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Abstract

The association of basic amphipathic peptides to neutral phospholipid
membraness investigatedin termsof binding and partition models. The binding of
native and modified melittin to egg-yolk phosphatidylchdhe vesiclesis studied by
steady-statefluorescencespectroscopy.The effect of the ionic strength shows an
enhancemenrf the associatiomas the ionic strengthincreasesAfter correctionfor
electrostatieffectsby the Gouy—Chapmanheory,the melittin binding isothermscould
be describedby a partition model In terms of conventionalbinding mechanisms,
which do nottakeinto accountlectrostatieeffects,this would correspondo a negative
cooperativity A plausibleway in which theinteractionoccusis proposedbasedon the

calculatedHill coefficient.
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Introduction
The detdled understandingf how macromoleculesontrol the structural and
functionalcharacteristicef biomembranes one of the goalsin the interdisciplinary

border betweenchemistry and biology. An approachtoward the knowledge of the
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exquisitestructuraland surface-chargdéeaturesof membranougproteinsis basedon
the useof membrane-activpeptides.The mechanisnof interactionbetweencharged,
naturalor synthetic,surface-activgpeptidesand modelmembranesvas the subjectof
many studies [1-9]. During the binding of a chargedpeptide to an aqueous—lipid
interface theinducedconformationalchangesand surface-chargenodulationsyield a
peptide—lipidcomplex having the lowest possibleenergy state.In order to obtain a
quantitative description of the peptide association process, most studies used a
membrane—watgvartition model,which allowsthe calculationof a partition coefficient
for the peptide betweenthe lipid and agqueousphases[10,11]. In the case of small
peptidesbound to a surface,with or without induced uniform charge density, the
Gouy—Chapmartheory was generally applied, which proved successful.The method
accountdor changesn the boundpeptidepropertiesdue to the effect of the surface
chargedistributedoverlipid bilayers.Theacitvity coefficientwasexplainedtaking into
accountelectrostaticeffects and the peptide’seffective interfacial chargev, and the
binding isothermswere fitted using two parametersthe partition coefficient and v.
However,thedeterminedr valuesare smallerthanthoseexpectedrom the numberof
ionizablegroupsin the peptide,i.e., +3,+4, +6 and +6 e.u.for substance (SP,a peptidic
neurotransmitteof pain), mastoparandansylcadaverinéDNC)-melittin (cadaverine,
1,5-diaminopentanejs a metabolite derived from decarboxylationof lysine) and
melittin, respectively{12]. In orderto explain this difference,theoreical treatments
werereported13-15].

Melittin, a 26-residue long antimicrobial amphiphilic polypeptide and major
componentof the Europeanhoney bee (Apis mellifera) venom, is one of the best-
studiedmodel peptidesconcerninglipid—protein interactions In earlier publications,
the analysisof binding isothermsobtainedupon the interaction of a DNC-melittin
derivative,as well asthe naturally occurring peptidewith zwitterionic phospholipid
membranesvas performed[16,17]. The approachwas extendedto the analysisof the
bindingof the fluorescentprobeDNC-SPanalogueto neutralphospholipidmembranes
undervariousconditionsof ionic strengthl [18]. The theoreticalassociatiorisotherms

generatedrom z,” valuessatisfactorilydescribedthe experinmental dataat low I, and



severalparametersncludedin the equationwerevaried in order to reproducebetter
the binding curvesobtainedatthe highestl. The partition coefficientsderivedfor both

peptidesare similar to thosededucedaccordingto binding analyseswhich are more
classical19]. Theformalismalloweddeterminingthe valuesof the molar free energies
for the peptide in both aqueousand lipid phases.Such an understandingof the

thermodynamigarametergrovided information of interestabait the energeticof

peptide—lipidinteractions.

A thermodynamiapproachwvas proposedo quantitativelyanalyzethe binding
isothermsof peptidesto model membraness a function of one adjustableparameter,
the actualpeptidechargein solutionz,” [20]. The mainfeaturesof the approachare: (1)
the theoreticalexpressiorfor the partition coefficientcalculatedfrom the molar free
energiesof the peptidein both aqueousandlipid phases(2) an equationproposedby
Stankowskito evaluatahe activity coefficient of the peptidein the lipid phaseg15] and
(3) the Debye—Hiuckekquation which quantifiesthe activity coefficientof the peptide
in theaqueougphaseTheinteractionof basicamphipathicpeptidese.g, melittin, DNC-
melittin and DNC-SP, with neutral phospholipip membranes was studied by
spectrofluorimetry The obtainedz,” valueswere always lower than the electrostatic
chargeof the peptideand were rationalizedby consideringthat the peptidecharged
groupsare strongly associatedvith countrions in buffer solution at a given ionic
strength Thepartition coefficientsderivedusingthe z,* valuesarein agreemenwith
thosededucedrom the Gouy—Chapmariormalism. From the z,* values,the molar free
energiedor both free andlipid-bound staes of the peptideswere calculated.The lipid
chargedensityat the bilayer surfacemodulateshe effects of melittin on membranes
[21]. Steinem et al. showed multilayer formation of melittin on solid-supported
phospholipidmembranebsy shear-waveesonabr measurement22]. The preferential
solvationof ternarysystemsncluding polymerswas studiedin this Laboratoryby gel
permeationchromatography23]. High-performancesize-exclusionchromatography
(HPSEC)wasusedfor characterizinghe interactionbetweenpolyanionsand cationic
liposomeg[24]. In earlier publications,it was studiedthe binding of vinyl polymersto

anionicmodelmembrane$25] andthe interactionof polyelectrolyteswith oppositely



chargedmicelles[26] by fluorescenceandliquid chromatographyThe presentreport
presentsa nonlinear kinetic approachappliedto the lipid—melittin system.Section2
presentsthe method. Section 3 discussesthe results. Section 4 summarizesour

conclusions.

