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ABSTRACT: Magainins are positively charged amphiphatic peptides which permeabilize cell membranes
and display antimicrobial activity. They are usually thought to bind specifically to anionic lipids, and
binding studies have been performed almost exclusively with negatively charged membranes. Here we
demonstrate that binding of magainins to neutral membranes, a reaction which is difficult to assess with
spectroscopic means, can be followed with high accuracy using isothermal titration calorimetry. The binding
mechanism can be described by a surface partition equilibrium after correcting for electrostatic repulsion
by means of the GouyChapman theory. Unusual thermodynamic parameters are observed for the binding
process. (i) The three magainin analogues that were investigated bind to neutral membranes with large
exothermic reaction enthalpiesH of —15 to —18 kcal/mol (at 30°C). (ii) The reaction enthalpies in-
crease with increasing temperature, leading to a large positive heat cap@gitf ~130 cal mot* K1

(at 25°C). (iii) The Gibbs free energies of bindilyG are between-6.4 and—8.6 kcal/mol, resulting

in a large negative binding entropyS. The binding of magainin to small unilamellar vesicles is hence

an enthalpy-driven reaction. The negatiMd andASand the large positivAC, contradict the conventional
understanding of the hydrophobic effect. CD experiments reveal that the membrane-bound fraction of
magainin is~80% helical at 8C, decreasing t6-60% at 45°C. Since the random coit a-helix transition

in aqueous solution is known to be an exothermic process, the same process occurring at the membrane
surface is shown to account for up to 65% of the measured reaction enthalpy. In addition to membrane-
facilitated helix formation, the second main driving force for membrane binding is the insertion of the
nonpolar amino acid side chains into the lipid bilayer. It also contributes a negstivend follows the

pattern for the nonclassical hydrophobic effect. Addition of cholesterol drastically reduces the extent of
peptide binding and reveals an enthat@ntropy compensation mechanism. Membrane permeability was
measured with a dye assay and correlated with the extent of peptide binding. The level of dye efflux is
linearly related to the amount of surface-bound peptide and can be traced back to a membrane perturbation
effect.

Magainins are a group of antibacterial peptides isolated membranes which decreases with decreasing content of
from the skin of the African clawed froXenopus laeis negatively charged lipids4]. Electrostatic interactions
(). The peptides consist of 223 amino acid residues, have between the cationic magainins and anionic lipids have
a net positive charge, and exert their antimicrobial activity therefore been suggested to play a specific role in inducing
by permeabilizing the biological membrarn® B). Peptide membrane permeability and to be mainly responsible for the
binding to the membrane surface is accompanied by aselective action of magainins at negatively charged bacterial
random coil— a-helix transition 4—6). Magainins produce  membranes. In contrast to bacterial membranes, most eu-
membrane permeabilization by physical interaction with the karyotic membranes, such as the plasma membrane of human
bilayer itself. Experimental evidence exists both for the erythrocytes, do not contain negatively charged lipids in the
formation of short-lived or long-lived transmembrane pores outer leaflet. To understand the mechanism of action and to
and for a perturbation of the lipid packing-9). Several evaluate the pharmaceutical potential of magainins, it is
studies of the binding of magainin peptides to model necessary to obtain insight into the interaction of magainins
membranes have been reportddy, 10, 11). It was shown also with electrically neutral membranes. Using spectroscopic
that the peptides have a high affinity for negatively charged techniques, magainin analogues were found to bind to neutral

membranes4, 12) with partition constants similar to those
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We have previously demonstrated that isothermal titration Tris and 100 mM NaCl (pH 7.4)] was added to the lipid,
calorimetry is highly sensitive in detecting the binding of and the dispersion was extensively vortexed. For preparation
magainin to negatively charged membrangs).(We have of small unilamellar vesicles (SUVs), the lipid dispersion
now applied the same method to systematically investigatewas sonified (at 10C, under nitrogen) using a titanium tip
the thermodynamics of magainin binding or adsorption to ultrasonicator until the solution became transparent (about
electrically neutral, sonicated vesicles composed of 1-palmi- 60 min). Titanium debris was removed by centrifugation
toyl-2-oleoylsnglycero-3-phosphocholine (POP@pntain- (Eppendorf tabletop centrifuge, 10 min at 14 000 rpm). The
ing up to 40 mol % cholesterol. Analysis of the calorimetric lipid concentration was calculated on basis of the weight of
traces as a function of the peptide and lipid concentration the dried lipid. Large unilamellar vesicles (LUVs) for dye
yielded the reaction enthalpgxH, and the binding isotherms.  release experiments were prepared by the extrusion method
The isotherms were analyzed in terms of a surface partition (17). After the dried lipid had been vortexed in calcein buffer
equilibrium, modulated by electrostatic interactions, provid- [70 mM calcein and 10 mM Tris (pH 7.4)], the suspension
ing the partition constank, the Gibbs free energy of the was frozen and thawed in liquid nitrogen (six times) and
reaction, AG, and, in turn, the entropy changdS CD extruded through polycarbonate filters (six times through two
measurements and dye efflux measurements were performeétacked 0.4um pore size filters, followed by eight times
in parallel, and the thermodynamic data could be correlated through two stacked 0,4m filters). Untrapped calcein was
with changes in the peptide conformation and with the removed from vesicles by gel filtration on a Sephadex G75
induction of membrane permeability. The titrations were column [the eluent being buffer containing 10 mM Tris and
repeated at different temperatures, and thus, the specific heat00 mM NaCl (pH 7.4)]. The lipid concentration was
capacity,AC,, of the binding reaction could be determined. determined by quantitative phosphorus analy%8).(

The thermodynamic results contradict the classical picture High-Sensitiity Titration Calorimetry.Isothermal titration
of hydrophobic interactions, and an alternative mechanism calorimetry was performed using a Microcal MC2 high-
based on the coit~ helix transition and the nonclassical ~Sensitivity titration calorimeter (Microcal, Norhampton, MA;

hydrophobic effect is proposed. for a description, see réf9). Solutions were degassed under
vacuum prior to use. The calorimeter was calibrated electri-
MATERIALS AND METHODS cally. The heats of dilution were determined in control

experiments by injecting either peptide solution of lipid

Materials. 1-Palmitoyl-2-oleoylsn-glycero-3-phosphocho-  suspension into buffer. The heats of dilution were subtracted
line (POPC) was purchased from Avanti Polar Lipids, Inc. from the heats determined in the corresponding peptide
(Alabaster, AL). The Fmoc amino acids for peptide synthesis lipid binding experiments.
were obtained from Novabiochem (Bad Soden, Germany). Circular Dichroism Measurement&D measurements of
All other chemicals were of analytical or reagent grade. the peptides in buffer of in the presence of lipid vesicles
Buffer was prepared from 18 84 water obtained from a  were carried out on a Jasco 720 spectrometer at wavelengths
NANOpure A filtration system. of 200—-260 nm. Minor contributions of circular dichroism

