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ABSTRACT. The binding of the positively charged antimicrobial peptide cyclo[\dKl dYPLKVKL dYP]
(GS141K4) to various lipid bilayer model membranes was investigated using isothermal titration
calorimetry. GS1dK4 is a diastereomeric lysine ring-size analogue of the naturally occurring antimicrobial
peptide gramicidin S which exhibits enhanced antimicrobial and markedly reduced hemolytic activities
compared with GS itself. Large unilamellar vesicles composed of various zwitterionic (1-palmitoyl-2-
oleoylsnglycero-3-phosphorylcholine [POPC]) and anionic phospholidifispalmitoyl-2-oleoylsn
glycero-3-[phosphaac-(glycerol)] [POPG] and 1-palmitoyl-2-oleogrglycero-3-[phosphoserine] [PORS]

with or without cholesterol, were used as model membrane systems. Dynamic light scattering results
indicate the absence of any peptide-induced major alteration in vesicle size or vesicle fusion under our
experimental conditions. The binding of GSlK4! is significantly influenced by the surface charge density

of the phospholipid bilayer and by the presence of cholesterol. Specifically, a significant reduction in the
degree of binding occurs when three-fourths of the anionic lipid molecules are replaced with zwitterionic
POPC molecules. No measurable binding occurs to cholesterol-containing zwitterionic vesicles, and a
dramatic drop in binding is observed in the cholesterol-containing anionic POPG and POPS membranes,
indicating that the presence of cholesterol markedly reduces the affinity of this peptide for phospholipid
bilayers. The binding isotherms can be described quantitatively by a one-site binding model. The measured
endothermic binding enthalpyAH) varies dramatically 6.3 to +26.5 kcal/mol) and appears to be
inversely related to the order of the phospholipid bilayer system. However, the negative free &@rgy (

of binding remains relatively constant8.5 to —11.5 kcal/mol) for all lipid membranes examined. The
relatively small variation of negative free energy of peptide binding together with a pronounced variation
of positive enthalpy produces an equally strong variation A8 (+16.2 to+35.0 kcal/mol), indicating

that GS14K4 binding to phospholipids bilayers is primarily entropy driven.

The binding of water-soluble peptides or proteins to lipid one of a series of antimicrobial peptides produced by this
membranes is an important issue in many biological pro- particular organism 3). The GS molecule, of primary
cesses. There are, for instance, several types of amphipathistructure (cyclo[VOWFPVOLAFP]), is composed of a
peptides, including gramicidin S (GS)that bind to the double-stranded antiparallgtsheet connected by a pair of
bacterial membrane and act as antibiotids 7). These II" B-turns @). GS is a powerful antibiotic against a broad
antimicrobial peptides are widely distributed in animals and range of Gram-negative and Gram-positive bacteria as well
plants where they act as host defense peptides. Most of thesas several pathogenic fungi, but it is also highly hemolytic
antimicrobial peptides are cationic, thus permitting electro-
static interactions with the bacterial cytoplasmic membrane, *Abbreviations: GS, gramicidin S, cyclo[VOLdFPV@EP] (the

which usually contains substantial amounts of negatively ";‘{I‘;{L‘;32{1;2}{2&,“&?&%%?&%?5B'Ye,i‘]?gi&“&?g,%‘f‘alrﬁ}(%?rﬁ";ﬂ;’i”

charged phospholipids in the outer leaflet of the lipid bilayer, |ogue, cyclo[VKLIKV dYPLKVKL dYP]; POPC, 1-paimitoyl-2-oleoyl-
the major target of many of these peptides. snglycero-3-phosphorylicholine; POPG, 1-palmitoyl-2-olesiyglycero-
GS, a cyclic decameric cationic antimicrobial peptide first 3-[Phospharac-(glycerol)] (sodium salt); POPS, 1-palmitoyl-2-oleoyl-
isolated from the Gram-positive bacteBacillus bravis. is snrglycero-3-[phosphoserine] (sodium salt); FTIR, Fourier transform
! posiuv fiu 1S, 1 infrared spectroscopy; ITC, isothermal titration calorimetry; MLV,
multilamellar vesicle; LUV, large unilamellar vesicl&H, total binding
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(4—7). As a result, the use of this antimicrobial peptide is binding to lipid bilayers. We have therefore utilized ITC, a
restricted to topical applications. However, a dissociation of highly sensitive tool for determining the binding of peptide
the antimicrobial and hemolytic activities of GS is possible to lipid membranes 12, 13), to examine the binding of
by simultaneously varying both GS ring size and the GS14IK4 to large unilamellar vesicles (LUVs) composed
enantiomeric configuration of certain amino acid residues of various zwitterionic and anionic phospholipids, with or
(5, 6). This opens the possibility of the use of structural without cholesterol. The degree of binding and the thermo-
analogues derived from GS as an injectable or oral antibioticsdynamic parameters of binding obtained for these different
(4, 8). lipid compositions were compared and analyzed to under-
GS14IK4 is a GS analogue that has been identified as a stand the nature of the interactions involved in the binding
promising candidate because of its comparable antimicrobial process.
activity to that of GS and its substantially lower hemolytic
activity, which is about 1520-fold less than that of GS). MATERIALS AND METHODS
This analogue consists of two antiparalj@isheets with . - :
aligned sequences of alternating hydrophobic and cationic Materlals._AII phosp_h(_)hplds and cholesterol were obtained
residues, Val-Lys-LewlLys-Val and Val-Lys-Val-Lys-Leu, from Avanti Polar Lipids Inc. (Alabaster, AL) and used