Resultsand Discussion
Theoreticalconsideations

The associatiorof peptidemoleculesto lipid vesiclesis generallydescribedby a
partition model, in which one considersthe membraneas a separatdipid phasein
which the peptidecandissolve.The partition modelallows the calculationof a partition
coefficientK, of the peptidebetweenthe lipid and aqueougphasesdefinedasthe ratio
of the activity of the peptidein thelipid phasea," to thatin theaqueougphase,”, when

secondareffectsmakethe systenmto deviatefrom theidealbehavour:
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wherec,' and c,* are the concentration®f peptidein the lipid and aqueousphases,
respectivelyandy," and y,”, the activity coefficientsin eachspecific phase attributed
to electrostatiaepulsionsamongthe positive peptidemoleculesin eachphase.When
the lipid volume is negligible with respectto the solvent volume, the following
expressiorthatrelatesc,"/c,” with experimentatatacanbederived:
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whereV, is the lipid partial molar volume (0.785 and 0.716L-mofl* for EPC and DPPC,
respectively[30]), aswell as(1-«)[P]; is the aqueoudree peptideconcentrationln Eq.
(2) for calculationpurposesand, sincethe peptideis consideredo have accessonly
from the vesicle outside[31], «/R is correctedby the fraction of lipid in the outer
leafletp, i.e., (/R = (o/R)/B, thusdenotingthe molesof adsorbedpeptideper mole of
accessibldipid. For SUVs where ca two thirds of the lipids stay in the outer shell, a
valueof 0.65for § canbeused.Thefollowing expressiorfor describinga real partition

equilibriumis obtainedby substitutingeq. (2) into (1):
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where the activity coefficient y is equal to pr/ypA and reflects possible unideal
peptide—peptidénteractions For small ¢,* values,the activity can be replacedby the
concentration(cf. Eq. 1), ¥, will approachunity, and y will be equivalentto v," as
generallyassumedn theoreticalcalculations.I' is a parameterproportionalto the
partition coefficient,I' = KV, which is a measuref the free energyof the peptide—lipid

interactionsandindependentf peptideconcentration:
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wherecnt is aconstanthatdepend®n the molarmassesanddensitiesof bothlipid and
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water, as well as AG; and AG;? are the molar free energiesof the peptidein the
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aqueousand lipid phases,respectively. The value of AGpo for cationic ion—water

interactionss givenby [32]
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Thefree energyof solvationis composedf five terms.The first onerefersto the Born
chargingcontributions,i.e., the free-energychangeresulting from the transfer of
ionsfrom vacuumto a structurelessontinuummedium,the water solventwith relative
permittivity ¢,. A numericalvalueof 84kJ-motf for AG_,,, thework term, hasbeenused
in this study,assuminag tetrahedrallycoordinategositiveion asa first approximation.
Theterminvolvesthework of forming a cavity in the solvent,the work of splitting up
the extractedsolventmoleculesand separatinghemto infinity, the work to orientate
the solventmoleculesaroundthe peptide(primary solvationshell), aswell asthe work
of condensinghe solventmoleculesnot usedin the solvation of the ion. The three
othertermsreferto theion—dipole,ion—quadrupoleandion—induceddipole interactions,
respectivelyAll the parametersncludedin Eq. (5) are known exceptR, (the radiusof
the peptideion) and z,*, the latter being the actual peptide-ionchargein solution,

which can be different from the physicalchargedue to partial screeningN, is the



Avogadronumber, e = 1.602192x103°C, the proton charge,R = 8.3143J-mdl-K*, the
gasconstantT = 293K, the temperatureR, = 2.8A, the effectiveradiusof solvation of
water, g, = 8.854x10"C*-N'm? the absolute permittivity of vacuum, g, = 78.5, the
relative permittivity of water, y,=1.86D, the dipole moment of water
6, = 3.9x10%statC-cri the quadrupolemomentof water, and «, = 1.65x10°°C’-n¥ - 3%,
the deformationpolarizability, which is a measureof the distortability of the water
moleculealongits permanentdipole axis. A similar expressioncan be obtainedfor
Agpo’l'. In orderto evaluatethe relationshipbetweenz,”™ and v (the peptide effective
interfacialchargefor the membrane-boundtateof the peptidein the Gouy—Chapman

approach)the y," valueswere usedto determinev with the expressiorproposedby

SchwarzandBeschiaschvil[10]:
Iny = 2vsinh‘1[m(a/ R )] )

Noticethaty in Eq.(6) is equivalento y,"; theb parameter:
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is essentiallydeterminedby the ionic strengthl of the bulk electrolyte, as well as
A = 70(EPC,DPPC)and68A? (1-palmitoyl-2-oleoylsn-glycero-3-phosphocholineRPOPC,
1-palmitoyl2-oleoylsn-glycero3-phosphoglyceroROPG)arethe estimatedareaof the
phospholipidheads[15]. Under our presentexperimentalconditions,b = 3.101"2 for
EPC, b = 2.971r*2 for DPPC and b = 3.541"2? for dioleoylphosphatidylcholingDOPC).
After correctionfor electrostaticeffects by the Gouy—Chapmartheory, the melittin
binding isothermscould be describedby a partition model. In terms of conventional
binding mechanismswwhich do not take into accountelectrostaticeffects, this would

correspondo a negativecooperativity.