Peptide SynthesisPeptides were synthesized by solid- and circular differential scattering of the SUVs were
phase methods using standard Fmoc chemistry on Tenta Gefliminated by subtracting the lipid spectra of the correspond-
S RAM resin (0.21 mmol/g; RAPP Polymere; Hingen, ing peptlde-fre_e suspensions. The he_I|C|ty of_ th_e_ peptides,
Germany) in the continuous-flow mode on a MilliGen 9050 fn was determined from the mean residue elliptici fat
(Millipore) peptide synthesized6). Purification was carried 222 nm according to the following equatiodd:
out by preparative high-performance liquied chromatography [O],,,+ 2340
(HPLC) on PolyEncap A300 (1@m, 250 mmx 20 mm = 222 1)
inside diameter) (Bischoff Analyzentechnik GmbH, Leon- —30300

o 0
berg, Germany) to give final products that wer85% pure Dye Release Experimenfiquots of a vesicle suspension

as dgtermmed by HPL.C analysis. Al peptldgs were char- (10—20 uL) were injected into a cuvette containing 2.5 mL
acterized by matrix-assisted laser desorption ionization mass

: f i h i luti ith fi
spectrometry (MALDI II- Kratos, Manchester, U.K.) with of a stirred thermostated peptide solution with a defined

) o . - concentration (final lipid concentration of %0M). Calcein
the peptuje (l:ontent.of Iyophlllzed sqmples being dgterm[ned release from LUVs was assessed fluorometrically by measur-
by quantitative amino acid analysis (LC 3000, Biotronik-

ing the decrease in the level of self-quenching (excitation at
Eppendorf). 490 nm and emission at 520 nm) on a Jasco FP 777
Preparation of Lipid VesiclesA defined amount of lipid  spectrofluorometer. The fluorescence intensity corresponding
in chloroform was first dried under a nitrogen stream. To to 100% calcein release was determined by addition of 100
remove traces of ethanol which is frequently used to stabilize 4 of a 10% Triton X-100 solution.
chloroform, the lipid was dissolved in dichloromethane and
then again dried under nitrogen and subsequently overnightRESULTS

under high vacuum. Typically,-23 mL of buffer [10 mM The cationic magainins exhibit a strong affinity toward

membranes with negatively charged lipids, whereas the
1 Abbreviations: M2a, magainin 2 amide; SUV, small unilamellar binding to neutral membranes is usually considered to be
vesicle; POPC, 1-palmitoyl-2-oleogfglycero-3-phosphocholine; POPG,  rather weak. Nevertheless, an approximate binding constant

1-palmitoyl-2-oleoylsrrglycero-3-phosphoglycerol; HPLC, high-per- a5 getermined indirectly for the M2a-POPC system with
formance liquid chromatography; Tris, tris(hydroxymethyl)ami-

nomethane; CD, circular dichroism; LUV, large unilamellar vesicle; CD spectroscopy4). In the course of our studies with
TFE, trifluoroethanol. charged membraned 1), we observed that the binding of




Magainin Binding to Neutral Bilayers Biochemistry, Vol. 38, No. 32, 19990379

Table 1: Amino Acid Sequencédylean Residue HydrophobicityH),” and Hydrophobic Moment\{)¢ of the Magainin Anologue Peptides

peptide sequence H M
M2a GIGKF LHSAK KFGKA FVGEI MNS(NH,) —0.0357 0.286
[SABLIY-M2a GIGKFIHAAK KFGKL FIGEI MNS(NH,) 0.0157 0.280
18V OW2TI917-M2a GIGKFIHSVK KWGKT FIGEI MNS(NH,) —0.0350 0.317

a2The one-letter code for amino acids was usedean residue hydrophobicities and hydrophobic moments were calculated using the Eisenberg
consensus scale of hydrophobicif2). ¢ Hydrophobic moments were calculated assuming idehélical conformations.
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Ficure 2. Temperature dependence of the reaction enthalpies of
injection number M2a (@), I°A8L15117-M2a @), and PVOWI2T1517-M2a (a) upon

Ficure 1: Titration calorimetry of POPC SUVs (20 mM) with a  dinding to POPC SUVs. Binding enthalpies were calculated from
solution of M2a (20QuM) at 1)5/ °C. Aliquots of a(SﬂL pe)ptide titrations of POPC SUV suspensions (between 15 and 25 mM) with

solution were added to the lipid suspension in the reaction cell Peptide solutions (injection of -5 uL of a 200 uM peptide

(V = 1.3353 mL). Panel A shows the calorimeter trace. The heat Solution).

of reaction as evaluated by integration of the calorimeter traces is

given in panel B. eter cell {1 = 1.3353 mL). After the first peptide injection,
the lipid-to-peptide ratio is about 25000 and decreases to

M2a to uncharged POPC membranes is accompanied by &pout 2500 after 10 injections. Under these experimental
considerable release of heat. Isothermal titration calorimetry congitions, the lipid is always in excess over the peptide.

is thus ideally suited to analyzing the binding process. Indeed,
the weak binding of magainins to neutral membranes can

m red with high r nd, in fact, is not as weak:
gg usiazlasl’ll;/ Zcrjnicipate%l accuracy and, in fact, is not as wea rise to about the same heat of reactipof ca.—18.7+ 1.2

The amino acid sequences of the three peptides (M2a ucal as determined from the area underneath the calorimetric
ISASLI517-M2a, and $VOWI2TI5117-M2a) that were investi- ‘traces. Injection of the same peptide solution into buffer

gated are summarized in Table 1. All peptides consist of 23 Without lipid leads to a heat of dilution. of —0.5ucal which
amino acids and have the same total chargie3 (four Lys" must be subtracted. The corrected heat of reacitn

and one Glu). In addition, the N-terminus is also partially M — hc) divided by the amount of injected peptide yields
charged at pH 7.4 ¢ of the N-terminal amino group- the heat of reactionAH, prqwded all the peptide is
7.2), whereas the C-terminus is amidated and carries nocompletely bound to the lipid membrane. Under these
charge. Table 1 also includes the mean residue hydrophobic€xPerimental conditions, about 98% of the added peptide is
ity and the hydrophobic moment, assuming a completely membrane-bound (cf. below). The reaction enthalpies at 15
helical conformation.SA8L1517-M2a has an enhanced hy- °C (corrected for 100% binding) are distinctly exothermic

drophobicity, H, and PVoW!258-M2a has an enhanced With a AH of —18.4+ 1.5 kcal/mol for M2a,—~16.8+ 0.9
hydrophobic momentyl, Compared to the parent Compound kcal/mol for BA8L3| 17-M2a, and—20.2+ 1.3 kcal/mol for
M2a (12, 21). [8VOWI2T1917-M2a (Table 2).