connected at each end of the ring by the dipeptide sequencd/ithout further purification. The linear peptide sequence
dTyr-Pro. Thus, as the structure indicates, it is a diastereo- Y Kk dkVdYPLKVKL dYP, whered denotes @-amino acid

meric analogue of GS14 in which theysine at position 4  '€Sidué, was synthesized by solid-phase peptide synthesis
is substituted by its diastereomer|lysine. In the parent  USingtertbutyloxycarbonyl chemistry. The linear peptide
compound GS14, all four lysine units project to the one was the_n N-to C- (Pro at the C-terminus) termm_ally cyclized
hydrophilic face of the ring, while in GSHK4, the Lys-4 I solution to produce GSHK4 (4—6). Both the linear and
projects partially to the hydrophobic face of the molecule cyclic p_ep_tldes were purified and analyzed by RP-HPLC,
(8). This makes GS1K4 relatively more water soluble, less and their final purity was determined by mass spectrometry.

amphiphilic, and less susceptible to dimerization than GS14 1"€ concentration of the pure peptides in aqueous stock
itself (8). solutions was determined by amino acid analysis with a range

The interaction between GSdik4 and lipid bilayer model of error+ 5%. All experiments, unless otherwise stated, were

membranes has been studied using FTIR spectroscopy in al1;,onducted in a buffer solution containing 50 mM Tris, 150
effort to understand the basis of its capacity to differentiate mM NaCl, and 1 mM Nah pH 7.4.

between bacterial and mammalian cell membra8gsThe Preparation of LUVsThe single-component lipid vesicles
FTIR data show that GStK4, like GS, interacts more Wwere prepared as follows. In a typical experiment, defined
strongly with anionic lipid bilayers than with zwitterionic, ~amounts of lipid ¢-120 mg) were first dried under reduced
uncharged, or cationic lipid model membranes. The interac- Pressure (vacuum) overnight. The lipid was then hydrated
tion of GS14IK4 with such model membranes is, however, With a definite amount of buffer¢4 mL) and the dispersion
generally weaker than with GS and depends more stronglythus formed was subjected to vortex mixing at temperatures

on the charge of the bilayers. Moreover, G844, like GS, well above the gel/liquid crystalline phase transition tem-
interacts more strongly with liquid crystalline lipid bilayers ~perature of the phospholipids. The MLVs thus obtained were
than with gel-state lipid bilayers. In addition, G3{K4 is then freezethawed several times. The MLVs were then

essentially completely excluded from cholesterol-containing €xtruded through a small volume extrusion apparatus (Aves-
zwitterionic lipid membranes, whereas cholesterol only tin Inc., Ottawa, Canada) equipped with a polycarbonate
attenuates the interactions of GS with such lipid bilaygéy.( ~ membrane filter (19 mm diameter, 200 nm pore diameter)
GS14K4, despite its apparently weaker interactions with about 25 times, to produce LUVs of vesicle siz800 nm.
phospholipid membranes, is more effective in permeabilizing The vesicle size was later confirmed by dynamic light
cholesterol-free lipid membranes than G$1)( These scattering measurements (see below for details). Lipid
observations suggest that G8lk4 retains the ability to ~ concentrations were determined by gas chromatography using
disrupt bacterial membranes as effectively as GS becausedn appropriate internal standargt 6% error). The same

of its innately greater ability to disrupt lipid bilayers and its Procedure was followed for two-component vesicles, except
retained selectivity for binding to anionic lipids, but exhibits that appropriate quantities of each component (lipid or
much weaker hemolytic activity because of its exclusion from cholesterol) were first co-dissolved in chloroform and
cholesterol-containing zwitterionic lipid membranes. thoroughly mixed prior to vesicle preparation.

Although these semiquantitative studies of the interaction  High-Sensitiity Isothermal Titration Calorimetry.The
between GS1dK4 and the various model lipid membranes heat flow resulting from the binding of the peptide to lipid
were valuable, there is a clear need for a quantitative vesicles was measured using a high-sensitivity VP-ITC
determination of the degree of binding of the G844 to instrument (Microcal LLC, Northampton, MA), with a
various types of lipid bilayers and for a comprehensive reaction cell volume of 1.4448 mL. Prior to use, solutions
thermodynamic description of the binding process. A quan- were degassed under vacuum (140 mbar, 8 min) to eliminate
titative determination of peptide binding to various types of air bubbles. The data were acquired by computer software
lipid membranes is particularly important as it would allow developed by MicroCal LLC. Titration calorimetric experi-
us determine the amount of the peptide actually present inments were used in two different model2), In the first
the membrane as opposed to the amount of added peptidenode, the peptide solution (2%0 uM) was placed in the
in the aqueous solution. Similarly, a complete thermodynamic calorimeter cell and the lipid vesicles {45 mM) were
description of the binding process would provide key injected via the titration syringe in aliquots of80uL. Each
information on the energetics and mechanism of peptide injection produced a heat of reactiot;, which was
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Table 1: Hydrodynamic Diameter of Pure and the Peptide-Bound 091 : l ' l
LUVs ¢
3
hydrodynamic diameted], nm £ 064 -
o
model membrane in buffer in GSAk4 solution ; POPC-into-GS14dK4 |
POPC 166 168 2 31 i
POPG 178 199 §
POPS 176 178 T 004 L
POPC/POPG (3:1) 179 180 : : .
POPC/POPS (3:1) 180 183 0 4000 8000 12000
POPG/cholesterol (6:4) 195 208 I
POPS/cholesterol (6:4) 179 188 Injection Sequence, sec.