Ligand—receptointeraction

Supposeave havealigand G andreceptomR, thereactioncanbewritten

ke
G+R RGR
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wherek;, and k, arethe rateconstantof the forward and backwardreactions,and so

the Law of MassAction givesusthe differential equatiornof the progressof thereaction

dx
P kigr — k ;x

wherer, g andx arethe molar concentration®f R, G andthe produa GR [33]. We are
interestedin determiningthe concentratiorof bound ligand x at equilibrium as a
functionof thefreeligand,g [34]. By settingthe derivativeequalto zero,we obtainthe
solutionx = grk,/k_;, = gr/K,, wherekK,; is known as the dissociationconstant of the
reaction[35]. The total amountof the receptoris given by r; =r + x and hence,by

substitutingfor r in theabovewe get

1
x=-=g(rr -x) or  x=—1—
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which is moreusuallywritten as

Ky +F (&)
whereB is the molar concentratiorof boundligand, F is the molar concentratiorof
unboundor freeligand, B,,,.is the maximumvalueof B attainablethat occurswhenall
thereceptorsaareboundto ligand, or densityof sites,andK; is the dissociationconstant
of thebindingreaction[36]. NoticethatB,,,, = r; [37]. A plot that hascometo be widely
usedfor visual presentatiorof the resultsof ligand—receptolassayss known as the
Scatchardplot [38]. This plot of B/F vs B is approximatelya straightline if the simple
model without any complicationsholds. A major use of the Scatchardplot is as a
diagnosticof thetype of departurdrom the simplemodel.In thatcase the straightline
is often modified into an upwardly concavecurve. Sucha curve can be obtainedfor
negativelycooperativebinding in which binding at one site makesit lesslikely that
bindingwill occuratsomeothersites.On the otherhand,a Scatchardlot that exhibits
downwardconcavity could meanthe presenceof positively cooperativebinding. The
mathematicamodelof ligand-receptomteractionresults

B __F_
~ K§+F"
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max
wheren < 1 indicatesnegativecooperativityandn > 1 denotespositive cooperativity.

For proteinswith n binding sites for ligands, negative cooperativity occurswhen



binding at one site interferes with binding at an adjacentsite. Eq. (8) can be

transformednto a straight-linerelationshipby first writing

n
i
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N

|
andthentakinglogsof bothsides
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wheren hasbeenreplacedby h for the generalcasein which cooperativityis not
perfect.A plot of log Pg/(1Pg) vs logF, cdled a Hill plot, will be a straightline with
slopeh [39]. Theexperimentallydeterminedslopeis calledthe Hill coefficienth, which
increaseavith the extentof the cooperativityup to a maximum possiblevalue of the
total numberof sitesn [40]. A value of h lessthan one could indicate negative
cooperativity[41]. At valuesof P; below0.1andabove0.9, the slopesof Hill plotstendto
a value of 1, indicating an absenceof cooperativity. This is becauseat low ligand
concentrationsghereis not enoughligand presentto fill more than one site on most
protein molecules,regardlessof affinity; similarly, at high ligand concentrations,
there are extremelyfew protein moleculespresentwith more than one binding site
remainingto be filled. The Hill coefficientis thereforetakento be the slope of the
linear, central portion of the graph,where the cooperativeeffect is expressedo its
greatesextent.For systemswherecooperativityis complete,the Hill coefficienth is
equalto the numberof binding sitesn. Proteinsthat exhibit only a partial degreeof
positivecooperativitymay still give aHill plot with alinearcentralsection,but in such
cased will belessthann, andthelinearsectionis likely to be shorterthanthat for a
systemwherecooperativityis morenearcomplete.

Melittin and DNC-SP will bind to neutral phospholipid vesicles for the
hydrophobicinteraction betweenthe nonpolar amino acids and the phospholipid
hydrocarbornayer. The binding stepis probablyaccompaniedbhy membranesxpansion
sincethe peptidemoleculescanintercalatebetweerthelipid moleculesas evidencedoy
monolayerexperimentsA secondconsequencef melittin/DNC-SPbinding is that the

membranesurfacebecomegositively chargedso that the adsorptionof forthcoming



positively chargedpeptidewould be less favoured.Both factors, membraneexpansion

andelectricchargeof the membranearetakeninto accountn thefolowing analyses.

