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ABSTRACT: The binding of a peptide to a biological membrane is often accompanied by a transition from

a random coil structure to an amphipathichelix. Recently, we have presented a new approach which
allows the determination of the thermodynamic parameters of membrane-induced helix formation
[Wieprecht et al. (1999). Mol Biol. 294 785]. It involves a systematic variation of the helix content of

a given peptide by double-substitution and a correlation of the binding parameters with the helicity.
Here we have used this method to study membrane-induced helix formation for the presequence of rat
mitochondrial rhodanese (RHD). The thermodynamic parameters of binding of the peptide RHD and of
four of its doublep-isomers were determined for 30 nm (SUVs) and 100 nm (LUVs) unilamellar vesicles
composed of phosphatidylcholine/phosphatidylglycerol (3:1) using circular dichroism spectroscopy,
fluorescence spectroscopy, and isothermal titration calorimetry. The incremental changes of the
thermodynamic parameters of helix formation were found to be very similar for SUVs and LUVSs.
Membrane-induced helix formation of RHD entailed a negative enthalgyHpix = —0.5 to—0.6 kcal/
mol/residue and was opposed by an entropy of alddtix = —1 to —1.4 cal/mol K/residue. The free
energy of helix formationAGreiix, Was about-0.2 kcal/mol, and helix formation accounted for-580%

of the total free energy of membrane binding. Dye-release experiments were used to assess the role of
helix formation for the membrane perturbation potential of the peptides. While helix formation plays a
major role for membrane binding, it appears to have little importance for inducing membrane leakiness.

The binding of peptides and proteins to biological mem- peptide magainin 2 amide (MZajs a model systen®B).
branes is often accompanied by a random esik-helix The parent peptide M2a was compared with three double
transition. This process is particularly favored if the resulting p-isomers of M2a, where two adjacent amino acids within
helix is amphipathic ). In an amphipathic helix, the the sequence were substituted by their corresponding
hydrophobic amino acid side chains insert into the hydro- enantiomers. Double-substitution results in a local distur-
phobic membrane interior, while the hydrophilic residues bance of thex-helical conformation without modifying other
remain in contact with the polar headgroups. Typical important peptide properties such as the side chain func-
examples for peptides and proteins undergoing a membranetionality and the peptide hydrophobicit$,(10). By measur-
induced random coit> a-helix transition are antibacterial  ing the binding of these peptides to small unilamellar vesicles
and hemolytic peptides, virus fusion peptides, signal peptides(Suvs) and correlating the thermodynamic binding param-
for protein import or export and apolipoproteirs<8). eters with the helicity, the incremental contribution of helix

We have recently described a new approach for the formation to the thermodynamic binding parameters could
thermodynamic analysis of the membrane-induced randompe derived. Helix formation was driven by a negative
coil — o-helix transition using the amphipathic antibacterial enthalpy changeAHnei, of —0.7 kcal/moliresidue and
opposed by a negative entropy chany&;eiix, of —1.9 cal/

" Supported by the Swiss National Science Foundation Grant 31- mol K. The standard free energy of helix formatidAGheiix,
429%‘?’;‘h0m correspondence should be addressed. Phedd=61- was —0.14 kcal/mol/res.idu'e and accounted for about 50%
267-2190. Fax:-+41-61-267-2192. E-mail: torsten.wieprecht@unibas.ch. Of the free energy of binding. Recently, we have repeated

;IBiot?teu?ée(r)fo’{A tohlgcllJJ?;\r/ePrrs]iéxr/ rg;g)?gel. the experiments with large unilamellar vesicles (LUVS)

1/St?breviations: SUV, small unilamgl)llér vesicle; LUV, large unila- which are less curved than SUVs and resemblg b|0|09|.cal
mellar vesicle; M2a, magainin 2 amide; RHD, peptide corresponding Membranes more closely. The parameters of helix formation

to the presequence of mitochondrial rhodanese; POPC, 1-palmitoyl-2-were almost identical for SUVs and LUV4&1).
oleoyl-sn-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-olesm- . . .
glycero-3-phosphoglycerol; CD, circular dichroism; ITC, isothermal At present, the M2a system is the only peptide for which
titration calorimetry; Tris, tris(hydroxymethyl) aminomethane. a full set of parameters is available. A binding comparison
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of the individual RHD analogues to permeabilize vesicles
was measured and was correlated with the helicity of the
peptides.

EXPERIMENTAL PROCEDURES

Materials.POPC and POPG were purchased from Avanti
Polar Lipids. Inc., Alabaster, AL. The Fmoc amino acids
for peptide synthesis were obtained from Novabiochem, Bad
Soden, Germany. All other chemicals were of analytical or
reagent grade. Buffer was prepared from 182Mvater
obtained from a NANOpure A filtration system.

Peptide SynthesifRHD and its doublep-isomers were

MVHQV LYRAL VSTKW LAESI RSG(NH;) synthesized by solid-phase methods using standard Fmoc
FiGure 1. Helical wheel projection and amino acid sequence of chemistry on Tenta Gel S RAM resin (0.21 mmol/g; RAPP
e oot b o degbrats e A ecucs Whie craeayYmere Toingen, Germany) i e coniuous-fow mot
refer to hydrophobic and tg)llack circles to hydrophilic residues. on fa. M'."'Gen 9050. (Millipre, MA) pept'd? synthesizer.