Binding Enthalpy AH, Determinedvia Peptide-into-Lipid Analogous measurements were also taken at other tem-
Titrations. Small aliquots (5-6 uL) of a peptide solution  peratures, and the results are shown in Figure 2. The reaction
[cgep= 200uM; the buffer being 10 mM Tris and 100 mM  enthalpies become less exothermic with increasing temper-
NaCl (pH 7.4)] were injected into a suspension of small ature, yielding a large positive heat capacity chang@,,
unilamellar POPC vesicles with a defined lipid concentration for the transfer of the peptide from the solution to the
cﬁp of 15-25 mM (same buffer) contained in the calorim- membrane. This is a surprising result since classical hydro-

Figure 1 displays the results of A injections of M2a
(200 uM) into POPC SUVs at 18C. Each injection gives
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Table 2: Temperature Dependence of the Thermodynamic Parameters for the Binding of the Peptides to POPC and POPC/CHOH SUVs
AH? (kcal/mol)  KP(M™Y) AG (kcal/mol)  —TAS(kcal/mol)  AS(cal molt K1) AC® (cal molrt K1)

M2a
8°C —19.64+1.2 10500 —7.4 12.2 —43.4
15°C —18.4+15 7000 —7.4 11.0 —38.2
25°C 130
30°C —15.9+1.0 2000 -7.0 8.9 —29.4
45°C —-15.3+0.3 440 —6.4 8.3 —-26.1
[SA8L1517-M2a
7°C —18.940.6 15500 -7.6 11.3 —40.4
15°C —16.840.9 12800 7.7 9.1 —31.6
25°C 131
30°C —14.6+0.9 7700 -7.8 6.6 —21.8
45°C —-14.24+15 6000 —-8.0 5.9 —18.6
16V OW12T15117-M2a
7°C —-21.94+15 90000 —8.6 13.3 —47.5
15°C —20.2+1.3 45000 —8.4 11.8 —41.0
25°C 149
30°C —-18.2+ 0.6 20000 —8.4 9.8 -32.3
-11.8 8500 7.9 3.6 -12.0
—5.6 150C —-6.8 -1z 4.1¢
45°C —16.14+-0.6 15200 —8.6 7.5 —23.6

@ AH values are directly measured binding enthalpies estimated from peptide-into-lipid titratio®giL50f 200 uM peptide solutions was
typically injected into 1525 mM POPC SUVs in buffer [10 mM Tris and 100 mM NacCl (pH 7.4)Binding constants were derived from
lipid-into-peptide titrations using the model described in the text. Free energies and entropies were calculated using theAguatioRS In
55.5 andAG = AH — TAS ¢ Heat capacities at 25C were determined from polynomial regression\6f—T plots (Figure 5)¢ The membrane
contains 27 mol % cholesteréiThe membrane contains 40 mol % cholesterol.

mol~t K~ for both M2a and9A8L*%11-M2a and is compa-

A rable in magnitude to that of\VoW2T%517-M2a.

( V—Vvv—‘w‘v A A d b LA Binding Isothermsia Lipid-into-Peptide TitrationsPOPC

0.0

I {

binding isotherms were determined by injecting lipid vesicles
into the peptide solution, i.e., by gradually reducing the free
peptide concentration in the calorimeter cell. Results from a
typical experiment are shown in Figure 3A. The calorimeter
cell contained a @M peptide solution @VeW??T1517-M2a)
in buffer and was titrated with &L aliquots of a 38 mM
POPC SUV suspension. The figure demonstrates that the
exothermic heat of reactioh;, decreases with an increasing
number of injectiond, since less and less peptide is available
ol B  sumsEEESug] fo_r bindin_g. As a contr_ol, the phogpholipid suspension was
gunt™® injected into buffer without peptide. A constant heat of
0. m | dilution h; of ~2 ucal was observed for several injections.
. The corrected heats of reactiobh(= h; — hc) are given in
Figure 3B.oh; approaches zero after about 15 injections,
indicating that virtually all the peptide is bound to the lipid.
n Hence, the reaction enthalp&H, can be calculated accord-
ing to
40+ 0
0 2 4 6 8 10 12 14 16 18 20 AH= zéhi/(cpeche”) 2)
|

injection number

o
o
1
.

heat flow (ucal/sec)

iy

o
1
1

.20 i

heat of injection (ucal)
[

FiGure 3: Titration calorimetry of a®v°wW2T1517-M2a solution P . :
(6 uM) with a POPC SUV sgspension (38 mM) at 16. (A) . _Ne>.<t, the binding .|sotherm ca_n be derivezPy. Aftgr _|
Calorimetric traces. Each peak corresponds to the injection of 5 injections, the fraction of peptldex,(j')’b, bound to lipid
uL of lipid suspension into the reaction cell & 1.3353 mL). (B) vesicles is

Heat of reaction as a function of injection number obtained by

integration of the calorimeter traces. The heat of dilution was

[
measured in a separate control experiment and was subtracted for ] oh
calculation of the binding isotherm. ng)b kZi K
. . " . )— "~
phobic watet-oil partition processes are usually accompanied Xo 0 0 ©)
by negativeAC, values. ForveW2T1517-M2a (which has Moep  AHVeiCpep

the largest hydrophobic moment of the three peptid&s), )

varies almost linearly between 8 and 26, leading to a  Wheren{, is the molar amount of bound peptide afier
AC, of 149 cal mot! K. For the other two peptides, the injections,ngep andcgepare the total amount and concentra-
heat capacity change is temperature-dependent and becomdion, respectively, of the peptide in the calorimeter cell (cell

smaller at higher temperatures. At 26, AC, ~ 130 cal volume Veer), and=,_, ohy is the sum of the first reaction
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FIGURE 4: Binding isotherms for binding of magainin peptides to - oc 5. Binding i P