Binding of DNC-melittinto neutralbilayers

Thebindingisothermdor lipid—melittin and—polyanionmodelsystemshavebeen
studiedin this Laboratoryby steady-statefluorospectroscopyyiscometry, HPSEC, 3'P
and ?’H nuclear magneticresonanceas well as X-ray diffraction experiments.The
bindingisothermsB vs F, for DNC-melittin and melittin to EPCvesicles(fluid phase)at
temperature T=23°C and ionic strength | =0.03mol-I}, obtained from
spectrofluorimetryareillustratedin Fig. 1. The plots are far from linear, rejectingthe
ideathat an ideal partition of the peptideinto both phasegsake place. The increased
deviationfrom linearity at high F valuessuggestsa concomitantincreasdan y. Thisis
likely due to electrostaticrepulsion betweenthe positive chargesof neighbouring
peptide moleculesat the water—lipid interface. The maximum value of B, B,,, was
extrapolatedrom a double-reciprocaplot. It resultsB,,,, = 0.0699and 0.0964mol-L*
for DNC-melittin and melittin. The calculatedvalues of the actual peptide chargein
solution, z,*, aresimilar (+1.85and+1.88e.u.for DNC-melittin and melittin), as can be
predictedfor abindingisothermperformedat a given ionic strengthl. Notice thatthe
electrostaticcharge calculatedfrom the numberof ionizable groupsin native and
modified melittin is +6 e.u. Moreover, an effective chargesmallerthan that expected
from the numberof ionizablegroupsis a well-known phenomenonThe corresponding
interpretationis that the actual z," charge of the cationic polypeptide should be
decreasedueto the screeningeffect of counteriondn the electrolytesolution,which
providesagivenl.

The Scatchardi.e., B/F vs B) plot for the binding of DNC-melittin and melittin to
EPCvesicless shownin Fig. 2. The upwardly concavecurve indicatesthat, for a given
B/F value,the correspondindd valueis lower thanthat expectedfor an ideal simple
model. Theinterpretatiorsuggests negativelycooperativebinding, althoughit might
be also attributedto the heterogeneityof the binding mechanism;the shapeof the

binding isotherm(Fig. 1) could be representedby a two-site mechanismThe negative



cooperativityis in agreementvith theincreasdan effectiveinterfacialcharge,v, from
v=+1.07to +1.18 and from +1.09to +1.17 e.u. for DNC-melittin—EPC and melittin—EPC,
respectivelyasF increasesHowever,the melittin resultsshould be takenwith care:
Thedatacould probablyalsobefitted by linearregression.

The Hill plots of log Py/(1-P;) vs logF, at fixed peptideconcentrationsfor the
binding of DNC-melittin and melittin to EPC vesiclesare displayedin Fig. 3. For DNC-

melittin thefitted line turnsoutto be:

Iog[ R /(L= R )]y ot =8:02+12710gF N=6 r=00932 $=0.276 F =265 (11)

However,if only thefirst four pointsareincludedin thefit the correlationis improved:

Iog[ R /(= R )|y o = 556+0.888I0g F n=4 r=0.992 $=0.067 F -1220 (12)

For melittin, thefitted line results:

log[R /(L - R )],,., =5:33+0.9090g F n=6 r=0975 $=0.077 F =760 (13)

The slopes representthe Hill coefficient h, which results 0.888 and 0.909 for

DNC-melittin andmelittin, respectivelyBoth valuesof h arelesserthanone,meaning
that the peptide—lipid binding shows negative cooperativity. The intercepts
-hlogK, = hpK, arise 5.56 and 5.33 for DNC-melittin and melittin, where K," is the
dissociation constantfor the whole peptide. From both slope and intercept, the
dissociationconstantfor eachsite K, ensuegK, = —logK, valuesof 6.26 and 5.87 for

DNC-melittin and melittin.

Thetheoreticadissociatiorconstantp(K,") for thewhole peptide,in the binding
of DNC-melittin andmelittin to EPCvesicles(cf. Tablel), is calculatedfor different Hill
coefficientsh, from the dissociationconstantpK, at eachsite. Whenh decreasefrom
oneto ca 0.84(16%),the correspondindgheoreical p(K,") value decreasesnelog unit
and,consequentlykK," increasesne orderof magnitudefor both native and modified
melittin.

The partition coefficientl” is given in Table 2 for the binding of DNC-melittin
and melittin to EPC, DPPC, DOPC, POPC and negatively charged POPC/POPG(90/10
mol/mol) vesicles aswell as solid-supportednembranesf octanethioland POPC The
meanaveragevaluesof z,* andI' usedfor the evaluationof the theoreticalbinding

isothermsarespecified,aswell asthe molarfree energieof the peptidein the aqueous
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andlipid phasesThe v valuesobtainedfor DNC-melittin and melittin in EPCand DPPC
are summarizedFor a given binding isotherm,the v valuesare constantbetweenthe
experimentalerror and somewhatsmaller than z*, being slightly lower than those
reportedin the literature[10,12,15,19,22,31,42An effective chargesmallerthan that
expected from the number of ionizable groups is a well-known phenomenon,
previouslydescribedor melittin (+6 e.u.)[10,12,19,22,31,42hNnd other peptideg2—4]. In
the caseof melittin, it hasbeensuggestedhat both arginines(R22 and R24) might be
locatedfar from the membranenterface or tightly associatedvith counterionsand
contributing little to the total interfacial charge[12,43,44]. Notice that I" values
theoreticallycalculatedor both native and modified peptidesare of the sameorder of
magnitudethan those derived from the fitting analysis.This meansthat, for each
bindingisotherm,the evaluatedvalue of z,” originatesa theoreticalvalue of I' similar
to that obtainedfrom the initial slope. However, with the presentthermodynamic
approachthe determinatiorof I' and v parameterss madeseparatelywithout any
extrapolationfrom the experimentalisotherm. Similar binding constantsI’ were
derived by Vogel for DMPC vesicles[45]. In general,the greaterthe electrostatic
repulsions(z,") takeninto accountthe lower the binding constantl. Controversialto
our findings andthoseof Steinemet al. [22], Okahataet al. found a simple Langmuir
adsorptionisotherm of melittin on 1,2-dipalmitoylphosphatidylethanolamin@®@PPE)
Langmuir—Blodgettfiims up to a concentratiorof 105umol-L™* [46]. The fact that the
authorscould neitherdetecta multilayeradsorptiomor a destructionof the membane
at high melittin concentrationded usto the conclusionthat the interactionof melittin
with phosphatidylethanolaminenonolayersin a crystalline state is significantly
different from the interaction with POPC. These different results emphasizethe
difficulties in comparingdifferentadsorptiorstudiesof melittin, sinceparameterse.qg,
membranefluidity, water contentwithin the membrane lipid compositionand pH,

considerablynfluencethe adsorptiorof melittin.