Purification was carried out by preparative high-performance

has been made for melittin and an incremental free energyliquid chromatography (HPLC) on PolyEncap A300,./40
of helix formation, AGpeix, Of —0.4 kcal/mol/residue (but (250 x 20 mm i.d.) (Bischoff Analyzentechnik GmbH,
no AHneiix) Was derived 12). In contrast, systematic studies Leonberg, Germany) to give final product®©5% pure by
of apolipoproteins led to AHpeix Of —1.3 kcal/mol/residue  HPLC analysis. All peptides were characterized by matrix-
(but N0 AGreiix) (13). assisted laser desorption ionization mass spectrometry (MAL-

Because of considerable variation in the few data available, DI 1lI; Kratos, Manchester, U.K.) with peptide content of
we have extended the douldesubstitution approach to the lyophilized samples being determined by quantitative amino
presequence of rat mitochondrial rhodanese, which has aacid analysis (LC 3000, Biotronik-Eppendorf, Germany).
different biological function than the membrane-permeabi- Preparation of VesiclesA defined amount of lipid in
lizing magainin. Mitochondrial rhodanese is an enzyme chloroform was first dried under nitrogen. The lipid was
synthesized in the cytosol and subsequently transporteddissolved in dichloromethane and then again dried under
across the mitochondrial membrandg)( The N-terminal nitrogen and, subsequently, overnight under high vacuum.
presequence is required for protein translocation and acts asTypically, 2—3 mL of buffer (10 mM Tris, 100 mM NacCl,

a targeting signal for the complex proteinaceous import pH 7.4) were added to the lipid and the dispersion was
machinery located in the outer and inner mitochondrial extensively vortexed. For preparation of small unilamellar
membrane 15). Mitochondrial presequences of different vesicles (SUVs) the lipid dispersion was sonified (in-ice
proteins possess a low sequence similarity but are generallywater) using a titanium tip ultrasonicator until the solution
positively charged and are capable of assuming an amphi-became transparent. Titanium debris was removed by
pathic o-helical conformation 4, 16). Apart from the centrifugation (Eppendorf tabletop centrifuge, 10 min at
interaction with the proteinaceous machinery, the interaction 14 000 rpm).

of presequences with the lipid matrix of the mitochondrial  LUVs were prepared by the extrusion technig2# (The
membrane was shown to contribute to protein imp&yrip). lipid suspension was frozen and thawed in liquid nitrogen
It was suggested that interaction of the presequence with the(six times) and extruded through polycarbonate filters. (at
membrane induces arrhelix formation thereby facilitating  least 10 times through two stacked @ filters). The lipid
binding to the import machinery(17—19). The 23-amino concentration was calculated on basis of the weight of the
acid presequence of rat mitochondrial rhodanese (RHD) wasdried lipid for SUVs as well as LUVs.

previously shown to assume a random coil in water but to LUVs for dye release experiments were prepared as
fold into an amphipathiax-helix upon binding to a lipid described above using calcein containing buffer (70 mM
bilayer @, 20) (Figure 1). calcein and 10 mM Tris, pH 7.4). After preparation, the

In this work, we have synthesized RHD and four of its untrapped calcein was removed from the vesicles by gel
doublep-isomers (d2,3 RHD; d4,5 RHD; d11,12 RHD; d18,- filtration on a Sephadex G75 column (eluent: buffer contain-
19 RHD) and have measured their interaction with negatively ing 10 mM Tris, 100 mM NaCl, pH 7.4). The lipid
charged 1-palmitoyl-2-oleoydn-glycero-3-phosphocholine/  concentration was determined by quantitative phosphorus
1-palmitoyl-2-oleoylsn-glycero-3-phosphoglycerol [POPC/  analysis 22).

POPG (3:1)] vesicles. The conformations of the peptides in  High Sensitiity Titration Calorimetry.lsothermal titration
solution and bound to lipid vesicles were studied using calorimetry was performed using a MicroCal Omega high-
circular dichrosism (CD) spectroscopy. We have determined sensitivity titration calorimeter (Microcal, Norhampton, MA)
the binding parameters by means of spectroscopic methodq23). Solutions were degassed under vacuum prior to use.
(CD and fluorescence spectroscopy) and isothermal titration The calorimeter was calibrated electrically. The heats of
calorimetry (ITC) and have correlated them with the helicity dilution were determined in control experiments by injecting
of the membrane-bound peptides. Binding studies were either peptide solution or lipid suspension into buffer. The
performed with both small (SUVs) and large (LUVS) heats of dilution were subtracted from the heats determined
unilamellar vesicles in order to elucidate the differences in the corresponding peptide-lipid binding experiments.
between the two frequently used model systems. Since signal Circular Dichroism Spectroscopy{CD measurements of
peptides are also known to perturb the membrane, the abilitythe peptides in buffer (10 mM Tris and 100 mM NacCl, pH
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7.4), trifluoroethanol (TFE)/buffer, or the presence of SUVs
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Table 1: Helicity of RHD Peptides in Buffer and TFE/Buffer and

(same buffer) were carried out on a Jasco 720 spectrometeiBound to POPC/POPG (3:1) SUVs and Fluorescence Maximum of

between 200 and 260 nm at 3G. Minor contributions of
circular dichroism and circular differential scattering of the
SUVs were eliminated by subtracting the lipid spectra of

the corresponding peptide-free suspensions. The helicity of

the peptidesf,, was determined from the mean residue
ellipticity [®] at 222 nm:

_ [©2, [Olag
h [®]he|ix - [®]coi|

where P]222is the measured mean residue ellipticity at 222
nm (deg cm dmol?), and P]neix and [B]coi are the mean
residue ellipticities (at 222 nm) of the completely helical and
completely coiled form of the peptide, respectivel®]|eix
was calculated according to rf:

(1a)

deg cnf
dmol

(O] = [-400({1 - Zﬂ + 100T] (1b)
wheren is the number of amino acid residues ahds the
temperature®C). [©].i was assumed to be1500 deg crh
dmol~* and corresponds to the ellipticity of d18,19 RHD in
buffer (lowest ellipticity measured).

Fluorescence Spectroscofyyptophan fluorescence spec-
tra of peptide-vesicle mixtures were measured on a Jasco
FP 777 spectrofluorometer in a stirred 1 cm cuvette ther-
mostated at 30C (peptide concentrations:—3.0 uM, lipid
concentrations: ©10 mM). The excitation wavelength was

set to 280 nm and fluorescence emission was recorded

between 300 and 450 nm. The excitation slit width was 3
nm and the emission slit width was between 3 and 5 nm

depending on the peptide concentration. The background
intensity of the vesicles was measured in separate control
experiments without peptide and was subtracted from the
peptide fluorescence spectra. The intensity of the resulting

spectra was corrected for the inner filter effect using the
method of Lakowicz Z5).

Dye Release Experimenfdiquots of a calcein-containing
LUV suspension (1620 uL) were injected into a cuvette
containing 2.5 mL of a stirred thermostated peptide solution
of defined concentration (final lipid concentration was 50
uM). Calcein release from LUVs was determined fluoro-
metrically by measuring the decrease in self-quenching

(excitation at 490 nm, emission at 520 nm) on a Jasco FP
777 spectrofluorometer. The fluorescence intensity corre-

Peptides Bound to POPC/POPG(3:1) LUVs at°88

TFE/buffer POPC/POP fluorescence
buffer (1:1y (3:1¢ maximum
peptide (%) (%) (%) (nm)
RHD 4 79 70 342
d2,3 RHD 3 70 67 342
d4,5 RHD 3 63 44 340
d11,12 RHD 2 51 43 337
d18,19 RHD 0 58 42 336

2The helicity was calculated from the mean residue ellipticity at
222 nm according to re24. ® The peptide concentration was between
12 and 27«M (buffer, 10 mM Tris and 100 mM NacCl, pH 7.4y. The
peptide concentration was between 9 and:l6(buffer, 10 mM Tris
and 100 mM NacCl, pH 7.4F Small unilamellar vesicles were used
for CD experiments. The lipid concentration was between 2 and 10
mM and the peptide concentration between 8 angl25The helicity
is corrected for incomplete peptide binding (cf. text).

p-isomers were distinctly lower. The lowest helicity was
measured for the d11,12 RHD analogue (51%), where the
p-amino acids were introduced in the middle of the sequence
(Table 1). The addition of negatively charged POPC/POPG
(3:1) SUVs also resulted i-helix formation of the peptides.
Under the conditions employed (&5 uM peptide; 2-10

mM lipid), the peptides RHD, d2,3 RHD, d4,5 RHD, and
d11,12 RHD were completely bound to the vesicles as
determined from the binding isotherms (cf. below) and the
CD spectra could be assigned exclusively to the conformation
of the lipid-bound peptide. For d18,19 RHD only about 90%
of the peptide was lipid-bound and a correction for incom-
plete binding was necessary. The extent of helix formation
of the lipid-bound peptides is summarized in Table 1. The
helicity of the parent peptide was 70%, in agreement with
results previously reported for RHD boundutax-lecithin/
cardiolipin SUVs 6). Doublep-substitution in position 2,3
had only a minor effect on helicity. However, substitution
in the other positions distinctly decreased the helicity of the
lipid-bound peptides by about 2828%.

Binding Isotherms of RHD Peptides for POPC/POPG (3:
1) Vesicles.Binding isotherms of RHD peptides were
measured for POPC/POPG (3:1) SUVs and LUVs at@0
The distinct conformational differences between the peptides
in buffer (random coil) and in the presence of SU\s (
helix) allowed the determination of the binding isotherms
by means of CD spectroscopy. CD spectra of peptide
solutions (:Sep between 7 and 2#M) were recorded in the

sponding to 100% calcein release was determined by additionPr€Sence of varying amounts of POPC/POPG (3:1) SUVs at

of 100 uL of 10% Triton X-100 solution.
RESULTS

Secondary Structure of RHD Peptidé$ie conformations
of RHD and its doubl®-isomers were studied in buffer (10
mM Tris and 100 mM NacCl, pH 7.4), in trifluoroethanol

30 °C (lipid/peptide ratio between 0 and 600, depending on
the lipid affinity). Without lipid, the measured ellipticity at
222 nm reflects the conformation of the peptide in aqueous
solution Ow). The ellipticity decreases with increasing lipid
concentrationg,, until it approaches a constant level at a
lipid-to-peptide ratio where virtually all the peptide is bound
to the membrane®y). The limiting lipid-to-peptide ratio