Ficure 1: ITC experimental data at 2&. 10uL aliquots of POPC

. . . . LUVs (45 mM) were repeatedly injected into the reaction cell
determined by integration of the heat flow tracings. In the (1.4448 mL) containing GS14 (50 uM). Each peak refers to
event of complete binding, this mode is capable of providing the injection. Each injection produced an endothermic heat of
both the binding isotherm and the total binding enthalpy. In reaction which decreased in magnitude with subsequent injections.
the case of an incomplete binding isotherm (e.g., POPC VSThe binding appears to be incomplete, even after 25 lipid injections

GS14IK4), the total binding enthalpy cannot be determined of 10uL aliquots of these POPC vesicles.

in the same manner. Therefore, the titration experir_nents Wereyesicles remain largely intact and do not undergo extensive
performed in the second mode, where the calorimeter cellfysjon in the presence of the antimicrobial cyclic peptide
was filled with lipid vesiclest10 mM) and the peptide (100  5514jK4 under the experimental conditions employed in
uM) was injected into the calorimeter cell in aliquots of 10 ,;; |TC measurements.

uL. Under these conditions, the lipid is much in excess over  inding of GS14dK4 to Zwitterionic POPC LU\Rigure

the peptide during the whole titration experiment. Each 1 jjystrates an ITC experiment in which 14 aliquots of

injection should thus produce the same heat of reackion, 1-palmitoyl-2-oleoylsn-glycero-3-phosphorylcholine (POPC)

from which the total binding enthalpyAH, could be | yys (45 mM) were repeatedly injected into the reaction

determined 12, 14). _ _ cell containing GS1dK4 (50 uM). Each injection produced
The heat of dilution,hy;, was determined in control 55 endothermic heat of reaction which decreased in magni-

experiments by injecting the corresponding vesicle dispersiony,qe with subsequent injections. As the titration continues,

(or peptide solution) into the buffer solution. The heats of ha heat flow decreases. This is because after each addition
dilution were subtracted from the heats determined in the ¢ lipid, peptide is bound to the lipid vesicles and removed

corresponding peptidelipid binding experiments. Thus, the  fom bulk solution and hence less and less peptide is
quantitative _evalu_ation of the experimental data was based,yailable for binding to the lipid vesicles subsequently
on the relationshipAhy = h — hq;. The overall binding  jnjected. In the course of the titration, the free peptide
enthalpy and the binding isotherm were determined from ¢oncentration in the calorimeter cell decreases fron/@0
these peptidelipid binding experiments using standard 4t the beginning of the titration te20 uM after 25 lipid

proceduresl?). In this study, since we do not have any direct injections. The binding appears to be very weak and
experimental evidence to establish the transmembrane dis‘mcomplete even after 25 lipid injections of 14 aliquots

tribution of peptide molecules, we used the total lipid f these POPC vesicles. This mode of titration, i.e., lipid-
concentration in the estimation of the degree of binding and jo-peptide, thus does not provide the total binding enthalpy
the determination of the thermodynamic binding parameters.(AH)_ Since this titration experiment is unable to provide

_Dynamic Light ScatteringThe average hydrodynamic  the AH, unlike similar titration experiments performed on
diameter of pure and peptide-bound LUVs were measured yiher lipid membrane systems (see below for details), it was

by a Brookhaven BI-90 particle analyzer (Brookhaven nqt possible for us obtain the binding isotherm from this
Instruments, Holtsville, NY) using disposable square cells. single titration experiment.

The solutions were subjected to scattering by a monochro-  \y/e made an attempt to determine thel by titration of

matic light (10 mW He-Ne laser, wavelengti 632.4 nm)  he peptide solution into different POPC concentrations at
and the scattered light intensity was measured at a scatterlng,ery high lipid/peptide mole ratios~50 000 to~15 000),
angle of 90. as employed by othersl?, 14). Figure 2 shows titration
RESULTS experiments where 14L aliquots of 10uM GS14K4 were
injected into the reaction cell containing of 10 mM POPC
Size of Pure and Peptide-Bound LU\tdas been reported  (curve A) and 33.4 mM POPC (curve B). In both cases,
previously that GS itself may cause phospholipid vesicle however, the heats of the consecutive injections and the
fusion and lysis and remove lipid from human erythrocyte average heats of reaction were virtually identical aid
membranes, at least at high concentrations of pepfijfie ( determined as 8.4% 0.05 kcal/mol. The calculations based
Thus, to check the integrity of the LUVs exposed to onthe measuredH values and the various binding models
GS141K4, the DLS measurements were performed on both (egqs 1 and 2, see below for details) give conflicting and
control vesicles (LUVs titrated into buffer solution without inconclusive results. For instance, in the case in which the
peptide) and the sample vesicles (LUVs titrated into the peptide was titrated into 10 mM POPC, the fraction of bound
peptide-containing buffer). The data are summarized in Table peptide is found to be 63% (eq 1) and 68% (eq 2),
1. Although the hydrodynamic diameted 6f the peptide- respectively, while in the case in which peptide was titrated
bound lipid vesicles are marginally higher than those of pure into 33.4 mM POPC, the fraction of bound peptide is found
lipid vesicles, these results indicate that the various lipid to be 85% (eq 1) and 88% (eq 2), respectively. It appears
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FiGure 2: (a) ITC experimental data at Z&. Curve A: 10uL
aliquots of 100uM GS14dK4 injected into the reaction cell

containing 1.4448 mL of 10 mM POPC LUVs. Curve B: 40 molecules present in the reaction vessel appear to be bound to the
aliquots of 100uM GS14dK4 injected into the reaction cell |ipid vesicles. (b) 5uL aliquots of 4.0 mM POPS LUVs injected
containing 1.4448 mL of 33.4 mM POPC LUVs. (b) The heats of jnto a 1.4448 mL reaction vessel containing28 GS14K4. In
injection obtained by integration of the heat flow peaks as a function thjs case, all of the peptide molecules present in the reaction vessel

of injection number. Each injection produces approximately the appear to be bound to the lipid vesicles in 14 consecutive injections.
same heat of reaction. Keys) corresponds to curve AQ))

