion was extensively vortexed. LUVs
were prepared by the extrusion techniq[&b].
The lipid suspension was frozen and thawed in
liquid nitrogen (six time9 and then extruded 10
times through 0.1um polycarbonate filters. The
lipid concentration was calculated on basis of the
weight of the dried lipid. The data for small
unilamellar vesicles were taken from previous
publications[1,24].
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2.4. High sensitivity titration calorimetry
Isothermal titration calorimetry was performed

using a VP high-sensitivity titration calorimeter
(Microcal, Northampton, MA, USA [26]. Solu-
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try in a single experiment by injecting small
aliquots of a peptide solution into a vesicle sus-
pension of high lipid concentratiofpeptide-to-
lipid titration, cf. [27]). The lipid concentration in
the calorimeter cell was much larger than the

tions were degassed under vacuum prior to use.injected peptide concentration leading to an almost

The heat of dilution values were determined in
control experiments by injecting either the peptide
solution or the lipid suspension into bufféd0
mM Tris, 100 mM NaCl, pH 7.4 The heats of

complete binding of the added peptide. Fig. la
shows the result of the injection of ZI aliquots
of a 200.M M2a solution (buffer: 10 mM Tris,
100 mM NacCl, pH 7.4 into 20 mM POPGPOPG

dilution were subtracted from the heats determined (3:1) LUVs (same buffey at 30°C. Fig. 1b shows

in the corresponding peptide-lipid binding experi-
ments. All experiments were performed at 3D

2.5. Circular dichroism spectroscopy

the analogous experiment performed with d11,12
M2a. The average heats of reaction observed after
subtraction of the heat of dilutioémeasured in
control experiments of the injection of peptide into
buffer) were —3.8 p.cal for M2a and+7.3 p.cal

CD measurements were carried out on SUVs for d11,12 M2a. While the binding of the helical
with a Jasco 720 spectrometer between 200—260M2a was exothermic, binding of the less helical

nm at 30°C. The helicity of the peptideg;,, was
determined from the mean residue ellipticii]
at 222 nm as described by Scholtz et[d9]:

[®]222_ [®] coil
[O]heix= —40 00@1—-2.5/n) + 100r
[O]coi=640—45¢

where [O],,, is the measured mean residue ellip-
ticity at 222 nm expressed in degrees cm
dmol=2, [O]heix and [O]..; are the mean residue
ellipticities of the completely helical and complete-
ly coiled form of the peptid€at 222 nm, expressed
in degree crdi dmoll), respectively,n is the
number of amino acid residues ands the tem-
perature in°C. The quality of the CD spectra of
LUVs was not sufficient to allow an evaluation of
the helix content(large perturbations due to light
scattering. The same helix content was assumed
as determined for SUVs.

3. Results
3.1. Thermodynamics of peptide binding
The enthalpy change upon binding of M2a and

its analogs to lipid vesicles could be measured
with high-sensitivity isothermal titration calorime-

d11,12 M2a was distinctly endothermic. Dividing
the heat of reaction by the amount of injected
peptide (1.4 nmo) yields the molar enthalpy of
binding, AH®. AH® comprises the binding step
proper and the enthalpic contribution of helix
formation. Under the present conditions, more than
93% of the injected peptide was bound to the
LUVs as was calculated from the binding iso-
therms(cf. below). The binding enthalpies of all
peptides, corrected for 100% binding are summa-
rized in Table 1. Fig. 1 also displays the calorim-
eter tracings of the corresponding experiments
performed with small unilamellar vesicles prepared
by sonication(Fig. 1c,d. The AH® obtained with
SUVs were always exothermic and considerably
larger in absolute value than those measured for
SUVs (cf. Table ). However, the two sets of data
agree in so far as the binding enthalpies increase
in the order M2&d4,5 M2a<d16,17 M2
dl11,12 M2a.