. : g isotherms for binding of M2a to POPC SUVs
E\%ﬁ/\?ﬂ?gﬁ I\?tZ Bé:.' d('.) Mzﬁ; @) '6A8L15|;7'M2‘3' fand (I‘.). 4 atdifferent temperatures:#) 8, (a) 15, @) 30, and W) 45 °C.
! 7 -Mza. binding Isotherms were derived Tom fIpid- — sotherms were derived from lipid-into-peptide titrations as de-
into-peptide titrations as described in the text. The degree of binding, scribed in the text. The degree of binding, (i.e., millimoles of

Xp (€., millimoles of peptide bound per mole of lipid in the outer yontige hound per mole of lipid in the outer lipid layer), is plotted
lipid layer), is plotted against the free peptide concentration in bulk ggginst the freeppeptide conc%ntration in bulk golutén'l')ﬁe sglid

solution, ¢. The solid lines correspond to the theoretical binding |inaq correspond to the theoretical binding isotherms calculated by

isotherms calculated by combining a surface partition equilibrium combinin " P :

. L g a surface partition equilibrium with the Get@hapman
with the Gouy-Chapman theory. The binding constants used for yheory The binding constants used for the calculations are given
the calculation are given in Table 2. in Table 2.

heats. The concentration of peptid#), remaining free in

o the bilayer membrane at the concentrations that were
solution is

employed. M2a exhibits the weakest aRdW*?T197-M2a
=00 17 — X(i)] ) the strongest binding. At a peptide equilibrium concentration
G ai Cper] P ¢ of 3 uM, the extent of IVOW12T1517-M2a binding is larger
by about a factor of 3 than the extent of M2a binding. The
solid lines in Figure 4 correspond to calculated binding
isotherms using the GowyChapman theory (cf. below). The

The dilution factor takes into account the increase in volume
due to vesicle injection and is defined as

@) cell | Veel binding enthalpiesAH, derived from these measurements
fa={V v v 1o (5) were found to be consistent with those obtained by peptide-
cell * Tinj cell inj into-lipid titrations reported in Table 2.
where Vi, is the injected volume per injection stey{/ Finally, the influence of temperature on the binding

Vear < 1). The degree of peptide binding?, is defined as isotherms was also measured for all three peptides, and the
the fraction of bound peptide per mole of total lipid in the results for M2a are displayed in Figure 5. Peptide binding

calorimeter cell. Since the lipid content increases with the 1S best at low temperatures, and decreases rapidly with
number of injectionsx? is given by increasing temperatures. At a peptide equilibrium concentra-
b

tion ¢ of 3 uM, the extent of binding decreases by about a

n@ IR, factor of 20 between 8 and 4%, in agreement with the
Xg) = L_va: (i)&cg” (6) large negative reaction enthalpy of M2a.
nf) VinCL Previous studies with M2a, using negatively charged lipids

(3:1 POPC/POPG), revealed a second thermodynamic pro-
where ¢ is the concentration of stock solution in the cess which was tentatively assigned to M2a pore formation
injection syringe. A plot oiX{ versusc{” finally yields the ~ and pore disintegratioriL(). This process was observed at
desired binding isotherm; i.e%, = f(c). It should be noted  high peptide concentrations where the degree of peptide
that no assumptions about the molecular nature of the bindingbinding X, was =20 mmol/mol. Such largé, values are
or adsorption process must be made to derive the binding ordifficult to reach for M2a with neutral membranes. We have
adsorption isotherm from ITC measurements. thus performed titration experiments wiflvPW2T15117-M2a,

Figure 4 compares binding isotherms of the three different the peptide with the highest lipid affinity, at total peptide
peptides measured at the same temperature §iCL3-or concentrations of 20 and 3@M. Qualitatively, the same
the calculation of the binding isotherms, only the lipid in behavior was observed as for the M2a-POPC/POPG system,
the outer layer of the lipid vesicles (60% of the total lipid) but the additional endothermic reaction was less pronounced
was considered since the highly charged peptide cannot crosshan that found with negatively charged lipids.
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Ficure 6: Variation of the helix content of the membrane-bound E “ - "
peptide fraction as a function of temperature®) (M2a, @) 5 60 »
ISABL1517-M2a, and &) 16VOW2T1517-M2a. £
o
Conformation of Membrane-Bound Magainifi$e three £ 40 . "
. . . [&]
peptides that were investigated adopt a nonordered structure g
in aqueous solution but become helical upon binding to the § 20 | " .
lipid membrane 12, 21). Helix formation is an exothermic © " .
process with the release 6f0.9 to —1.3 kcal per mole of o
residue (in aqueous solution) converted from random coll 0 s 10 15 20 o5 I