Ficure 3: ITC experimental data at 28C. (a) 5uL aliquots of
4.75 mM POPG LUVs injected into a 1.4448 mL reaction vessel
containing 25uM GS141K4. The endothermic binding reaction
essentially ceased after nine injections=(9) and all of the peptide

corresponds to curve B. 0.25+ . L L . L

that in these peptide-into-lipid titrations where the lipid/ = 020 POPG -
peptide mole ratios are very high compared to the lipid-into- E POPS

peptide titrations, binding is presumably governed by a 2 015 i
different mechanism. Therefore, in the case of POPC lipid 7 0. POPC:POPG (3:1) T
membranes only, we are unable to accurately obtain the 0.06 POPC:POPS (3:1) |-
binding isotherm and thAH value, but can only conclude 0.03 [
that the binding of GS1dK4 to POPC LUVs is weak. 0.00

Binding of GS14dK4 to Charged POPG and POPS 0.0 1.0x10°  20x10°  3.0x10°  4.0x10°

Vesicles.Figure 3a shows a titration experiment in which
POPG LUVs are injected into an ITC cell containing
GS14IK4. As evident from the titration profile, the endo-
thermic heat flow decreases with the increase of the number
of injections and the free peptide concentration in the vessel
decrea_ses simultaneously: Thg _end_ot_hermic binding reactiongop step. The solid lines represent theoretical fits according to the
essentially ceases after nine injections=(9), when all of one-site binding model (eq 2). The dissociation consta, (
the peptide molecules present in the reaction vessel wereobtained from the theoretical fit, are summarized in Table 2.
bound to the lipid vesicles, and the further addition of LUVs Keys: ©) POPG; &) POPS.;[0) POPC:POPG (3:1)) POPC:
causes no further heat flow. Comparison of the individual POPS (3:1).
heat release of the first injectiof-43 ucal) to the cumulative o . . o
heat release (316 ucal) suggests that approximately one- bmdmg isotherm can Ibe obtained from the smgle titration
eighth of the total amount of the antimicrobial peptide in experiments. The two important parameters which constitute
the reaction cell is bound in a singe injection of the negatively the binding isotherm, namely, the degree of bindixg,
charged POPG lipid vesicles. Thus, the binding appears tol-€., the fraction of bound peptide per mole of total lipid,
be very strong, which clearly demonstrates the role of the and the corresponding free peptide concentratiprdeter-
electrostatic attraction involved in the binding of the mined from the titration experiments, are shown in Figure
positively charged GS1K4 to the oppositely charged 4. The data points represent individual titration steps. The
(anionic) POPG lipid membrane. Note that G8K4 has anionic POPG lipid membrane, unlike the zwitterionic POPC
four lysine residues and therefore has four positive charges,membrane, is characterized by a negative surface potential.
which in turn influences its interactions with charged lipid The negative surface potential drives the oppositely charged
membranes. peptide to the membrane surface and facilitates the binding.
Since the lipid-into-peptide titration leads to a complete With increasing amounts of bound peptide, the membrane
binding of all peptide contained in the reaction vessel, both surface potential, and therefore the electrostatic attraction,
the total binding enthalpyAH = 8.7 kcal/mol) and the  decreases. In the initial tages of binding, i.e., at higter

c.M

FIGURE 4: The binding isotherms of GSdK4 to various single
component LUVs derived from the ITC measurements at@5
The degree of bindin@@ is plotted as a function of free peptide
concentration ). Each data point represents an individual titra-
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Table 2: Thermodynamic Parameters for the Binding of GiB¥4to Various LUVs

systems AH kcal/mol K2 [M] 2 Bmax mol/mol Kq [M] AG kcal/mol  TASkcal/mol AScal/mol/K

POPG +8.7 1.0x 1C° (at 1.7uM)® 0.20 2.2x 1077 —11.5 +20.2 +67.8
9.6 x 10°(at 21.5u4M)

POPS +13.1 1.5x 1P (0.9uM) 0.19 6.2x 1077 —10.9 +24.0 +80.5
8.1 x 10°(19.8uM)

POPC/POPG (3:1) +6.3 5.3x 10*(0.6uM) 0.09 3.1x 10°® -9.9 +16.2 +54.2
4.0 x 10°(20.0uM)

POPC/POPS (3:1) +6.8 4.9% 104(0.7 uM) 0.07 1.7x 1076 —10.3 +17.1 +57.3
3.3x 10°(20.7uM)

POPG/cholesterol (6:4)  +17.8 4.6x 10* (0.8uM) 0.10 1.6x 10°6 —10.3 +28.1 +94.3
6.0 x 10° (17.3uM)