(TFE) and in the presence of POPC/POPG (3:1) SUVS at yepends on the lipid affinity and is different for the individual

30 °C. In buffer, the helicity of the peptides was below 5%

and the spectra were typical for random coil structures (Table

1). In presence of 50% TFE, a solvent frequently used to
assess the-helix propensity of peptides, the spectra of all

analogues were characterized by the helix double minimum

at 222 and 208 nm (not shown). The helicity of the all-
peptide was calculated to be79%, but those of the double

analogues. At lower lipid-to-peptide ratios the mole fraction
of bound peptideXp 1, is given by
Xpp= (0 — 0)(©y — By) 2)

where® is the measured ellipticity. The concentration of
peptide remaining free in solution;, is The molar ratio of
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G = Cgep (1- xP,t) 3) 40

bound peptide per lipidXy, is calculated as

0
Cy XP,bCpep

wherec, is the total lipid concentration.

A plot of X, vs ¢, determined for different peptide-to-
lipid ratios, yields the binding isotherm. The binding
isotherms of RHD and its double-analogues for POPC/
POPG (3:1) SUVs are shown in Figure 2. For the conditions
used, all analogues were found to permeabilize POPC/POPG
(3:1) membranes (cf. below, dye release experiments). For
amphipathic peptides membrane permeabilization is generally
coupled to a peptide translocation from the outer to the inner
leaflet of the vesicles26, 27). The binding isotherms were
therefore calculated on basis of the total lipid concentration
(lipid in outer layer+ inner layer). Figure 2 demonstrates
that the lipid affinity of the peptides is highest for the helical G (M)
peptides RHD and d2,3 RHD, but distinctly lower for the FGURE 2: Binding isotherms of RHD and its doubieisomers

; for POPC/POPG (3:1) SUVs at 3@ (buffer, 10 mM Tris and
less helical analogues d4,5 RHD, d11,12 RHD, and d18,19 100 mM NaCl, pH 7.4): @) RHD, (0) d2,3 RHD, Q) d4,5 RHD,

RHD. _ _ (W) d11,12 RHD, 4) d18,19 RHD. Isotherms were determined by
The binding isotherms can be explained witlswaface CD spectroscopy. The solid lines correspond to the theoretical

partition equilibrium, in which peptide binding is linearly  binding isotherms calculated by combining a surface partition

related to the peptide concentration immediately above the equilibrium with the Gouy-Chapman theory in order to correct

membrane surface (surface concentratigy), for the electrostatic effect.

X, (mmol/mal)

0 i 1 I 1 1
0 5 10 15 20 25

Xb = KCM (5) Table 2: Thermodynamic Parameters of Binding of RHD Peptides
to POPC/POPG(3:1) SUVs and LUVs at 30

The model was previously used to describe binding of a _ Ka AG°® AH°© AS ¢
multitude of differently charged molecules to lipid mem- peptide (M™)  (kcal/mol) (kcal/mol) (cal/molK)
branes and is discussed in detail elsewhég; 29). LUVs®

In short, the surface concentratiam, depends (i) on the cITZHgRHD 116105 :gg _1075 11%-‘2')
free _peptlde concentration in bulk solutiom, (ii) on the _ 445 RHD 18 —492 31 239
peptide charge, and (iii) on the membrane surface potential.  d11,12 RHD 15 —4.0 1.4 18.0
POPC/POPG (3:1) vesicles have a negative surface potential d18,19 RHD 22 —4.3 3.8 26.6
leading to an attraction of the cationic RHD peptides( SUvs!
+2.5) from bulk solution to the membrane surface. Conse- CnggRHD 2.‘1%50 :g:; :ﬂ:g :gg:g
quently, the peptide concentration near the membrane surface d4,5 RHD 37 —4.6 ~115 —228
(cm) is enhanced compared to that in bulk solutiai. Using d11,12 RHD 48 -4.7 -13.1 —27.6
the Gouy-Chapman theory (for reviews see r&3—32), it dig19RHD 23 —4.3 —104 —20.1
is possible to calculatey for each data point of the binding 2 The binding constants are obtained from a fit of the binding model

isotherm and to determine the binding consténthe solid to the experimental binding isotherms. Each value is the mean of two
; ; ; ; : independent measuremenitThe free energy was calculated according
lines .m Flglu(rje 2 a(rje hthe best thgpret;)c_ald_flts to the to AG®° = —RTIn 55.5 K. ¢ Binding enthalpies are the mean of at least
experimental data and the corresponding binding constants,,, independent sets of ITC experimerit$he entropy of binding was

are listed in Table 2. Nabinding to negatively charged PG calculated withAG® = AH° — TAS. eBinding isotherms were
was included with a binding constant Kf,+ = 0.6 M1, determined with fluorescence spectrosco@inding isotherms were
The binding constants of the peptides are the mean of twodetermined with CD spectroscopy.

independent measurements of the binding isotherms. From ) o

the binding constants, the standard free energy of binding IS0 excited at the excitation wavelength of 280 nm. The