to o-helix (23—25). To estimate its contribution to the
measured reaction enthalpy, both the extent of peptide _
binding and the degree of helix formation must be known. E'SLIJDR(':E Zb\fﬁ)(g?ffnegieggfcggttgiéﬁéen grfirfglg?tgr ISearl:]?r%eofr:ot?l]e
We have therefore recorded CD spectr:?l of all three peptldestotal peptide concentration in solution at 3D. The lipid concentra-
in excess of POPC vesicles as a function of temperature. tion was 50uM. (B) Relationship between the rate of calcein
The spectra are characterized by the helix double minimaleakage and the molar ratio of bound peptide per lipg, as
B 2 I S e 3w h ol e e Bl expeets (re
temperature decreases the negative residual ellipticity. ThlS?R): (a.) M2a. @) ISACL 15117-M25 A Q VAV Mog,
is most pronounced for M2a where the apparent helix content
decreases from77% at 8°C to 34% at 45°C. In contrast, repeated these measurements with 100 mM NaCl under iso-
the helix content of &V°W*2T51"-M2a changes only from  osmolar conditions. One hundred nanometer LUVs were
77 to 55% in the same temperature interval. The above prepared with POPC using the polycarbonate filter method.
numbers follow from a direct evaluation of the CD spectra, The inside solution was 10 mM Tris and 70 mM calcein
and neglect the different extent of peptide binding. They (pH 7.4); the outside solution, after gel filtration, was 10
represent the helix content calculated on the basis of the totalmM Tris and 100 mM NaCl (pH 7.4). The addition of peptide
peptide concentration. Knowledge of the binding isotherms induces dye leakage which is reflected in an increase of
of the three lipids allows the calculation of the amount of fluorescence. Figure 7A shows the extent of fluorescence
bound peptide and of the helix content of the lipid-bound dequenching, measured 5 min after addition of peptide, as a
peptide only. The result of this evaluation is shown in Figure function of the total peptide concentration.
6 where the fractional helix content of the lipid-bound By comparison of initial slopes, Figure 7 demonstrates that
peptides is given as a function of temperature. The figure 18A8L1%117-M2a and fV°W?T517-M2a are distinctly more
demonstrates that (i) all three peptides have about the samefficient in inducing leakage than M2a. Figure 7A reports
helix content when bound to the lipid vesicle and (ii) the the rate of dye efflux as a function of total peptide
helix content decreases linearly fron80% at 8°C to ~60% concentration; i.e., no distinction is made between peptide
at 45°C, corresponding to an unwinding of the helix with free in solution and peptide bound to the lipid vesicles. Since
increasing temperature. This change in helix content will the binding affinities of the three peptides are different, a
make a distinctly positive contribution tC, (cf. below). more relevant comparison would be to correlate the rate of
Efflux MeasurementdMagainins act by enhancing the dye efflux with the mole fraction of bound peptide. Such a
membrane permeability, and dye leakage measurements haveomparison is shown in Figure 7B. It is based on a
been reported for M2a and its two analogudg, (21). guantitative analysis of the binding isotherm and will be
However, the earlier measurements were performed with adiscussed in more detail below.
different salt content and in the presence of an osmotic Influence of Cholesterol on Bindindlany eukaryotic
gradient, leading to vesicle swelling. We have therefore membranes contain a high percentage of cholesterol, whereas

Xb (mmol/mol)
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15 noted cy in the following) compared to the equilibrium
concentration of free peptide;, in bulk solution.
The binding of the cationic magainins to electrically

10 ~ neutral POPC SUVs can be described by a model originally
~ ~ proposed for somatostatin-like peptidez8)(and recently
5 ~— employed for the binding of M2a to negatively charged
POPC/POPG (3:1) membrandd). The model is essentially
0 - a surface partition equilibrium with the specific condition
A

that the extent of peptide adsorption is linearly related to
the peptide surface concentratian, (and not to the bulk

-5 M concentrationg), i.e.
10 - ./ %o = K @

_— X, has the same meaning as above, denoting the molar

-15 - amount of peptide bound per mole of lipid, akdis the

./ partition coefficient. The model has an advantage in that
electrostatic effects are includeddn. For a cationic peptide,

cw is smaller (larger) than the bulk concentratiop,if the

membrane surface potentigh > 0 (o < 0). cy can be

calculated fronc: and o using the Boltzmann relation:

kecal/mol

-20 T T T T T
0 10 20 30 40 50
cholesterol content (%)
Ficure 8: Binding of BVOW2T1517-M2a to cholesterol-containing

POPC SUVs at 30C. Dependence of the thermodynamic param- Cy = G exp(—zFy/RT) (8)
etersAG (@), AH (H), and—TAS (A) on cholesterol content.

wherez is the peptide chargds, is the Faraday constant,
bacterial membranes are generally free of cholesterol. andRTis the thermal energy. Unfortunately, the membrane
Cholesterol was suggested to be one reason for the low Iyticpotential o cannot be measured directly. However, is
activity of magainins on eukaryotic membranes,(27). connected with the membrane surface charge density,
Since the role of cholesterol in magainin binding has not which, in turn, is linearly related to the extent of binding
been addressed before, we have assessed the binding of,. The quantitative relation betweenandy is provided

1PVAWET9-M2a (the most amphiphilic of the present py the Gouy-Chapman theory (for reviews, see réf@—
peptides) to small unilamellar vesicles consisting of POPC 37):

with varying cholesterol concentrations. The ITC measure-

ments were analyzed as described above, and the corrected ol = ZOO&OerRTZCi(e_‘FOWRT— 1) (9)
binding constants were converted into free energies of |

binding according to the equatiaxG = —RTIn 55.%. The ) ) ) )
thermodynamic parameters (at 30) are Summarized in WhereCi is the concentration of thi¢h electrolyte in the bulk
Table 2 and in Figure 8. They are interesting for two reasons. @queous phasg, the signed valency of thith specieseo

(i) The ITC measurements demonstrate that cholesterolthe electric permittivity of free space, amdthe dielectric
distinctly decreases the binding constant from 20 00¢ M ~ constant of water. Combining egs-9 and calculatings
(no cholesterol) to 1500 M (40% cholesterol). (i) The  from the experimentally accessibXg, we were then able to
POPG-cholesterol membrane is an example of an entropy  find @ numerical solution forK, 1o, and cy for each
enthalpy compensation mechanism. The enthalfyi, experimental data pair of, andc:. The partition coefficient
exhibits a large variation with the cholesterol concentration K (=Xw/cw) describes the hydrophobic binding or adsorption
and grows from about-18 kcal/mol at 0% cholesterol to ~ Process and should be independent of the peptide concentra-
about—5 kcal/mol at 40% cholesterol. Sin2eG remains tion if the model is a correct representation of the binding
approximately constant, the entropyS, which is negative ~ Process.

at 0% cholesterol becomes positive at 40% cholesterol. Using this model, the experimental binding isotherms were
compared with theoretical simulations. For all three peptides,
DISCUSSION a fixed chargez of 3 (four Lys and one Glu) was assumed.