POPS/cholesterol (6:4) +26.5 9.8x 10° (0.9uM) 0.11 3.0x 10°° -85 +35.0 +117.6

3.2 x 10°(20.2uM)

a Concentration-dependent binding constdnthe corresponding equilibrium peptide concentratidm i6 shown in brackets.

the X}, decreases gradually. This is followed by a sudden peptide molecules), that has been used to describe the effects
drop in the x;) which is characterized by a downward of the surface charge density of lipid membranes on peptide
bending of the binding isotherm at lowel binding to lipid membrane surfaced2). Considering the
Under these conditions, there should be an equilibrium diversity of the model membrane systems studied (see
between the peptide in the vesicle-bound state and the peptidd®€low), we adopted an empirical model, i.e., the one-site
in the aqueous solution (free peptide). The chemical potential Pinding model, which can accurately describe the binding

of the free peptideys, in solution can be written as, = u° isptherm_s_generate_d @n this study..The m_ain purpose of using
+ RT In c'f where 4 is the chemical potential in tshe this empirical description is to obtain the dissociation constant
! S

standard state. Also, the chemical potential of the membrane—(Kd) so that one can obtain all the relevant therquynarmp
bound peptideum, can be written agm = x° + RTIn Xib parameters and compare them among the various lipid
1 m .

Note that the activity coefficients are neglected from these membrane systems utilized in this study. Note that all of
. y o 9 o these empirical binding models use two or more adjustable
equations for the sake of simplicity. In equilibrium, the

. ; o arameters. Therefore, we do not consider the numerical

peptide has the same chemical potential in both states (fre alues obtained from these fits as totally accurate and
. _ i
and bound), i.e.us = um. Ther_efQFG,XbishOU'd ihave & therefore over-interpretations of these numerical values are
functional dependence on théfa_ le., X = f(c). For carefully avoided. Nevertheless, we may use the dissociation
practical purposes, one can obtain the concentration-dependzgnstant Kg) to calculate the free energy of binding®)
. i . . |

ent binding constantK,, corresponding to a particular and other thermodynamic parameters and compare them
equilibrium peptide concentratiorty), directly from this among various lipid membrane systems.

binding isotherm by The binding between the POPG membrane and @&44
_ can thus be characterized thermodynamically bKitgind
i X, AH. The corresponding free energy of bindidys, can be
Ke= E 1) calculated using the standard relation

_ : _ 55.
For the present systeni, varies fromK; = 1.0 x 10° AG= _RTIn(Tj (3)
[M]tatc =1.7uMto K, = 9.6 x 10° [M] latc; = 21.5
uUM. where the factor 55.5 is the molar concentration of water in

Attempts have been made to quantify the functional dilute solution that corrects for the cratic contribution to the
dependencyX,, = f(c;), using a one-site binding modellg, free energy 18). The AG, i.e., the free energy change that

16), i.e. accompanies the binding of the peptide to the lipid mem-
, brane, is determined as11.5 kcal/mol. The value oAG
i BrasCt provides a quantitative measurement of the strength of the
X, = K+ c'f (2) binding such that the more negative th&, the larger the
d

degree of binding. Finally, from these thermodynamic
parameters, the binding reaction entropkS( can be

In this one-site binding model equatioBmax is the calculated using

maximal binding capacity (same unit as thabgfi.e., mol/

mol) andKjy is the equilibrium dissociation constant (same (AH — AG)

unit as that ofc;, i.e., [M]). The one-site binding model Aszf (4)
accurately describes the binding curve witiaof 2. 2 x

1077 [M] (solid lines in Figure 4). Several other empirical The ASin this case ist+67.8 cal/mole/K, which is positive,
models have also been used to describe the binding (orthus facilitating the binding of GS1¥4 to the anionic
partitioning) of peptide to (or into) lipid bilayer membranes POPG membrane under these experimental conditions. Thus
(17). In addition, there is an adsorption model based on the binding of GS1dK4 to the POPG membrane is an
Gouy—Chapman theory (developed on the assumption thatentropy-driven process with a negatiVAS of —20.2 kcal/

X, is linearly proportional to surface concentration of the mol at 25°C, but counteracted by a positiveH of +8.7
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mM POPC/POPG (3:1) LUVs injected into a 1.4448 mL reaction 57 5 mm pOPG/cholesterol (6:4) LUVs injected into a 1.4448 mL

vessel containing 2aM GS14dK4. (b) 5L aliquots of 18 mM reaction vessel containing GS14K4. (b) 5uL aliquots of
POPC/POPS (3:1) LUVs injected into a 1.4448 mL reaction vessel 35 1M POPS/cholesterol (%?2) LUVs injected iprtno a 1.4448 mL

containing 25M GS14iK4. reaction vessel containing 28V, GS14K4.

kcal/mol (see Table 2 for compiled thermodynamic data).  Binding of GS14dK4 to Lipid/Cholesterol (6:4) Mixtures.
The thermodynamic data are in agreement with the classicalThe influence of cholesterol on the binding of GEk4 to
understanding of the partitioning of a nonpolar molecule from model membranes was also evaluated using ITC. The
a water phase into a nonpolar phase, which is accompanieditration of 10uL aliquots of 43 mM POPC/cholesterol (6:
by an increase in the entropy of the system and peptide4) into reaction vessel containing 5 GS14dK4 shows
binding is thus considered to be an entropy-driven processiittle or no sign of peptide binding. Note that the similar
(19). titration procedure, in terms of concentrations and volumes,