Binding of DNC-substanc® to neutral bilayers
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The experimentabinding curvesobtainedfor DNC-SPwere next analyzedusing
the partition equilibrium modelwith z* as adjustableparameterassumingg = 20, as

well as that the peptide was solvatedin both aqueousand lipid phases.For a more

accuratedeterminatiorof AEpO'A and y,", it was consideredappropriateevaluatingthe
dielectric permittivity of water g, and the inverse Debye length
x = 1/ = (26°NAl/g, e, kT2, where k = R/N, = 1.380%10233-K?, as a function of the
ionic strength(cf. Table 3). In the Gouy—Chapmartheory, the 4, Debye length is a
measureof the distancez at which the electric potentialy(z) decreaseby a factor of
1/e (e = Nepemnumber)from its valuefor aplane,chargedsurfaceplacedatz = O.

v (2)= w(o)exp(-x2) (14)

The 4, length playsa fundamentalole in the physicsof ionized milieus. In fact, 4, is
nothingbut the distancefrom which two chargedobjectsdo not see oneanotherin a
ionizedmilieu dueto the counterionghat they developin the milieu. The 4; is, then,a
distancesuch that if z > A, the potential is practically null, translatingthus the
screeningeffect producedby the ions attractedby the chargedsurface.The order of
magnitudds A, = 100Afor anionic strengthl = 1Immol-L* in aqueoussolution at room
temperatureanddecreasefor incresingl.

As a first approximation, a value of AG.,,= 84kJ-mol and an o-helix
conformationfor the peptide(R, = 6.5A)wereused.Ilt hasbeenshownby spectroscopy
that in the presenceof membrane-mimeticolventsand/or surfactants,SP forms a
partial o-helix [47,48]. On the other hand, it has been also proposed, based on
thermodynamicalculationsthatthe C-terminalsegmentdf SPcouldbeorganizedas an
a-helix domainin the membrane-boundtate[49]. Moreover,CD measurementsl our
laboratoryindicatethatin the presencef EPCvesicles,SP andits fluorescentanalogue
might adopta partial «-helix conformation.

The partition coefficient T for the binding of melittin to
dimyristoylphosphatidylcholine(DMPC), DNC-SP to EPC, as well as of peptides
mastopararil4 aminoacids)and analogousmastopararX to DOPC vesiclesis given in
Table4 atdifferentionic strengthsin particular,for melittin bindingto DMPC vesicles,

the effectiveinterfacialchargev wasonly slightly alteredat low ionic strengthl, but

12



the partition coefficientI’ decreasedlhelatteris in contrastto observationsvith DOPC
vesicles[10]. At high I, the partiton coefficient I' remainedvirtually invariant,
whereaghe effectiveinterfacialchargev markedlydecreasedAn effective interfacial
chargeof +2 e.u.is small comparedo the actualnumberof +6 e.u. carried by melittin
underthoseconditions.In spite of the electrostatiaepulsionof the melittin molecules
on the surface multilayer adsorptiontakesplace [22], which can be explainedin the
sameway astheformationof tetramersn solution. Theequilibrium betweenmonomers
andtetramersn solutionis influencedby two oppositeforces,oneis the net chargeof
the peptide,which avoidsthe formation of tetramers,the other is the hydrophobic
exteriorof the peptide,which promotesthe self-associationBecauseof the low charge
of ca +1.5e.u.per melittin moleculeon the surface[12], the formation of aggregates
seemdgo be reasonableat higher peptideconcentrationskFrom the obtaineddata, it is
not possibleto distinguishwhethermelittin binds as monomerto the surfaceforming
multilayersat higherconcentrationspr whethemelittin tetramerswhich are already
formedin solutionat higherconcentrationsadsorhto the surfaceastetramersbuilding
multilayers.

For DNC-SPbinding to EPC,the averagez,” valuesare obtainedat differentionic
strengthgTable4). Thez," slightly decreaseastheionic strengthincreasesasusually
observedor polyelectrolyte450,51],dueto partial screeningof the counteriondn the
electrolytesolution.Thisdiminutionis in agreementvith a Hill coefficiert h < 1 (Table
1) or negativecooperativity.The obtainedz,” valuesare lower than the electrostatic

chargeof SP(+3 e.u.)[52] (Table4). Oncez," is known, the free molar energiesof DNC-
SPbetweerthewaterAEpO’A andlipid phasesdgpo’l' havebeenestimatedas a function of

. . =0A =olL . .
theionic strengthaswell asI" values Both AGpO and AG;? display negativevalues,as
well astheir absolutevaluesdecreasasthe ionic strengthincreasesAs a first glance,
this fact revealsthat the thermodynamicprocessof dissolving the peptidein both

phasesis spontaneousas observedfor DNC-melittin and melittin (Table 2). The

i AG>" — AG+ iti i
differences(#%p — p ) are positive values and slightly increasewith the ionic
strength,denoting a more favourablethermodynamicprocessof the peptide to be
dissolvedin the lipid phase.Notice that, for a given ionic strength,the values of I'
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(Table 4) are similar to thosededucedfrom the Gouy—Chapman/partitiorequilibrium
approacHh3].