In a second type of experiment, the peptide was
contained in the calorimeter cell and lipid vesicles
were injectedlipid-to-peptide titration[27]). This
allowed the determination of binding isotherms for
the binding of M2a, d11,12 M2a and d16,17 M2a
to POPGPOPG (3:1) to LUVs. The same
approach was, however, unsuccessful for d4,5 M2a
since the binding enthalpy of this analéyH°=
0.7 kca)mol) was too small for a reliable deter-
mination of the binding isotherm. Typical binding
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Table 1
Thermodynamic parameters for the binding of M2a peptides to FERPEG(3:1) SUVs and LUVs at 30C
Peptide AH® AG° AS° Helicity?
(kcal/mol)® (kcal/mol)® (cal/mol K) (%)
SUvs LUVs Suvs LUVs Suvs LUVs
M2a —-17.0+1.0 —-3.0+0.3 —-4.840.1 —4.0+0.1 —40.3+3.6 3.2+1.4 74
d4,5 M2a —13.0+0.9 0.7£0.1 —4.0+0.1 (—-3.5° —29.7+3.3 (13.9° 53
d16,17 M2a —-12.3+05 2.8+0.2 —-3.6+0.1 —-3.1+0.2 —28.6+2.0 19.5+1.4 41
d11,12 M2a —-9.1+0.6 5.3+0.1 -3.4+0.1 —2.840.1 —-18.84+2.3 26.9+0.8 29

aThermodynamic parameters for SUVs and helicities were taken from Wieprecht[&t. al.
P AH® and AG° were determined from at least two independent peptide-to-lipid or lipid-to-peptide titration experiments,

respectively.

©AG%andAS°for d4,5 M2a binding to LUVs were not determined experimentally. Numbers in parentheses were calculated from

the corresponding regression E€S) and (6).

experiments are shown in Fig. 2. The peptide was condition that peptide partitionindpinding is lin-

employed atuM concentrations(Fig. 2a: 7 uM
M2a, Fig. 2c: 10pnM d16,17 M2a, Fig. 2e: 10
wM d11,12 M2a and each titration peak corre-
sponds to a 2@l injection of a 30-mM POPC
POPG (3:1) LUV suspension. Fig. 2 shows that

early related to the peptide concentration immedi-
ately above the membrane surface, i.e. the surface
concentrationCy:

X,=KCy D

the amount of heat released or absorbed decrease¥he surface concentratiofi,, depends or(i) the
with increasing injection number as less and less free peptide concentration in bulk solutiah; (ii)

peptide remains free in solution. The heat of
reaction values are shown in Fig. 2b,d,f after
subtraction of the heats of dilution obtained in
control experiments of vesicle-into-buffer titra-
tions. For MZ2a, the heat of reaction values

approach zero after approximately seven injec-

tions; for d11,12, and d16,17 M2a approximately

on the membrane surface charge density; @

on the peptide charge. POPROPG(3:1) vesicles
possess a negative surface potential of approxi-
mately —50 mV in the present buffer, resulting in
an attraction of the positively charged peptides
(electric charge; ~3.5) to the membrane surface.
As a consequence, the peptide surface concentra-

14 injections are needed. From these measure-tion (Cy) is enhanced compared to that in bulk
ments, the binding isotherms, i.e. the dependencesolution (C;). Using the Gouy—Chapman theory

of the molar ratio of bound peptide per total lipid,
X, on the free peptide concentration in solution,

(for reviews seef28,29) it is possible to calculate
Cy for each data point of the binding isotherm

C;, can be derived using the established proceduresand, in turn, to determine the binding const&nt

(Fig. 3) [27]. X, has been calculated on basis of
the lipid present in the outer leaflet of the bilayer