Analogous to the anionic POPG lipid membrane, the was used as with pure POPC membranes and that some weak
anionic POPS membrane exhibits similar endothermic bind- binding of the peptide to POPC membrane occurs in that
ing behavior to GS1dK4 (Figure 3b). The only notable  system (Figure 1). This finding is compatible with the role
difference is that the total endothermic binding enthalpy is of cholesterol in reducing the lytic activity of the peptide on
found to be significantly larger than that measured for the uncharged POPC membranes reported previou&ly). (
anionic POPG system (see Table 2). However, the binding Peptide binding, however, appears to occur to some extent
isotherm of the POPS membrane system resembles that ofn the case of anionic POPG membranes with 40 mol %
the POPG system (Figure 4). Moreover, the data setscholesterol (Figure 6a). The titration data were analyzed as
corresponding to each titration step fall close to that of the above and the experimentally determined binding isotherm
POPG system. As in the case of binding of G844 to of POPG/cholesterol (6:4) compared with that of pure POPG
POPG membranes, here again the role of electrostatics ismembrane in Figure 7. Evidently, the degree of binding of
evident from the binding isotherm, and the binding process GS14lK4 is reduced dramatically when 40 mol % of the
can be considered to be entropically driven but opposed by POPG is replaced with cholesterol. The binding isotherm as
enthalpy (see Table 2). Thus, the binding process, in this such exhibits a close resemblance to that of pure POPG
case as well, follows the classical form of partitioning in LUVs. It should be emphasized that the total endothermic
the measured range of peptide concentrations. binding enthalpy of the peptide to the POPG/cholesterol (6:

Binding of GS14dK4 to POPC/POPG (3:1) and POPC/ 4) membrane surface is almost twice as that of the pure
POPS (3:1) MixturesFigure 5 shows titration experiments POPG membrane (see Table 2). This is subsequently
where POPC/POPG (3:1) or POPC/POPG (3:1) LUVs were reflected as a much larger positive entropy in the case of
injected into an ITC cell containing GSAK4 solution. The the POPG/cholesterol (6:4) membrane system. The titration
degree of binding of the positively charged G8K4 experiments were also performed on POPS membranes
decreases significantly when three-fourth of the anionic containing with 40 mol % cholesterol (Figure 6b). Tqgis
POPG or POPS is replaced with the zwitterionic POPC (seefound to be much lower than that of the POPS membrane
Figure 4). The reduced degree of binding in the presence ofsystem (Figure 7). The reduction in the degree of binding
the POPC can again be attributed to the reduced electrostaticlue to cholesterol is far greater than that observed for the
interactions between the peptide and phospholipid bilayers.similar POPG/cholesterol composition. Here again, the total
The binding isotherms of the POPC/POPG (3:1) and POPC/binding enthalpy measured in POPS/cholesterol (6:4) LUVs
POPS (3:1) mixtures exhibit a close resemblance to that ofis found to be almost twice as that of the POPS system (see
the anionic lipid membranes POPG and POPS. Table 2).
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Coulombic attraction increases with the increasing surface
020 i charge densities of both the peptide and the lipid membrane.
3 The Coulombic attraction also increases as the peptide
E %197 i hes the membrane. In the vicinity of the membrane
E approaches y
E 0104 POPG:Cholesterol (6:4) | surface, the charged and polar groups on both the membrane
& o_— and the peptide may be partially desolvated or stripped of
0.05. POPS:Cholesterol (6:4) | associated water molecules, which results in the transfer of
] charged and polar groups of the peptide molecule from a
0.00 . : : region of high dielectric constant (agueous solution) to a
0.00  7.50x10° 1.50x10° 2.25x10° 3.00x10° region of low dielectric constant (membrane environment).
c,m The desolvation is energetically unfavorable and may result

o in a repulsive interaction as the peptide comes very close to
Ficure 7: The binding isotherms of GSdK4 to cholesterol A
containing LUVs, POPG/cholesterol (6:4) and POPS/cholesterol (6: t_he membrane surfaqe. The favorable hy(_:irophoblc Interac-
4), derived from the ITC measurements at 5. The binding tions, however, mediated by hydrophobic groups of the
isotherms of the single component LUVs, POPG and POPS, arepeptide molecules, may shift the energy balance toward the
also shown for comparison. The degree of bindiXp {s plotted penetration of the peptide molecule into polar/apolar inter-
as a function of free peptide concentratiaz).(Each data point  facial region of the lipid membrane.
represents an individual titration step. The solid lines represent  From the thermodynamic point of view, it is instructive

theoretical fits according to the one-site binding model (eq 2). The , cqongider first the molecular sources of the measured
dissociation constants), obtained from the theoretical fit, are

summarized in Table 2. Keys:dJ POPG/cholesterol (6:4)<() overall enthalpy 4H). Irrespective of the model membrane

POPS/cholesterol (6:4)0) POPG; p) POPS. system utilized, the binding reaction is found to be an
endothermic process. This means that the fjgdptide