AG®° can be calculated according to resulting fluorescence spectra hence represent the summed
tryptophan and tyrosine fluorescence, with the tryptophan
AGY= —RTIn 55.5K (6) fluorescence clearly dominating the shape and intensity of

the spectra. Binding of RHD peptides to POPC/POPG (3:1)
where the factor 55.5 is the molar concentration of water LUVs results in a distinct blue shift of the fluorescence
and corrects for the cratic contributioB3) (Table 2). maximum (from 354 nm in buffer to 342336 nm, depend-

CD spectroscopy cannot be used to determine bindinging on the doubl®-substitution site, see Table 1) as well as
isotherms of peptides to LUVs, because of increased scat-in an increase in the fluorescence intensity. These spectro-
tering effects. Therefore, the intrinsic tryptophan fluorescence scopic changes are typical for a transfer of the tryptophan
(Trp'®) of the peptides was employed to derive binding residue from an aqueous environment into a more hydro-
isotherms for LUVs. In addition to T#p, tyrosine (Tyf) is phobic phase 25). To measure the binding isotherm,
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20 other peptidesl(1, 34), the lipid affinity of the analogues is
found to be slightly smaller for LUVs than for SUVs.
Determination of the Enthalpy of Bindinghe enthalpy
of binding of RHD peptides to negatively charged POPC/
POPG (3:1) SUVs and LUVs at 3@ was determined by
means of high-sensitivity isothermal titration calorimetry
(29). Small aliquots of a peptide solution (3L of a 20—
50 uM peptide solution in buffer 10 mM Tris, 100 mM NacCl,
pH 7.4) were injected into an excess of lipid vesicles
contained in the calorimeter ceN; = 1.404 mL, 10 mM
lipid, same buffer; experiments not shown). Because of the
large lipid-to-peptide ratio and the high lipid affinity of the
peptides, virtually complete peptide binding was achieved.
In separate control experiments, the heat of dilution was
obtained by injection of peptide into buffer. Subtraction of
the heat of dilution and division by the molar amount of
injected peptide yielded the molar enthalpy of binding°
(Table 2). TheAH® values given in Table 2 are the mean of
at least two independent sets of ITC experiments. Binding
C um) of the peptides to SUVs was accompanied by a distinctly
FiGURE 3: Binding isotherms of RHD and its doubteisomers ~ €Xothermic interaction enthalpy 6f10 to —15 kcal/mol. In
for POPC/POPG (3:1) LUVs at 30C (buffer, 10 mM Tris and contrast, the binding enthalpy of all analogues was consider-
100 mM NaCl, pH 7.4): @) RHD, (O) d2,3 RHD, Q) d4,5 RHD, ably larger for LUVs (-2 to +4 kcal/mol). For both vesicle
(W) d11,12 RHD, 4) d18,19 RHD. Isotherms were determined by gystems, the largest exothermic interaction enthalpy was

means of fluorescence spectroscopy. The solid lines correspond t _ ; _ .
the theoretical binding isotherms calculated by combining asurfaceQfound for the allL-peptide (SUVs—14.9 kcal/mol; LUV,

partition equilibrium with the GouyChapman theory in order to 1.7 kcal/mol).AH® was larger for the less helical double
correct for the electrostatic effect. p-isomers (d4,5; d11,12; d18,19 RHD). In the case of LUVs,

the binding enthalpy even changed its sign and became
fluorescence spectra of peptideﬁeg between 3 and 10 positive.
uM) were measured in the presence of varying amounts of Knowledge ofAH® andAG® allowed a calculation of the
LUVs (lipid—peptide ratio between 0 and 1000). From the entropy of bindingAS® (Table 2) according to
individual fluorescence spectra, the corresponding spectrum
of lipid vesicles without peptide was subtracted and the AS = (AH° — AG°)IT (8)
resulting spectra were corrected for the inner filter eff2bj.(
The fluorescence spectra of the peptide without lipid and of The binding entropy opposes binding of the peptides to SUVs
the completely bound peptide were denotgtl) andf,(4), (AS = —20.1 to—30.3 cal/mol K), but drives binding of
respectively. The fluorescence spectri(), at a specific the peptides to LUVSAS® = 12.4-26.6 cal/mol K).

X, (mmol/mol)

peptide-to-lipid ratio is then given by Peptide-Induced Membrane Permeabilizatiditochon-
drial presequences perturb bilayers thereby leading to a
f(A) = Xp p fo(4) + (1 — X5 PF(4) (7) permeabilization of the membrane and to a peptide translo-