Forthe binding of mastoparamo DOPC,the calculatedl” valuesincreasewith the
ionic strengthl andare similar to thosepreviouslyobtainedby Schwvarz et al. [3], by
using the Gouy—Chapmariormalism (Table 4). Notice alsothat the calculatedv values
are smallerthan the actual z," chargeand similar to those previously reported|[3].
Looking atthe data,we seea distinct increaseof the effectivechargewhenl is raised.
This suggeststhat the underlying conformationalchangesimply a displacementof
chargescloser to the interface. The considerationsabove are, of course, generally
applicable to similar peptide—lipid systems, particularly mastopaan— and
mastoparatX-DOPC.When, insteadof mastoparanthe analogouspeptide mastopara#x
interactedwith DOPCwithin thel rangeof 0.0-0.4mol-*, the absolutemagnitudesof I
becameslightly larger, whereaseffect of | was practically the sameas far as the
relative changeis concerned3,53]. However,the variation in I doesnot changethe
effective interfacialcharge,suggestindargely alike conformationsin both casesOf
course . this doesstill allow change=of I' owing to the ionic-atmospherenteractions.
The I' valuesfor native and modified melittin are affectedin one or two orders of
magnitudeby |. As K" is inverselyproportionalto I, the quotientsbetweenpairs of K;"
valuesattwo differentl valueshavebeencalculatedfrom the correspondingjuotient
of I' valuesas Kp™ = Ky"/ K = I./I. Here,h andh, arethe Hill coefficientsat ionic
strengthd andl,, respectively.

From datain Table4, the plot of the relative theoretical Kg_h" vs | (cf. Fig. 4)
shows that the first point of the four curvesis superposedIn particular for
mastoparafX in the powea curve KB_h° = al’, theexponenis b = —0.132,indicating that

o

. h-hy . . . . h-h
theoreticalKp ° is lesssensitiveto |, andanincreasen | of 1mol-L! decrease&p ° by

0.5. However, for mastoparanin the power curve b=-0.536 pointing to that
theoreticalkp™ is moresensitiveto I, andanincreasdan | of 1mol-L? decreaseXp™
by 0.9. Melittin andDNC-SPwith exponentd = —0.218and-0.317,respectively,present

an intermediatebehaviour,andanincreasaen | of 1mol-L? decreasesKB_h" by 0.7. As

nodependencef K, onl is consideredthe correspondinglecreasein h shouldbein
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therange0.3-1.2. Theresultsmay causean enhancemeraf the negativelycooperative
charactepf thefour peptide—vesicldindings,whichis in agreemenwith the increase
in v from +1.07 to +1.18 and from +1.09 to +1.17 e.u. for DNC-melittin—rEPC and
melittin—EPC asF increases.

Fromthe precedingesultsthe following conclusionsanbedrawn

1. Fluorescencespectroscopyneasurementkikely suggesta similar lipid-bound
statefor both nativeandmodified melittin.

2. In the thermodynamicapproach,both Gouy—Chapmanand Debye—Huckel
formalismsapplythe Poisson—Boltzmanaquationto calculatethe influenceeitherof a
plane chargedsurfaceor betweentwo chargedspheresover the structure of the
adjacentonizedliquid. In bothcasesthe Debyelength is the magnitudeof the medium
with physicalmeaning.

3. Melittin, a positively chargedamphipathicpeptideof 26 amino acid residues,
strongly associatesvith zwitterionic lipid vesicles,taking different structural states
dependingon the ionic strengthin the buffer solvent. The partition coefficient
(measuringthe affinity of binding in the limit of high dilution) increaseswith the
ionic strength jndicatingthatthe peptidechargesnteractmore favourablywith their
ionic aamospheresvhenlocatedcloseto the bilayerthantheycando in purely aqueous
surroundingsThebehaviouris similar to thatobservedreviouslyfor mastoparaii3].

4. The interaction of melittin with EPC is significantly different from the
interactionwith DPPC vesicles. Thesedifferent results emphasizethe difficulties in
comparingdifferent adsorptionstudiesof melittin since parameterse.g, membrane
fluidity, water contentwithin the membranelipid compositionand pH, considerably
influence the adsorption of melittin. The behaviouris similar to that observed
previouslywith DPPEandPOPC[22].

5. Melittin associationto neutral phospholipidvesiclescan be describedby a
simple model incorporatinga watemembranepartition equilibrium, modulated by
electrostaticcharging of the membrane,as the basic peptide accumulatesat the
interface. The surfacepotential inducedin this way counteractsthe associationof

further peptide.It turns out that this effect can be satisfactorilytreatedby using a
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Gouy—ChapmamapproachFurthermelittin binding is difficult becausehe repulsionof
like chargesbecomesthe dominantmechanism.n terms of conventionalbinding
mechanismsyhich do nottakeinto accountlectrostaticeffects,this would correspond
to anegativecooperativity The dissociationconstantpK," for the whole peptide,in the
binding of native and modified melittin to EPC vesicles,is dependenton the Hill
coefficient h. A decreasen h of 16% causesan increasein K," of one order of
magnitude.