DISCUSSION complex has a higher internal enerds) than the individual

lipid and peptide starting materials in all cases. In fact, ITC
The results presented here show that the binding of measures the overall enthalpy (heat changes) which can
GS14K4 to phOSphO'lpld biIayers is significantly influenced include (]_) heat Changes accompanying conformational
by the composition and specific properties of these model changes in the peptide molecules; (2) heat changes associated
membranes, such as by the surface charge density and thejith formation of new noncovalent bonding such as elec-
presence or absence of cholesterol. Although some weakirostatic, van der Waals and the hydrogen bonding; (3) heat
binding of the positively charged GSdK4 occurs to the  changes associated with desolvation energies such as the
zwitterionic POPC model membranes, the degree of binding displacement or the release of the ordered water molecules
of GS14iK4 to the negatively charged membranes (POPG from both peptide and membrane surfaces; and (4) heat
or POPS) is found to be substantially larger. Consistent with changes associated with the perturbations of the lipid

other relevant studiesl®), a significant reduction in the  membrane structure as a result of the binding. The overall
degree of binding is also observed when three-fourths of the enthalpy can thus be conveniently written as

negatively charged POPG or POPS molecules are replaced
with zwitterionic POPC molecules. It is interesting to note  AH = (—)AH¢ontormation (—)AH nteractionsT
that the effects of cholesterol on the degree of binding to _ _
the charged and zwitterionic model membranes. While no (F)AHsawaion (+)AHs1ayer (5)
measurable binding occurs in zwitterionic POPC:cholesterol The probable contribution of changes in the conformation
LUVs, a dramatic drop in the degree of binding is observed of GS14IK4 upon transfer from aqueous to membrane
in the charged POPG/cholesterol and POPS/cholesterolenyironment to the overall enthalpy change is difficult to
model membranes. Among these two systems, the presenc@stimate. Although CD, FTIR, antH NMR spectroscopic
of cholesterol has a much more marked influence in the stydies have all shown that the transfer of G&4t from
POPS/cholesterol LUVs. Thus, cholesterol generally reducesaqueous to membrane or membrane mimetic environments
the membrane affinity of the peptide, in agreement with other is accompanied by an increasefisheet content 11, 24),
relevant studies20—22). Reduced binding occurs in the  gych studies have also shown that the conformational changes
presence of the cholesterol because the cholesterol moleculegyat accompany that process are relatively small. Given these
modify the structural properties of the bilayer as well as gpservations and the fact that the formation of internal
reducing the surface charge densities of the lipid membranes hydrogen bonds (the process driving the formation of peptide
In particular, cholesterol tightens the packing of the acyl secondary structure) is generally exothermic, changes in
hydrocarbon chains in the bilayer and reduces the area peigs14ik4 conformation will probably make relatively small
lipid hydrocarbon chainZ3). exothermic contributions to the overall enthalpy change
The contribution of electrostatic attractions to the entire observed and clearly is not a major factor in the net
binding process is evident from these binding isotherms. The endothermic heat changeAH) measured.
degree of binding increases with the increasing surface charge The heat changes associated the formation of new non-
density of the lipid membrane, including the cholesterol- covalent bonding such as electrostatic (Coulombic) attraction,
containing model membrane systems. The surface chargevan der Waals, and the hydrogen bonding between the
density determines the magnitude of electrostatic (Coulom- peptide and membrane surfaces are exothermic in nature.
bic) attraction and the long-range electrostatic attraction However, this could be in part counteracted by the endo-
drives the positively charged peptide molecules toward the thermic heat changes associated with the release of ordered
negatively charged lipid membranes. The magnitude of this water molecules from both the peptide and membrane
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surfaces accompanying the penetration of the peptide intoNote that the volume change in the condensed phase is
the lipid bilayer. The displacement of ordered water mol- negligible, i.e.,AH = AE + A(PV) ~ AE. This relation
ecules is enthalpically unfavorable as it involves the breakageimplies that the increase in surface aré#®) upon binding
of hydrogen and ionic bonds. of the peptide to the bilayer surface amounts to an increase
A related plausible source of the positive enthalpy, which in AH. In addition, for relatively larger vesicles such as the
could in part offset the exothermic heat changes resulting ones used in this study, the isothermal area compressibility
from the noncovalent interactions, could originate from the is smaller and consequently the internal tension is larger
consideration of the double layer theory. Note that the because of the relatively strong cohesive forces. Accordingly,
surfaces of both the membrane and the peptide are associateshore energy is required (or more work has to be done) to
with the counterion layers which reside in the vicinity of increase the surface area (or to separate the acyl chains) in
these surfaces. The physical quantity that measures thehe bilayer to allow for peptide penetration and binding. An
thickness of the counterion layer is the Debye length)( interpretation can also be sought in terms lipid packing from
which is inversely related to the bulk salt concentratiGy) ( the above eq 7. The internal tension, i.8E/pA)+, is larger
by k* O 1/@_ As the salt concentration increases, the for well-packed membranes because of the relatively strong
electrolytes compress the thickness of this ionic layer, which cohesive forces that exist in such membranes. Therefore,
results in the reduction of the Debye lengkhYj. According ~ relatively more energy is required or more work has to be
to the double layer theory, when two double layers of done for peptide binding in the more well ordered lipid
opposite sign overlap, the charges must neutralize each othefmembranes. The irregular contour of G8&4 may not pack
(which must be accomplished by leaving them in pairs as well with the surrounding lipid molecules and therefore
between the surfaces). If the charges are opposite in signthe replacement of lipidlipid molecular interactions with
and the surface charge densities (coulomb/area) are equal ifipid—protein interactions, especially in more well ordered
magnitude, there must be complete charge neutralization andnembrane systems, may lead to relatively higher endother-
no ion can be left unpaired in the overlapping double layers. mic enthalpies AH).
Therefore, there must be no excess osmotic pressure at small Having considered the possible molecular sources of the
distance of surface separation. However, if the surface chargepositive enthalpy, let us turn our attention to the overall
densities on the two surfaces (and hence in the two doublebinding enthalpy measured for different lipid membrane
layers) are unequal, which very well may be the case here,systems. We find that the measured overall binding enthalpy
there must always be an excess of charge in the overlappingvaries markedly with variations in lipid membrane composi-
double layers that cannot compensate each other exactlytions. Specifically, the overall enthalpy decreases in the
Note that, for instance, on the POPG bilayer, there is an following order (Table 2): POPS/cholesterol (64)POPG/
electronic charge/68 A2, whereas on the surface of G8lk4, cholesterol (6:4)> POPS> POPG> POPC/POPS (3:13
there is an electronic charge37 A2 Therefore, when the ~ POPC/POPG (3:1). A pronounced positive binding enthalpy
surfaces come close together, there must be excess osmotits noticeable, especially in POPS- and cholesterol-containing
pressure due to the concentration of excess ions. This osmotidipid membranes. This dramatic variation among various
interaction is energetically unfavorable to the overall binding model membranes may be explained solely from the point
process and could in part offset the exothermic heat changesf view of the packing and the order of these membrane
resulting from the noncovalent interactions between the systems. Among the single-component membrane systems,
peptide and the membrane surfaces. considering the gelliquid crystalline transition temperatures,
An important surface phenomenon that would amount to the POPS membrane is more ordered than the POPG
a positive component of the enthalpy may originate from membrane at 25C (experimental temperature). This is
the perturbations of the lipid membrane structure or from reflected as the relatively higher endothermic enthalpy of
the peptide-induced increase of the bilayer area as the peptidgeptide binding in the case of POPS membranes. The binary
inserted into it 25—-27). Using standard thermodynamic lipid mixtures, POPC/POPG (3:1) and POPC/POPS (3:1),
relations, the variations of the internal energy yith surface are likely to be more disordered than their counterparts and