A pH-dependent protonation of the N-terminus was also
Analysis of Binding Isotherms. Hydrophobic and Electro- included, assuming akpvalue of 7.2 for the N-terminal

static Contributions to the Binding Proces3he term amino group and calculating the pH at the membrane surface
“binding” in the present context has a rather general meaning.with the Gouy-Chapman theory. The solid lines in Figure
In fact, the binding of magainins and other peptides to a 4 are the best theoretical fits to the experimental binding
lipid membrane is an adsorption phenomenon. No chemicalisotherms. An excellent agreement between theory and
bonds are formed. On the other hand, electrostatic interac-experiment is observed, supporting the assumption of a
tions play an important role, even for noncharged mem- simple surface partition equilibrium. The partition constants
branes. As the first peptide molecules bind to the membrane,according to eq 7 are 7000 Mfor M2a, 12 800 M for
a positive surface charge develops on the outer half-layer.18A8L%11"-M2a, and 45 000 M for 18VW2T1517-M2a at
The adsorption of further peptides is then hindered by the 15 °C (cf. Table 2).
repulsion of like charges. This electrostatic effect will reduce  The same approach was applied in analyzing the temper-
the peptide concentration near the membrane surface (deature dependence of the binding isotherms, and the solid lines
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in Figure 5 are again the best theoretical fits. The partition

Wieprecht et al.

membrane affinity. While the increased affinity &APL5I17-

constants and thermodynamic parameters of all the peptidedvi2a is caused by a reduced negative entropy, the enhanced

that were investigated are summarized in Table 2. For M2a,

the partition constant decreases frert0* M~* at 8 °C to
5 x 10? M~ at 45°C, consistent with the large negative
AH.2

It is instructive to compare bulk properties with those

negative AG for binding of FV°W2T1917-M2a to POPC
SUVs is a consequence of an increased negatide

Helix Formation as a Driing Force for Membrane
Binding. The finding that magainin binding is driven by
enthalpy but opposed by entropy must be contrasted with

encountered at the membrane surface. At a peptide bulkthe classical understanding of the hydrophobic effect which

concentratiort: of 1 uM, a buffer pH of 7.4, and a measuring
temperature of 18C (Figure 4), the surface concentration,
Cv, of M2a (PABLSI17-M2a or PVW!?T9117-M2a) decreases
to 0.6 uM (0.5 and 0.2uM, respectively), the surface
potentialy, equals 3.9 mV (5.6 and 10.4 mV, respectively),

is considered to be an entropy-driven process at room
temperature33). A nonpolar molecule is thought to partition

from water into a nonpolar phase because its hydration shell
is released during the transition, increasing the entropy of
the system. A typical example is the transition of a hexane

and the pH at the membrane surface increases to 7.5 (7.6)molecule from water into liquid hexane. The solubility of

The apparent partition constants definedags, = Xy/c: are
by a factor of 2 (M2a) to 5 fV°W2T157-M2a) smaller than
the true partition constant (at= 1 uM). FurthermoreKag,

hexane in water is low because the entropy term for the
transition from the aqueous phase to hexane is favorable with
aTASof 7.7 kcal/mol, whereadH ~ 0 kcal/mol (at room

is not constant but decreases with increasing peptidetemperature)34). A related example, relevant for membrane
concentrations. The effective charge of the peptide at the equilibria and measured with isothermal titration calorimetry,

membrane surface)(is ~3.3.

is the partitioning of the surfactant octylglucoside from the

These measurements provide the first comprehensiveaqueous phase into the lipid membrane. This process is also

thermodynamic analysis of the binding of antibacterial

entropy-driven with &ASof 6.5 kcal/mol and counteracted

peptides to neutral membranes. In contrast to previously heldby a positive enthalpyAH of 1.3 kcal/mol 85). A second

views, all three peptides exhibit a considerable affinity toward
uncharged bilayers which increases in the following order:
M2a < ISABLI9Y7-M2a < 18V OW2T1517-M2a. Surprisingly,
M2a exhibits a much larger hydrophobic partition constant
for neutral membranesk(~ 2 x 10* M™1) than for
negatively charged membranédé { 50 Mt at 30°C; 11).

characteristic feature of the hydrophobic effect is its strong
dependence on temperatuBd) Typically, the enthalpy for

the transfer from water to the organic phase decreases with
increasing temperature, and the molar heat capatiG,

is distinctly negative. For example, the transfer of octylglu-
coside from water to the lipid membrane had@g, of ca.

This suggests that the hydrophobic side chains penetrate—75 cal K'* mol~* at 25°C (35).

deeper into a neutral membrane than into a negatively

charged membrane. In the latter case, specific charigarge

It is obvious that the binding of the magainins to neutral
membranes does not follow the classical pattern of the

interactions could position the peptide at a more distant layer hydrophobic effect. The unusual results are the large negative

of the surface region, maximizing the contact with the polar
groups.

Knowledge of the partition constaKtallows the calcula-
tion of the Gibbs free energG according to the equation
AG = —RTIn 55.%, where the factor 55.5 corrects for the
cratic contribution to the binding3@). The corresponding

binding enthalpy {14 to —22 kcal/mol), the negative
entropy (19 to—48 cal mot? K1), and the positiveAC,
(~130 cal mott K3). In the following, we suggest that these
findings are caused, in part, by the formation ofcahelix
at the membrane surface.

Helix formation is an exothermic process. Calorimetric

data are summarized in Table 2. While the partition constantsvalues for the enthalpy of helix formatioAhneix, have been

vary by 2 orders of magnitude (betweeKaf 440 M for
M2a at 45°C and aK of 9 x 10* M~ for 18V°oW12T1917-
M2a at 7°C), the AG values change more modestly and
fall between —6.4 and —8.6 kcal/mol. Table 2 further
demonstrates that under all conditiofABl is considerably
more negative thaAG. From the relatioddG = AH — TAS

it follows that the entropyASis also distinctly negative (cf.
Table 2). The binding of the magainins to the neutral lipid

membrane is thus driven by enthalpy, whereas the entropy

term counteracts binding.

determined for poly-glutamate and poly-lysine (—1.1 and
—0.9 kcal/mol of residues, respectively23 36), and
noncalorimetric estimates with similar magnitudes have been
reported for these and other peptid&¥)( The enthalpy
change for the random coil to-helix transition has also been
measured calorimetrically for a 50-residue peptide that
contains primarily alanine. The transition enthalpy could be

3We have also measured the extent of binding SefPW12T1518
M2a to 100 nm unilamellar vesicles (LUVs) prepared by extrusion. In

Small differences in the thermodynamic parameters were accordance with previous S'[Udi@x, blndlng to POPC LUVs is less

observed for peptides with different structural parameters.
An enhanced hydrophobicity®@8L1%17-M2a) or hydropho-
bic moment (fV°W'2T1817-M2a) resulted in an increased

exothermic AH ~ —5 kcal/mol at 30°C) than binding to POPC SUVs

(—18.2 kcal/mol). Because of the reduced binding enthalpy and the
comparably weak affinity for electrically neutral membranes, a reliable
determination of a binding isotherm was not possible by means of ITC.
However, we have compared binding of M2a to POPC/POPG (3:1)
SUVs and LUVs (T. Wieprecht and J. Seelig, manuscript in preparation)