cation from the outer to the inner membrane monola$éy (
whereXp ,is the mole fraction of bound peptide. A fitofeq 26, 35). We have thus studied peptide-induced membrane
7 to an experimental spectruifl), measured for a specific  permeabilzation at 30C using a dye release assay. In this
peptide and lipid concentration, yields , The correspond-  assay, 25uM of calcein-loaded POPC/POPG (3:1) LUVs
ing free peptide concentratiow;, and the molar ratio of  were added to a stirred peptide solution of defined concen-
bound peptide per lipid$, can then be calculated according tration. Membrane permeabilization was monitored by the
to egs 3 and 4, respectively. The binding isotherms of RHD increase in fluorescence due to the dilution of the self-
peptides for POPC/POPG (3:1) LUVs are shown in Figure quenched fluorescence dye calcein in the surrounding solu-
3. The isotherms of RHD and d2,3 RHD were calculated tion. Figure 4A shows the dependence of the fluorescence
under the assumption that the peptide can cross the bilayerdequenching on the peptide concentration, measured 5 min
(lipid in the outer+ inner layer), because both peptides are after mixing of peptide with vesicles. All peptides were able
highly active in permeabilizing membranes (cf. below). The to permeabilize negatively charged POPC/POPG (3:1) LUVs.
other doublep-analogues, however, do not permeabilize The highly helical all RHD and d2,3 RHD were very potent
membranes under the condition of the fluorescence experi-in membrane permeabilization as assessed by the low
ments, and the binding isotherms were thus calculated onconcentration necessary to induce 50% fluorescence de-
the basis of the lipid present in the outer leaflet of the vesicles quenching (EG ~ 1.3 uM). In contrast, the activity was
only (50% of the overall lipid). The surface partition model reduced for the less helical doulddésomers. (EG, between
was again employed to fit the experimental binding isotherms 12 and 30uM).
(cf. solid lines in Figure 3) and the corresponding binding  However, it is more instructive to correlate the extent of
constant¥ and free energies of bindingG°, as determined  dye release with theoundpeptide-to-lipid ratioX, (Figure
from two independent measurements of the binding isotherm,4B). The X, values corresponding to 50% fluorescence
are summarized in Table 2. As previously observed with dequenching are very similar for all analogues (between 10
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jo3
5 FiGure 5: Correlation of the free energy of bindingG°, of RHD
2 60 peptides to POPC/POPG (3:1) SUW)(and LUVs @) with the
] helicity. The solid lines correspond to the linear regression of the
o experimental data (cf. text).
g 40
g D-substitution in position 2 and 3 indicates that the RHD
g 20 helix is considerably frayed in this region. This is in
g agreement with a NMR study of RHD bound to dode-
= 0 cylphosphocholine micelles, suggesting a helical stretch
1 1 1 I 1 1 1

between amino acids 2 and 2@)(However, the residues
up to position 4 were poorly shielded from amide proton

exchange, ruling out the existence of a stable helix for the
FiIGURE4: Peptide-induced dye release from calcein-loaded POPC/ first few residues ).
ESFD’G(S%)A-T;/SRﬁS%C): dg_z)l%HRDl—i[()D)( :)desgn%é nogedgf'?he Binding of RHD and its double-isomers to small (SUVs)
fluorescence dequenching after 5 min on the peptide concentration@nd large (LUVs) unilamellar vesicles was studied by CD
(buffer: 10 mM Tris, 100 mM NaCl, pH 7.4). The lipid concentra- and fluorescence spectroscopy, respectively (Figures 2 and
tion was 25M. (B) Relationship between calcein leakage and the 3). For both model systems, the parent peptide was found to
:r&]ltlc;)_ofdbou_ndtﬁeptlde(Fper “pIB?’(b,'t?]stf?alcu'a}ted ?%’hc%mb'”'?g have the highest lipid affinity. The affinity was only little

€ DIinding I1sotherms (Figure Wi e results o e dye release :
experiments (Figure 4A). reduced for the d2,3 analogue, but considerably smaller for

the other double-isomers. As reported previously for other
: s tides, the lipid affinity of all analogues was somewhat
and 15 bound peptide molecules/1000 lipid molecules). Pep 7 )
Furthermore, no correlation exists between the peptide larger forSUVs than for ITU\./S](L 34). Blndmg of pept|des.
helicity and the amount of bound peptide necessary to to the.vesmles was quanma'mvely d(_efscr'lbed byamodel which
permeabilize the membrane, indicating that peptide helicity combines a surface partition equilibrium with the Geuy

is not a structural requirement for membrane perturbation. Chapma” theory 'U.Order to correct for the electrostatic
attraction of the positively charged RHD analogues¢2.5

DISCUSSION at pH 7.4) to the negatively charged membrane surface (for
binding constant& and free energies of bindingG°, see

In the present study, we have analyzed the role of helix Table 2) @8, 29). As recently shown for the antibacterial
formation for membrane-binding and perturbation of a peptide magaining 11), it is possible to correlate the
peptide corresponding to the presequence of rat mitochondrialstandard free energy of binding with the change in helicity
rhodanese (RHD). The 23-amino acid peptide RHD assumesupon membrane-binding (Figure 5). Linear regression analy-
a random coil conformation in aqueous solution but folds Sis yields the following expression for SUVs:
into an amphipathi@-helix in 50% trifluoroethanol (79%
a-helix) or when bound to a lipid membrane (7@%helix; AG® = —0.2(0n;,, — 2.6 (kcal/mol);r® = 0.92
Table 1, Figure 1). To quantitatively determine the contribu-
tion of helix formation to membrane-binding and perturba- and for LUVs
tion, we synthesized four doubkeisomers. As expected,
doublep-substitution resulted in a local disturbance of the AG® = —0.23,;, — 2.0(kcal/mol);r® = 0.99
a-helix as revealed by a reduced helicity of these analogues
in TFE and in the membrane-bound state (Table 1). While where nnejix is the number of helical residues within the
the decrease in helicity compared to thelgtleptide is only peptide. The contribution of helix formation to the free
3% for the lipid-bound d2,3 RHD, it is between 26 and 28% energy of binding can be obtained from the slope of the
for the otherp,0 analogues. The small effect of double regression lines, i.eAGneix = —0.20 kcal/mol/residue for