A detailed description of this binding model as
applied to magainin peptides has been given else-

only since the peptides cannot cross the bilayer where [30,31. Using the same model, we have
under the present experimental conditions. Our simulated the calorimetric data and the binding

results show that binding affinity of M2a and its

isotherms. The solid lines in Fig. @ight panel3

analogs to LUVs decreases in the same order asand Fig. 3 show the best theoretical fits. Good

previously found for SUVs, i.e. M2adl6,17
M2a>d11,12 M2a(d4,5 M2a — not determined
The quantitative analysis of the binding iso-
therms in terms of binding constants and binding
affinities requires the assumptions of a specific
binding model. The model employed in this study
is a surface partition equilibrium with the specific

agreement between theory and experiment was
obtained withk =15 M~?* for M2a,K=4 M~* for
d16,17 M2a andk=2.2 M~ for d11,12 M2a.
These binding constants exclusively describe the
hydrophobic interaction with the membrane since
the electrostatic attraction has been corrected for
by using the Gouy—Chapman theory.
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Fig. 2. Titration calorimetry of peptide solutions with POFROPG(3:1) LUVs at 30°C. The panels on the left show the calorimetric
tracings for(a) the injection of 20wl of 30 mM POPQPOPG(3:1) LUVs into 7 uM M2a, (c) the injection of 20wl of 30 mM
POPGPOPG(3:1) LUVs into 10 uM d16,17 M2a, ande) the injection of 20l of 30 mM POPQPOPG(3:1) LUVs into 10

wM d11,12 M2a. The panels on the right show the corresponding heats of reaction after subtraction of the heats of dilution measured
in lipid-to-buffer control experiments. The solid lines correspond to the best fit of the experimental data points using a model which

combines a surface partition equilibrium with the Gouy—Chapman theory. The specific fit parametdi® afRa: K=15 M1,
AH= —2.3 kcafmol; (d) d16,17 M2a:K=4 M~*, AH=2.9 kcaymol and(f) d11,12 M2a:k=2.2 M~*, AH=5.0 kca/mol.

The standard free energies for the transfer of AG°=AH°—TAS°
the peptide from the lipid—water interface into the The AS©

membraneAG° can be calculated according to:

AG°= —RTIn55.5¢

2

where RT is the thermal energy and 55.5 is the
molar concentration of water, correcting for the
cratic contribution[32]. The free energies of bind-
ing of the different M2a analogs to LUVéhis
work) and SUVs[1] are summarized in Table 1.
Finally, the entropy of bindingAS® can be
calculated using the relation:

(3

values are also listed in Table 1.

3.2. Correlation between thermodynamic parame-
ters and helicity

The helicity of M2a and its double-isomers in
the membrane-bound state was previously meas-
ured by means of circular dichroism spectroscopy
[1]. The helicity was found to decrease in the
order M2a(74%) >d4,5 M2a(53%) >d16,17 M2a
(41%) >d11,12 M2a (29%). The correlation
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Table 2
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Thermodynamic parameters characteristic for M2a binding to PEPEG(3:1) SUVs and LUVs at 30C

Coil-helix transitiort

Non-helix contribution to binding

AGhelix AI~Ihe|ix AShelix AGcoil AIicoil AScoil

(kcal/mol residue (kcal/mol residue (cal/mol K residue (kcal/mol) (kcal/mol) (cal/mol K)
SuUvs —0.144+0.01 —0.724+0.09 —1.9340.33 —2.4+0.2 —-4.7+1.1 —7.44+3.9
LUVs —0.12+0.01 —0.80+0.02 —2.26+0.12 —2.0+0.1 10.5+0.3 41.5+1.4

2Values were obtained from the slopes of linear regression plots of the binding parameters vs. the helicity.

b Values were obtained from the intercepts of linear regression plots Figs. 4—6. They describe the binding of a hypothetical M2a

molecule which cannot undergo the ceike-helix transition.
¢ Data for SUVs were taken from Wieprecht et Hi].

helicity into number of helical segments,qiy:

AH®= —0.801p+ 10.5 (kcal/mol) 4
AG°= —0.121,¢— 2.0 (kcal/mol) )
AS®= —2.261,¢ +41.5 (cal/mol K) (6)

The slopes of the regression lines yield the ther-
modynamic parameters of helix formation as
AHESY. = —0.80 kcafmol per residue AGrY =
—0.12 kcafmol per residue andSkgy,=—2.26
cal/mol K per residue. These data are very similar
to those obtained previously for SUMJable 2
revealing the absence of significant differences in
the thermodynamics of helix formation of the
peptides bound to SUVs or LUVs.