2 Under favorable conditions, the partition constant can be evaluated and found only minor differences in the binding constants between

even without resorting to the GotyChapman theory. This is possible

LUVs and SUVs but again a large differenceAi (—3 kcal/mol for

for neutral membranes at very low degrees of peptide adsorption sinceLUVs and—17 kcal/mol for SUVs). If we assume that the free energy
electrostatic repulsions can then be neglected. The tangent to theof binding of FVoW2T518-M2a to POPC LUVs is largely unchanged
adsorption isotherm at the origin will yield the true partition constant compared to that to SUVs, the enthalpy term is still the dominating
K. The data depicted in Figures 4 and 5 were analyzed by this approachcontribution to the negative free energy. Therefore, the conclusion
and were found to be in approximate agreement with the more accuratedrawn in the following parts of the discussion section should be valid
Gouy—Chapman analysis. also for binding of magainins to large vesicles.
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determined only within broad limits—<0.9 kcal/mol of percent of the totaAH was due to helix formation, and the
residues> Ahneix > —1.3 kcal/mol of residuesPf). Finally, rest must again be assigned to a nonclassical hydrophobic
the human plasma apolipoproteins, apo-A-ll and apo-C effect @6, 47).
Ill, were found to associate with phospholipid with a An Unusual Heat Capacitp\C,. Both the classical and
concurrent increase in-helical structure, and an exothermic  nonclassical hydrophobic effect are characterized by a
helix formation enthalpyAhsei 0f —1.3 kcal/mol of residues  negative heat capacity changs(C,, for the transfer of a
was deduced?d). Helix induction in trifluoroethanol (TFE)/  nonpolar molecule from water to the organic phase. In the
water mixtures was studied with CD spectroscopy and led traditional picture, the hydrophobic surface leads to the
to a considerably smaller enthalpyhneiix of —0.7 kcal/mol formation of “structured water”, sometimes called “iceberg”.
of residues with 35% TFE3Q). Since TFE/HO mixtures The large negativeC, is then thought to be caused by the
are often considered membrane-mimicking solvents, the latterloss of the iceberg as the molecule enters the hydrophobic
value represents the extreme for a helix inserted into the phase 48).
nonpolar part of the membrane. The unusual experimental result in this study is the large
It is now possible to estimate the contributioncehelix positiveAC, of ~130 cal mof! K~ (at 25°C) for magainin
formation to the enthalpy of magainin association with the binding which, in fact, constitutes the first observation of
lipid membrane. If aAhpeix 0f —0.7 kcal/mol of residues  this kind in membrane partitioning equilibria. A partial
and M2a with a helix content 0£80% at 8°C are chosen  explanation for a positiveAC, is the melting of the
(Figure 6), helix formation should contribute12.9 kcal/ membrane-bound-helix. From the enthalpies given above,
mol (experimental value 0f19.6 kcal/mol). At 45°C, the this contribution toAAC, can be estimated to be 87 cal mbl
M2a helix content is reduced t860% and the calculated K~ for M2a. It should be offset, in part, by the negative
transition enthalpy decreases concomitantly—®.7 kcal/ AC, of the side chain penetration. However, even in the
mol (experimental value of 15.2 kcal/mol). Similar results  absence of the latter effect, the heat capacity of helix melting
were obtained for®A8L%Y-M2a and $VOW?TSY7-M2a. would still be too small to explain the experimental observa-
With the Ahneix parameter characteristic of hydrophobic tion of AC, of 130 cal mot? K~%. At present, one can only
solvents, helix formation at the membrane surface would spectulate about additional mechanisms that lead to the large
account for 65% (M2a andS®A8L'%1'-M2a) to 55% AC,. One possibility would be a perturbation of the lipid
(15V°W12T19117-M2a) of the total enthalpy28, 39). It can membrane in a manner such that a larger hydrophobic surface
hence be concluded that membrane-facilitated helix formation area becomes exposed to water. The net effect of magainin
is a strong driving force for magainin binding to the lipid insertion would thus be an increase in the size of the iceberg.
membrane. Indirect support for such a mechanism is given by the
Side Chain Penetration as a Nonclassical Hydrophobic increased leakiness of the lipid membrane upon peptide
Effect. Using lipid photolabels, magainin side chains have binding (cf. below). In addition, the fatty acyl chain of the
been detected to insert deeply into the lipid bilayk) (Side phospholipids could adopt a more disordered conformation.
chain penetration into SUVs has been found to be an Liquid-like hydrocarbon chains have a higher molar heat
exothermic reaction, at least for a series of somatostatin-capacity than ordered chains. Finally, it should be pointed
like peptides 28, 39). The enthalpic component is also out that the transfer of polar amino acids from water to the
dominant in membrane-binding reactions of many hydro- nonpolar environment also has a positix€, (48, 49).
phobic cations and anions with quite different chemical Hence, if some polar residues of the magainin peptides are
structures 41, 42), contradicting the traditional view of the  forced into a nonpolar environment, this could also lead to
hydrophobic effect that the transfer enthalpy for a nonpolar an increase i\C,.
substance from water into the membrane should be close to Comparison with Negately Charged Membrane®revi-
zero at room temperature. This “nonclassical” hydrophobic ous studies of magainin binding to lipid membranes have
effect @1, 43) is not limited to membrane systems but may relied on spectroscopic techniques such as fluorescence or

also be found for tight apolar inclusion compound4, @5). CD spectroscopy using negatively charged membranes. No
For the magainins investigated here, side chain insertiondistinction was made between electrostatic and hydrophobic
contributes betweer5 and —10 kcal/mol (i.e.,AHexp — binding, and the binding process was described by an overall

AHreiix) to the binding process. This magnitude is similar to binding constant. A much larger apparent binding constant
that observed for the binding of somatostatin analogueswas observed for negatively charged than for neutral
which like the magainins have two phenylalanine side chains membranes, and it was concluded that magainin peptides
on the same side of the cyclic structus8,(39). It is hence bind specifically to negatively charged membranes. This
suggested that side chain insertion, in particular Phe insertion,conclusion must be modified in the light of the results
follows the nonclassical hydrophobic effect and is the second presented here. Magainins have a high affinity toward
main driving force for magainin binding. negatively charged membranes because the peptide ac-