0 4 8 12 16 20 24 28
X, (mmol/mol)
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SUVs andAGyeix = —0.23 kcal/mol/residue for LUVs. These

values can be compared with data recently obtained for the s{A
antibacterial peptide magainin 2 amide (M28) 11). The
free energy of membrane-induced helix formation of M2a 4
was found to be-0.14 (—0.12) kcal/mol/residue for SUVs -
(LUVSs). Both peptides, RHD and M2a, consist of 23 amino 0 : . —
acids and are able to form an amphipatibelix. However, 35 \
there exists no sequence homology between M2a and RHD. % -4 -]
Nevertheless, the free energy of helix formation is similar g
for both peptides. T g

From the intercept of thAG°-versus-helicity plot, the free <
energy of binding of a hypothetical nonhelical peptide is 2
calculated to b\ Gg, = —2.6 kcal/mol for SUVs and-2.0
kcal/mol for LUVs. A comparison of the latter values with 16
the overall free energy of binding (SUVAG® = —5.7 kcal/
mol; LUVs, AG® = —5.5 kcal/mol) reveals that helix 20
formation contributes-3.1 kcal/mol (54%) to the free energy ' ' ' ' ’

20 30 40 50 60 70 80

of binding to SUVs and-3.5 kcal/mol (64%) to the free o
energy of binding to LUVs. Again, these values are in helicity (%)

remarkable agreement with the data observed for M2a, where 16
helix formation accounted for about 50% of the free energy B
of binding ©, 11). Therefore, as previously suggested for 4
M2a, helix formation is a major driving force for membrane- = 10 J
binding of the mitochondrial presequence RHD. £
A second major contribution to the free energy of binding ‘;3 10 -
arises from the hydrophobic effect, i.e., the burial of =
hydrophobic peptide side chains into the hydrophobic interior 3 g
of the lipid membrane3p). %
Isothermal titration calorimetry was used to study the 3 6
enthalpy of membrane-binding of RHD and its double =
p-isomers. Figure 6A shows a plot AH° versus the helicity % 4 -
of the peptides for SUVs and LUVSs. For all analogu&ki®
was distinctly larger for LUVs than for SUVs. A similar 2
dependence oAH° on the vesicle type has recently been
observed for M2a and its douleisomers {1, 37). For each o
vesicle system, the enthalpy of binding was lower for RHD allL 42,3 445  di112  d18.19

and d2,3 RHD than for the less helical doublesomers. Ficure 6: (A) Variation of the enthalpy of binding\H°, of RHD

To dete_rmine the_ enthalpy ofohelix formatio_n,_ a linear peptides for POPC/POPG (3:1) SUMB)(and LUVs @) with the
regression analysis betweehH°® and the helicity was helicity. The solid lines correspond to the linear regression of the
performed. However, the scatter of the enthalpy values wasexperimental data (cf. text). (B) Difference in the binding enthalpies

considerable and the quality of the linear regression was for SUVs and LUVS,AAH?, of the individual analogues.

rather poor yielding for SUVs: cal/mol K/residue, which is again similar to the value
previously found for M2a (SUVs;-1.9 cal/mol K/residue;
AH° = —0.53;, — 6.6 (kcal/mol)r? = 0.71 LUVs, —2.3 cal/mol K) @, 11). It is interesting to note that
despite the large differences in thé1° andAS’ of binding
and for LUVs for SUVs and LUVs, the thermodynamic parameterhelix
formation were very similar for the two types of vesicles.
AH°® = —0.63,;, + 8.8 (kcal/mol);r® = 0.74 It is instructive to compareAHpeix and ASix in a

membrane environment with the corresponding parameters
From the slopes of the regression plots, the enthalpy of helix of peptides in water. In water\Hneix was found to be in
formation was determined to be0.53 and—0.63 kcal/mol/ the range of—0.9 to —1.3 kcal/mol/residue2d, 38—42),
residue for SUVs and LUVs, respectively. A similar result which is more exothermic than in a membrar®(5 to—0.8
was recently obtained for M2a—0.7 and—0.8 kcal/mol/ kcal/mol/residue). The enthalpy of helix formation in water
residue,r? = 0.97) @, 11). A linear relation is generally  was largely independent of the peptide sequence and was
expected, if the enthalpy of helix formation is the same for mainly attributed to the formation of intramolecular hydrogen
each helical segment within a peptide chain. This is strictly bonds 40, 42). In the more hydrophobic environment of
valid only for homopolymers in an isotropic solvent. The water/trifluoroethanol mixturesAHneix was distinctly less
value of AHneix of —0.5 to —0.6 kcal/mol/residue for  exothermic than in water and the enthalpy increased with
membrane-bound RHD should hence be considered as arincreasing trifluoroethanol content (betweef.9 kcal/mol
approximate value averaged over different positions within in 1 M TFE and—0.1 kcal/mol/residue in pure TFE3XJ).
the peptide chain. From thAS> versus helicity plot (not  The data available so far indicate thehelix formation in
shown),ASeix Was calculated to be betweerl.0 and—1.4 a more hydrophobic environment (organic solvent, mem-
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brane) is characterized by a smaller exothermic enthalpy affinity and helicity (Figure 4A). A correlation between the
change than in water. The same holds true for the entropyratio of bound peptide per lipi&, with the dye-releasing
of helix formation. Typical residuahS.iix values in water activity revealed that the enhancement of membrane perme-

range betweenr-2.5 and—4.6 cal/mol K @9, 40, 44), while ability per unit of bound peptide is similar for all analogues.
the values are distinctly less negative (betweehO and Equally important, no correlation between helicity and
—2.3 cal/mol K/residue) in a membrane. membrane-permeabilizing efficiency appears to exist. Hence,