The intercepts with the ordinate can be inter-

omers. A correlation of the thermodynamic binding
parameters with the helicity is expected to give an
approximately linear relation provided the ther-
modynamic parameters of the ceila-helix tran-
sition are independent of the peptide sequence.
This is strictly valid only for homopolymers in an
isotropic environment, but has also been shown to
be a reasonable approximation for the eoik-
helix transition of M2a and of RHD bound to
POPGPOPG(3:1) SUVs|[1,27.

An inspection of Fig. 4 and Table 1 reveals
large differences between the experimentally
observed binding enthalpies of SUVs and LUVSs.
The binding to LUVs is distinctly more endother-
mic by approximatel9AH°=AH?,, —AHS,\, =
14.0 kcafmol for all M2a peptides. This

preted as the thermodynamic binding parameters phenomenon has been observed befdg34 and

of a hypothetical peptide which does not undergo
a conformational transition upon membrane bind-
ing and are denoted by the subscript ‘coil’ in Table
2. They are discussed below.

4. Discussion
4.1. Thermodynamics of the coil—helix transition

The replacement of two adjacemtamino acids
by their p-enantiomers(doublep substitution
results in a local disturbance of the helix and a
reduced overall helicity of the peptidgl3,23.
The helix disturbance is likely to occur via a
disruption of the intra-molecular hydrogen bond
network around the substitution site since the
backbone torsion angles typical for a right-handed
a-helix are not easily accessible for tbeenanti-

will be discussed in more detail below. For the
present purposes, it is important to note that almost
the same shift occurs forall M2a analogs. Hence,
a plot of AH2,, andAH?,, vs. helicity yields
straight lines of almost identical slopes but shifted
along the ordinate bpAH® . From the slopes of
the straight lines it is possible to calculate the
mean enthalpy of helix formation per residue
which is AH,qi,=—0.72+0.09 kcafmol for
SUVs and —0.80+0.02 for LUVs. An enthalpy-
driven helix formation is in accordance with results
obtained for peptides in water. In wat&H, ., is

in the range of—0.9 to — 1.3 kca)/mol per residue
and is again largely independent of the peptide
sequencd14—2Q. The enthalpy change is mainly
attributed to the formation of intra-molecular
hydrogen bond$16,24. In the more hydrophobic
environment of an aquesu7 M 2,2,2,-trifluoro-
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ethanol solution AHS, is reduced in magnitude
to —0.7 kcalmol residue[35], which is in the
same range as found for M2a bound to SUVs and
LUVs. a-Helix formation in a hydrophobic envi-
ronment is, therefore, less exothermic than in

water. This is also supported by analogous meas-

urements performed with the RHD mitochondrial
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affinity and to hydrophobic binding constants
smaller by 1-2 orders of magnitude.

In a recent study, Ladokhin and Whitg1]
investigated the contribution af-helix formation
to the binding thermodynamics of melittin and
reported aAGqix Of —0.4 kcal/mol residue. The
authors suggested values of betweer®.4 and

pre-sequence, again a 23 amino acid amphipathic —0.6 kcal/mol per residue as reasonable first

peptide, whereAH,,.;x was —0.53 kca)mol and
—0.63 kcaymol residue for SUVs and LUVs,
respectively[22].

Helix formation is opposed by entropy. Fig. 6

estimates of the free energy difference between
the partitioning of folded and unfolded peptides.
This result, based on a single experiment, is
obviously quite different from the more extensive

can be used to determine the incremental entropy set of data derived for M2a and RHD binding to

per helix segmentAS;..;i. The entropy contribu-
tion is negative and amounts &8, ., = —1.9 ca)
mol K for SUVs and—2.3 cal/mol K for LUVs
[for comparison RHD:—0.9 cal/mol K (SUVs)

to —1.3 caf/mol K (LUVS)]. In contrast, helix
formation in water entails a considerably larger
loss of entropy of—2.5 to —4.6 ca/mol K per
residue[15,16,18. The first step in the membrane-
induced helix formation is the adsorption of the
peptide to the membrane surface. This limits the
conformational freedom of the molecule to a small
volume parallel to the membrane surface. Com-

pared to a three-dimensional random walk in aque-

ous solution, this reduction in dimensionality
appears to simplify helix formation and may
explain the less negative\S,.ix observed in
membrane-induced helix formation.