In a related study, the binding of apolipoprotein A-l model cumulates in the aqueous lipigvater interface by electro-
compounds (with a chain length similar to that of magainin) static attraction, and not because it binds specifically to
to POPC vesicles was studied with isothermal titration anionic lipids. The binding step proper, i.e., the transition
calorimetry and spectroscopic method§,(47). The change  from the interfacial layer with its high magainin concentra-
in helix content upon lipid binding was less dramatic tion, cy, to the membrane surface, has a low binding constant
(Afheix ~ 16—48%) compared to that of the magainins. [K =50 M (11)]. Indeed, in the hypothetical case in which
However, the reaction enthalpy was also distinctly exother- the concentration gradient near the membrane surface could
mic for all peptides investigated withH values in the range  be eliminated, magainins would bind distinctly better to
of —4.2 to —11.2 kcal/mol. Twenty-six to seventy-five neutral than to charged membranes.
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Magainin Binding and Membrane Permeabiliagainins From the thermodynamic point of view, addition of
are biologically important because they permeabilize mem- cholesterol is accompanied by a relatively moderate increase
branes for ions 4, 3, 50). Structural models have been in AG, but by a large increase itH and a corresponding
proposed in which magainins insert into the membrane andincrease iriTAS (Figure 8), indicating an enthalpyentropy
form a transmembrane pore or chanrid), 51—54). In one compensation mechanism. Enthat@ntropy compensation
model, the pore exists only as a short-lived intermediate mechanisms have been found for other hydrophobic systems
(2, 3, 10, 52—54); in the second, a stable structure that can such as cylophane-arend5[ or cyclodextrin inclusion
be detected with neutron diffraction experiments at high compounds 44, 60, 61) and are difficult to explain in
magainin concentrations has been elucidafi %6). In a molecular terms. In the case presented here, a partial
third model, on the basis of NMR experiments, the peptide €xplanation can be provided by a combination of two effects.
does not cross the membrane but remains associated in helicdfirst, the incorporation of cholesterol leads to an increase in
form parallel to the membrane surfad® 67—59). In this vesicle size. The binding enthalpy of hydrophobic substances
orientation, leakiness must be induced by a lipid perturbation t© lipid vesicles is known to depend on the vesicle size; for
mechanism. Pore formation and lipid perturbation thus appearSmall vesiclesAH is generally very exothermic\H < 0),

to be alternative pathways by which magainins permebilize Put with increasing vesicle siz&H grows and can assume
membranes. even positive values2b, 39, 47). Second, cholesterol is

The d fl h i Fi 7 oll he linid known to induce an ordering of the lipid acyl chains and to
€ dye elliux shown In Figure 7 10flows the lipi enhance the lipid packing density. Therefore, the potential
perturbaﬂo_n mode. F|_rst, the binding isotherms can only be of peptide to enhance van der Waals interactions between
explained if the peptides are assumed to remain on thelipid acyl chains and to induce acyl chain ordering on

outside of the vesicles. Second, the rate of dye efflux memprane binding is expected to be reduced in already well-
correlates linearly with the amount of surface-bound peptide 5.qered and tightly packed cholestertipid bilayers. In
even at the lowest peptide concentration. In Figure 7A, the 4reement with the experimental observations, the presence
rate of dye release is plotted as a function of total peptide of cholesterol should result in a reduced negative enthalpy
concentration ¢, Knowledge of the binding isotherms  contribution (or even in a positive enthalpy contribution)
allows a calculation of the concentration of free peptitle,  from van der Waals interaction as well as in a reduced
and of the amount of bound peptids,, under the same  contribution to—TAS A similar enthalpy-entropy com-
experimental conditions. Figure 7B then shows the rate of pensation mechanism was recently reported for the partition-
dye efflux as a function of the degree of binding, This ing of n-alcohols with different chain lengths into cholesterol-
representation eliminates the influence of the different peptide free and cholesterol-containing membran&3).(

binding affinities. Within the accuracy of the measurements, Concluding Remarkslsothermal titration calorimetry
straight lines through the origin are obtained for all three combined with CD spectroscopy has provided the first
peptides that were investigated. No threshold values and nocomprehensive thermodynamic analysis of the binding of
evidence for magainin aggregation or association can bemagainin peptides to neutral membranes. The hydrophobic
deduced from these results. This does not support a porepinding affinity of magainins to neutral membranes is
formation mechanism (with a critical number of magainins distinctly higher than that observed for negatively charged
lining the pore) for the specific systems that were investi- membranes. However, the additional electrostatic interaction
gated. encountered with negatively charged membranes more than

As an aside, it can be noted that in addition to the binding compensates for the smaller hydrophobic contribution. The
affinity the chemical nature of the peptide has a specific binding reaction is enthalpy-driven, and helix formation at
impact on the dye efflux. This follows from the different the membrane surface accounts for as much-65% of
slopes in Figure 7B. Since binding effects are eliminated in the total enthalpy; the rest must be attributed to the insertion
this representation, the slopes are a direct measurement off nonpolar amino acid side chains into the nonpolar part of
peptide efficiency. Inspection of the slopes reveals that the membrane. The large positive heat capacity change of
ISABL15|17-M2a (IVOW12T1517-M2a) is by a factor of 4.2 the binding reaction is unique for magainins and does not
(2.6) more efficient in inducing dye release than M2a. This Correspond to the expectations based on simple models for
finding together with the enhanced lipid affinity of these the classical or nonclassical hydrophobic effect. The induc-
analogues is in agreement with the increased hemolytic ion Of membrane leakiness requires peptide binding to the
activity of 18VOW2T15/17.M2a and FASL5117-M2a compared membrane outside only and is a linear function of the amount
to that of M2a (2, 21). of surface-bound peptide.

Influence of CholesterolCholesterol was previously ACKNOWLEDGMENT
shown to reduce the lytic activity of magainin peptid26, (
27). However, the reasons for the activity reduction were ~ We thank Dr. W. L. Maloy (Magainin Pharmaceuticals,
unknown. Our results show that addition of cholesterol Inc., Plymouth Meeting, PA) for the generous gift of
reduces the binding constant dVPW!2T1517-M2a from magainin 2 amide.
20 000 M1 (0% cholesterol) to 1500 M (40% cholesterol).
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