A comparison of the thermodynamic data fundingto while helix formation plays a major role for the lipid affinity
SUVs and LUVs reveals only minor differences in th&° of the peptides, it is of no importance for the ability of the
values but large differences iAH® and AS’ providing peptide to perturb the membrane.

evidence for an entropy-enthalpy compensation mechanism One mechanism frequently suggested for membrane-
which is, however, independent of helix formation. If the permeabilizing peptides is the pore-formation mechanism
regression plots (Figures 5 and 6A) are extrapolated to zero(27, 45). The mechanism assumes the transient formation
percent helicity, the binding parameters of a hypothetical, of a transmembranaous pore consisting of associated peptide
nonhelical peptide are derived A#1° ~ —7 kcal/mol and helices (sometimes separated by lipids between the helices)
AS ~ —13 cal/mol K for SUVs. In contrast, binding to  which are oriented perpendicular to the membrane. The
LUVs is driven by a large positive entropy &S° ~ 36 stability of a pore is expected to be significantly decreased
cal/mol K and strongly opposed by a positive enthalpy for peptides with a reduced helicity. The absence of a major
change of AH° ~ ~9 kcal/mol. On the basis of the effect of doublep-substitution on the membrane-permeabi-
extrapolation in Figure 6A, the enthalpy difference between lizing efficiency of the RHD analogues strongly suggests
LUVs and SUVs is estimated aSAH° = 15.4 kcal/mol. that an unspecific membrane perturbation rather than pore
AAH° can also be evaluated for each peptide individually formation is the dominant mechanism. RHD and its double
and yields 14.2+ 0.6 kcal/mol (on residual basis, 0.62 p-analogues bind initially only to the outer monolayer of
0.03 kcal/mol) (Figure 6B). The corresponding value for M2a the membrane. At a bound peptide-to-lipid rakg, of 0.013,
and its doublep-isomers was\AH® =14.3+ 0.6 kcal/mol the increase in the area of the outer monolayer amounts to
(normalized to one residue, 0.62 0.03 kcal/mol) 9, 11), about 5% [0.013« 250 A? (peptide area)/68 A(lipid area)
in remarkable agreement with the present study. In the course= 0.05]. This leads to a considerable mismatch in the areas
of our studies with peptides and proteins of different size, of the outer and inner monolayers and hence to membrane
the binding enthalpy differencd AH®°, between SUVs and  tension. Membrane tension can be relieved by peptide
LUVs was always found to be highly constant, i.e., 6  translocation to the inner leaflet. Peptide translocation is
0.1 kcal/mol if calculated on the basis of one amino acid accompanied by an enhanced membrane permeability, since
residue (Wieprecht and Seelig, unpublished results). The highit involves also the transport of the hydrophilic peptide
resemblance of the\AH° for M2a, RHD, their double groups across the membrane.
p-isomers and other amphipathic peptides/proteins suggests
that the differences iInH° (and also ilAS®) between SUVs CONCLUSION
and LUVs are not dependent on the specific amino acid We have investigated the role of helix formation for
sequence and on the peptide conformation, but depend rathemembrane binding and perturbation of the mitochondrial
on differences in the packing and lipid structure between presequence RHD using the doubl@amino acid approach.
the two frequently employed model systenid, (34, 37). Binding of RHD to lipid vesicles is accompanied by a
SUVs with a diameter of~30 nm are relatively loosely transition from a random coil to am-helical conformation.
packed because of their small radius and the resulting highMembrane-induced helix formation was found to be driven
curvature. This enhances the lipid flexibility and leads to by an enthalpy AH®, of ~—0.5 to —0.6 kcal/mol/residue
comparably small cohesive forces (van der Waals attraction) but opposed by entropyAS’, of ~—1.0 to —1.4 cal/mol
between the lipid molecules. In contrast, 100 nm LUVs are K/residue for both large and small unilamellar vesicles. The
well packed and strong cohesive forces exist between thecontribution of helix formation to the free energy of binding
lipid molecules. These structural differences probably accountwas about—0.2 kcal/mol/residue and accounted for about
for the observed differences in the thermodynamic binding 50— 60% of the overall free energy. Hence, helix formation
parameters. However, before final conclusions about theis a major driving force for the binding reaction. While the
molecular basis of these differences can be drawn, additionalfree energy of binding of RHD and its analogues was very
investigations are necessary which are currently underwaysimilar for LUVs and SUVs, the binding enthalpy and
in our laboratory. entropy was distinctly larger for LUVs than for SUVs. These
Mitochondrial presequences were previously shown to differences are probably caused by differences in the lipid
perturb lipid bilayers. Bilayer perturbation results in an packing in both model systems. While helicity plays a major
enhanced membrane permeability,(35) and in a translo- role for the binding reaction, it is not important for the
cation of peptides from the outer to the inner leaflet of membrane perturbation potential of the bound peptides.
vesicles 26). Whether the membrane perturbation potential
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