Work is in progresson testingthe utility of high-performancesize-exclussion
chromatographyo confirm theresultspresentedn this paper,i.e., binding of melittin

to lipid.

Experimental Procedures

Materials
Melittin, SP and monodansylcadaverine
[N-(5’-aminopentyb5-dimethylaminel-naphthalensulphonamide, DNC] were

purchasedfrom Serva (Heidelberg, Germany). Dipalmitoyl-L—a-phosphatidylcholine
(DPPC) and guinea-pigliver tranglutaminasgprotein-glutamineamine y-glutamyl
transferase5C2.3.2.13)werefrom Sigma(St. Louis, MO). Egg-yolk phosphatidylcholine
(EPC) was purchasedfrom Merck (Darmstadt, Germany) and purified according to

Singletonetal. [27]. Salts,buffersandreagentsvereof the highestpurity available.

Transglutaminase-mediatethemicalmodificationof melittin and substance

The procedurefor the transglutaminase-mediatéacorporationof DNC into Q25
of melittin (DNC-melittin) was similar to that describedin Refs.[16,17]. Experimental
conditionsfor the selectivdabelling of SPat Q5with a DNC-SPprobewerereported18].
Both fluorescentanaloguedhave beenshownto retain the biological activity of the
nativesequences hus,DNC-SPwasfunctionally active on guinea-pigtracheg18], and

DNC-melittin hadthe samehaemolyticeffectthannativemelittin on redbloodcells.

Preparationof smallunilamellarvesiclegSUV)
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EPC or DPPC were dispersedin Mops—NaOH buffer, pH 7.0, at a given NacCl
concentrationin the 0O—1mol-* rangeand vortexing for 10 min. The dispersionwas
nextsonicatedor 20 min onice (EPC)or atatemperatureabovethe phase-transitiof
the phospholipid DPPC),by usingan ultrasonicgeneratowith a microtip probe(Vibra
Cell, Sonicsand Materials,Inc., Daubury,CT) at a power setting4 and 50% duty cycle.
The samplesnverethen centrifugedfor 15 min at 35 00&kg to removeprobe particles
and the remainingmultilamellar aggreates.The lipid contentin the resulting SUV
preparationswas determinedby a phosphorousassay [28]. The integrity of SUV

preparationsvascontrolledby negative-stairelectronmicroscopy[29].

Fluorescencespectroscopy

Steady-statdluorescencemeasurments were recordedusing a Perkin Elmer
LS-50fluorescenceapectrophotometewith 1.0x1.0cmquartzcuvette. The excitationand
emissionbandwidthswere 5nm. Spectrawere correctedcomparedo quinine sulphate,
as well as blanks, subtractedto remove the Ramanline, light scatteringand any
residualfluorescencdrom non-peptidecomponentsThe excitationwavelengthwas set
at 280nmfor melittin or DNC-melittin, and 330nmfor DNC-SP.In lipid—peptidemixtures,
the changesin the emission fluorescenceintersity at A = 330nm (melittin, DNC-
melittin) and A = 510nm(DNC-SP), I, were analyzedas a function of R (lipid—peptide
molar ratio) and, from the fluorescenceintensity increase,the fraction of bound
peptide o defined by a = (I"4%..0)/("boundd v Was estimated.The 1',,,.4 Value was
extrapolatedfromm a double-reciprocalplot. All the measureswere performedin
triplicate.
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Figure captions

Fig. 1. Binding isotherms(B vs F) of DNC-melittin— and melittin—EPCat T = 23°C
andl = 0.03mol-L! in bufferedsolutioncontaining50mmol-L* Mops—NaOHpH 7.0; 1mM
EDTA.

Fig. 2. ScatchardB/F vs B) plot of the binding of DNC-melittin—andmelittin—EPC.

Fig. 3. Hill plot of DNC-melittin— and melittin—rEPC with B, = 82.4 and

96.4nmol-L%, respectively.

Fig. 4. Plot of relative theoretical KB™ wvs 1| (mol-L') for DNC-SP-EPCand

mastoparan—DOPC.
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Tablel

Theoreticadissociatiorconstanp(K,") for the peptidein the binding of melittinsto EPCvesiclesfor differentHill coefficients

Peptide Hill coefficient,h

0.800 0.820 0.840 0.860 0.880 0.888 0.900 0.909 0.920 0.940 0.960 0.980 1.000
DNC-melittin 5.01 5.13 5.26 5.38 5.51 5.56 5.63 5.69 5.76 5.88 6.01 6.13 6.26
Melittin 4.70 4.81 4.93 5.05 5.16 5.21 5.28 5.33 5.40 5.52 5.63 5.75 5.87
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Table2