area f) can be shown as therefore less energy is required for the peptide binding. The
presence of cholesterol also has a significant effect on the
(% - T(a_i) R T(a_”) o 6)  enthalpy of binding. The binding enthalpies of POPG/
oAIT AT aT)a cholesterol (6:4) and POPS/cholesterol (6:4) systems are as
9E o much as twice those measured for their respective pure lipid
(_A) =T-—-x (7) systems. It is well accepted that the incorporation of
AT x cholesterol in lipid membranes results in increased membrane
whereSis the entropys is the surface pressur@f/oA)ris ~ cohesion and more highly ordered hydrocarbon chains

the internal tensiony is defined as the area expansivity at Pecause cholesterol tightens the packing of hydrocarbon
constant membrane tension, and y is defined as the chains in the bilayer or decreases the area per lipid
isothermal area compressibility or lateral compressibility. hydrocarbon chain2g). The cohesion between lipid mol-
Note that the entropy term in eq 6 is replaced with a partial €cules, which is experimentally measured as the bilayer area
differential in surface pressure which follows from a two- Ccompressibility modulus from stresstrain plots, is found
dimensional analogue of one of Maxwell relationships. The 0 increase with increasing cholesterol cont@8) (Because

equation becomes of the tight packing and the increased membrane cohesion
in the presence of the cholesterol, more work or more energy
e is required to separate the acyl hydrocarbon chains in the

AH (Tx n)AA (8) bilayer to allow for the peptide penetration and binding. This
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is eventually reflected as a much larger positive contribution
to the overall endothermic enthalpy in the cholesterol-
containing lipid membrane systems.

As detailed above, GS@K4 binds to all the lipid
membranes studied with endothermic reaction enthalpies.
Therefore, the negative free energhG = —RT In [55.5/
K4]), which is calculated from one-site binding model, must
originate from sufficiently large positive entropy changes
such thafTAS more than compensates the positive binding
enthalpy AH). Thus, the binding of GS1K4 to lipid
membranes follows the classical hydrophobic effect, which
is an entropically driven process. The negative free energy,
which is determined from the binding constant, remains
nearly the same (i.eAG = —9.9 to—11.5 kcal/mol) for all
anionic and anionic-zwitterionic lipid membrane systems,
including the cholesterol constituted membranes, with the
exception of POPS/cholesterol (6:4) systeffG(= —8.4
kcal/mal). A relatively small variation of negative free energy
(from —8.4 to—11.4 kcal/mol), together with a pronounced
variation of positive enthalpy (from-6.3 to +26.5 kcal/
mol), leads to an equally strong variationTekS (from +16.2
to +34.8 kcal/mol). The entropy chang&XS) accompany-
ing peptide binding thus decreases in the same order as of
the binding enthalpy (Table 2): POPS/cholesterol (64)
POPG/cholesterol (6:4» POPS> POPG> POPC/POPS
(3:1) = POPC/POPG (3:1). Therefore, the formation of the
lipid —protein complex, which is enthalpically unfavorable,
proceeds in the forward direction due to the favorable entropy
change caused by the disordering of the lipid membrane
systems.

One may also explain the entropy increase accompanied
by the peptide binding from the above thermodynamic
relations

TAS= T(%)AA (10)

These thermodynamic relations imply that the increase in
surface area/A) of the bilayer upon binding of the peptide

to the bilayer surface, which is accompanied by adsorption
of heat (+AH), also leads to an proportionally large entropy
increase TAS) due to the disordering of the acyl hydrocarbon
chains. Thus, the peptide-induced area increase of the bilayer
structure, which subsequently causes the increase in the
disorder of the bilayer phase, is a primary driving force for
the peptide binding to these relatively planar membrane
systems.
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