As discussed above helix formation in the lipid—
water interface is driven by enthalpy but opposed

SUVs and LUVs.

The results obtained for M2éthis work) and
RHD) [22] demonstrate thaiw-helix formation
induced by SUVs and LUVs is characterized by
virtually the same thermodynamic parameters.
Moreover, the total free energy of bindindG°,
(including binding and helix formationis similar
in absolute values for LUVs and SUVsf. Fig. 5
(this work); [22], Fig. 5). This is in contrast to
the large differences measured for the enthalpy
AH° and entropyAS°® as best illustrated by extrap-
olating the measuredH°, AG° (derived fromk),
and AS° to zero helicity (cf. Figs. 4-6. The
corresponding thermodynamic parameters are list-
ed in Table 2 asAH..;, AS..i and AG;. They
describe the binding parameters of a hypothetical
peptide which cannot fold at the lipid—water inter-
face. Inspection of Table 2 shows that the free
energy of binding,AG..;, is almost identical for

by entropy. The net effect of these opposing forces LUVs and SUVs, but that remarkable differences

results in an energetically still favorable free ener-

exist for AHy; and AS..;. M2a binding to LUVs

gy change. Linear regression analysis of the datais enthalpy-driven(AH.,,;= —4.7 kca)mol) and

presented in Fig. 5 leads G o= —0.14 kca)
mol per residue for SUVs and-0.12 kca)/mol
for LUVs (for comparison RHD:—0.2 kca)/mol
(SUVs) to —0.23 kcaf/mol (LUVs); [22]). The
total free energy change of M2a binding to SUVs
(LUVs) is —4.8 kcaf/mol (—3.0 kca/mol).
Helix formation contributes 0.74helicity) x23
(residuesx —0.14  (kcal/mol)=—-2.4  kcal
(LUVs: —2.0 kcalmol), i.e. 50—70% of the total
free energy change arises from helix formation.
Binding of the same peptides to the lipid
membrane without the possibility to fold into an
a-helix would lead to a much reduced binding

opposed by entropfAS..,;=—7.4 cafmol K),
whereas for LUVs the enthalpy is unfavorable
(+10.5 kcafmol) and the binding is entropy-
driven (AS.i= +41.5 cafmol K). Since AG;
remains almost unchanged, the transition from
LUVs to SUVs is accompanied by an enthalpy—
entropy compensation mechanism. The molecular
origin of this effect is not clear. However, it is not
unique for M2a peptides but has been observed
before for a somatostatin-like peptide, octreotide,
which has a cyclic structure and cannot undergo
extensive conformational changes upon binding
[33]. An entropy—enthalpy compensation between
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SUVs and LUVs has further been reported for an
Apo-Al model peptide[5,34, the RHD signal
sequenceg22] and a peptidic detergent, surfactin
[36]. In all systems the binding to SUVs is
enthalpy-driven whereas the binding to LUVs is
entropy-driven. This effect is at present under
further investigation.

5. Conclusion

Large differences exist in the enthalpy and
entropy of binding of the amphipathic peptide
magainin 2 amide to SUVs and to LUVs. Never-
theless, the contribution of the cedl a-helix tran-
sition to the binding thermodynamics is the same
for highly curved and more planar vesicles. For
both model systems, helix formation is driven by
a negative enthalpy change and opposed by a
negative entropy change. The free energy of helix
formation accounts for approximately 50% of the
binding free energy and helix formation is, hence,
a major driving force of the binding reaction.
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