Actual peptidechargein solution z,*, molar free energiesof the peptidein the aqueousAGpo'A and lipid Aﬁpo'L phases partition
coefficient I’ and effective interfacial chargev for DNC-melittin and melittin in EPC, DPPC, DMPC, DOPC, POPC and POPC/POPG

vesicles andsolid-supporteadnembranesf octanethioandPOPC

Peptide—vesicle expectedz,” (e.u.) z' (e.u.) AG" (kJ-mot’) AG' (kJ-mott) I (L-mol) v (e.u.)
DNC-melittin~EPC 6.00 1.64 -105.0 -146.7 405000 1.26
Melittin—EPC 6.00 1.68 -113.4 -153.9 253000 1.26
DNC-melittin—-DPPC 6.00 1.57 -91.0 -134.4 209000 1.27
Melittin—-DPPC 6.00 1.52 -81.0 -126.0 356000 1.26
Melittin—-DMPC* 6.00 0.00 - - 400000 0.00
Melittin—-DMPC® 6.00 0.00 - - 320000 0.00
Melittin—-DOPC 6.00 1.80 - - 30000 -
Melittin—-POPC 6.00 2.20 - - 2100 -
Melittin-POPC/POP&90/10mol/mol)  6.00 1.90 - - 45600 -
Melittin—supportedOPC 6.00 - - - - 1.50
Melittin—-POPC 6.00 - - - 9000 1.20

2In all calculations;, was20 andit wasconsideredhatthe peptideis solvatedin bothaqueousndlipid phases.
] = 0.03mol-L} T = 23°C.

¢l = 0.03mol-L}, T = 50°C.

YFromRef.45atl = 0.1005mol-E, T = 15°C.
*FromRef.45atl = 0.1005mol-I*, T = 26°C.
fFromRef. 10atl = 0.11mol-L.

9 FromRef.31atl = 0.02mol-L}, T = 25°C.
PFromRef.19atl = 0.105mol-}, T = 25°C.

' FromRef.22atl = 0.125—-0.225mol-L, T = 21°C.
I FromRef.42atl = 0.11mol-} T = 20°C.

K Assumed.

24



Table3

Valuesfor the dielecric permittivity of the aqueousmediumg,, inverseDebyelengthx = 1/A;, andb parameteat different ionic

strengthd
Parameter lonic strengthl (mol-L™?)

0.00 0.02 0.32 0.52 1.02
£y 78.355 77.0 73.5 70.0 64.0
K (A 0.000 0.047 0.194 0.252 0.371
2 (R) 2 21.28 5.15 3.97 2.70
b (EPCandDPPC) 0 21.770 5.528 4.443 3.317
b (DOC) 0 25.032 6.258 4.909 3.505
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Table4

Actual peptidechargein solution z,*, molar free energiesof the peptidein the aqueousAGpo'A and lipid Aﬁpo'L phases partition
coefficientI’ andeffectiveinterfacialchargev for melittin in DMPC,DNC-SPin EPC,andmastopararand mastopara+tX in DOPC and

POPCvesiclesat differentionic strengthd®

Peptide—vesicle Property

lonic srengthl (mol-L*")

0.005 0.020 0.025 0.105 0.110 0.205 0.320 0.405 0.520 1.010 1.020
Melittin—-DMPC expectedz,* (e.u.) 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
I (L-molh)P - 60000 - - 180000 - - - - 150000 -
relative K¢ - 1.000 - - 0.333 - - _ - 0.400 -
v (e.u)’ - 1.90 - - 1.90 - - - - 0.30 -
DNC-SP-EPC expected,® (e.u.) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
z,' (e.u.) - 1.62 - - - - 1.94 - 1.90 - 1.86
AGYY (kJ-mot) - -100.9 - - - - -172.3 - -162.6 - -153.0
AGY" (k3-mott) - -143.1 - - - — -205.3 - -196.9 - -188.7
I (L-molY) - 9742 - - - - 13203 - 22923 - 41680
relative Kh™ ¢ - 1.000 - - - - 0.738 - 0.425 - 0.234
Mastoparan—DOPC expected;,’ (e.u.) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
z,' (e.u.) 2.08 - 2.06 1.96 - - - 1.88 - - -
I (L-molY) 2418 - 4325 9525 - - - 25741 - - -
I' (L-mol*)¢ 1650 - 3100 7000 - - - 17000 - - -
relative Kb ¢ 1.000 - 0.559 0.254 - - - 0.094 - - -
v (e.u.) 1.20 - 1.36 1.24 - - - 1.58 - - -
v _(e.u) 0.95 - 1.50 1.40 - — — 1.75 - - —

Table4 (.../...)
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Table4 (.../...)

Peptide—vesicle Property lonic strengthl (mol-L1)
MastopararX-DOPC expected;,” (e.u.) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
I' (L-molh)¢ - - - 13000 - - - 27000 - - -
I (L-mol*)® 14000 - — 16000 - 18000 - 30000 - — —
relative K cd - - - 1.000 - - - 0.481 - - -
relative Ku e ce 1.000 - - 0.875 - 0.778 - 0.467 - - -
v (e.u) - - - 1.20 - - - 1.20 - - -
v (e.u)® 1.40 - - 1.80 - 2.00 - 1.80 - - -
MastopararX-POPC expected;,” (e.u.) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
I (L-mol*)® 36000 - — 22000 - 18000 - 19000 - — —
relative Kioce 1.000 - - 1.636 - 2.000 - 1.895 - - -
v (e.u)° 1.90 — — 2.50 — 2.30 — 2.10 - — —

2In all calculations;, was20 andit wasconsideredhatthe peptideis solvatedin bothaqueousndlipid phases.

PFromRef. 12.

‘K, is thedissociatiorconstantat eachsite; h is the Hill coefficientationic strengthl; h, is the Hill coefficientfor the minimal ionic

strengthil, = 0.020mol-2 (DNC-SP-EPCRlNd0.005mol-[! (mastoparan—DOPC).

9FromRef. 3.
*FromRef.53.
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