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ABSTRACT. The binding of the amphiphilic, positively charged, cygliessheet antimicrobial decapeptide
gramicidin S (GS) to various lipid bilayer model membrane systems was studied by isothermal titration
calorimetry. Large unilamellar vesicles composed of the zwitterionic phospholipid 1-palmitoyl-2-
oleoylphosphatidylcholine or the anionic phospholipid 1-palmitoyl-2-oleoylphosphatidylglycerol, or a binary
mixture of the two, with or without cholesterol, were used to mimic the lipid compositions of the outer
monolayers of the lipid bilayers of mammalian and bacterial membranes, respectively. Dynamic light
scattering results suggest the absence of major alterations in vesicle size or appreciable vesicle fusion
upon the binding of GS to the lipid vesicles under our experimental conditions. The binding isotherms
can be reasonably well described by a one-site binding model. GS is found to bind with higher affinity
to anionic phosphatidylglycerol than to zwitterionic phosphatidylcholine vesicles, indicating that electrostatic
interactions in the former system facilitate peptide binding. However, the presence of cholesterol reduced
binding only slightly, indicating that the binding of GS is not highly sensitive to the order of the phospholipid
bilayer system. Similarly, the measured positive endothermic binding enth&hywaries only modestly

(2.6 to 4.4 kcal/mol), and the negative free energy of bindix@)(also remains relatively constant{0.9

to —12.1 kcal/mol). The relatively large but invariant positive binding entropy, reflected in relatively
large TASvalues (13.4 to 16.4 kcal/mol), indicates that GS binding to phospholipid bilayers is primarily
entropy driven. Finally, the relative binding affinities of GS for various phospholipid vesicles correlate
relatively well with the relative lipid specificity for GS interactions with bacterial and erythrocyte
membranes observed vivo.

The increasing number of infectious bacteria which are by microorganisms to inhibit the growth of competitors or
becoming resistant to conventional small molecule antibiotics by plants and animals as part of their innate immune systems,
represent an increasingly serious public health problem (seeand many of them are active against bacteria and fungi that
refs 1 and 2). Multidrug-resistant strains of an increasing are resistant to conventional antibiotics. Antimicrobial pep-
number of bacteria now pose serious medical problems,tides exist in a wide variety of structural motifa-pelical,
particularly in hospitals and nursing homes. Moreover, the S-sheet, linear, and cyclic), but almost all are cationic
number of new antibiotics being developed by pharmaceuti- amphiphiles which can interact with the bacterial inner
cal firms, particularly those with novel mechanisms of action, membrane, which appears to be their primary target (see refs
is limited. These developments have prompted some re-6 and7). The mode of action of such peptides is thought to
searchers to raise the specter of a possible “post-antibioticinvolve an initial electrostatic interaction between anionic
era”, where seemingly minor infections could turn serious phospholipids on the outer surface of the bacterial membrane
and even lethal due to a lack of effective drugs with which and the cationic amino acid residues of the peptide, followed
to treat them. by partial penetration of the peptide into the lipid bilayer,

A promising approach to the bacterial drug resistance thus allowing the hydrophobic amino acid residues of the
problem is to utilize naturally occurring antimicrobial pep- peptide to contact the hydrocarbon chains of the phospho-
tides or their synthetic analogues to combat bacterial or lipids. These peptides are then proposed to kill bacteria by
fungal infections (see ref3-5). Such peptides are produced disrupting the structural integrity of the phospholipid bilayer

which, by compromising their permeability to ions and small
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and barrier integrity, making it difficult to prevent their access
to the inner membrane. Moreover, since they generally do
not have to enter bacterial cells to kill them, active efflux
pumps do not protect the bacterial target. Also, many
antimicrobial peptides contain compact structures and
amino acids, thus increasing their resistance to proteolysis
or derivatization. Finally, sequestration of the peptide by
nontarget cellular proteins or the mutation or overproduction
of target proteins is also ineffective, because the target of
these agents is the lipid bilayer of the bacterial membrane.
Although in principle drug resistance could arise from
alterations in the lipid composition of the bacterial mem-
brane, this is also unlikely, as bacteria typically have a limited
membrane lipid biosynthetic capability and significant
alterations in the lipid composition and physical properties
of the lipid bilayer will disrupt membrane function and thus
reduce viability. Moreover, the fact that the suite of
antimicrobial peptides produced by plants and animals have
retained their effectiveness over evolutionary time, and that
bone fidereports of true resistance to specific antimicrobial
peptides are rare, provides hope that bacterial resistance will
develop slowly, if at all, and that such resistance will not
spread as rapidly or as widely through bacterial populations FIGURE 1. Structure and conformation of GS. The top panel is a
3-7). view of the GS molecule perpendicular to the plane of the ring,
L . _— . . illustrating the peptide backbone structure and the positions of the
Gramicidin S (GS) is a cationic cyclic decapeptide of hydrogen bonds in the antiparallel L-sheet region. The bottom panel
primary structure cyclo-(Val-Orn-Len-Phe-Pro) secreted is a view of the GS molecule in the plane of the ring, indicating
by the bacteriumBacillus breis (8). GS is a potent the disposition in space of the hydrophobic Val and Leu residues
antimicrobial agent, exhibiting high killing activity against ({oP) and the basic Orn residues (bottom) relative to the peptide
a broad spectrum of both Gram-positive and Gram-negative nng.
bacteria and pathogenic fungi (see réfand10). Unfortu- the twop-Phe rings projecting from one side of the molecule
nately, GS is rather nonspecific and exhibits appreciable and the four hydrophobic Val and Leu side chains projecting
hemolytic as well as antimicrobial activity, thus restricting from the other. This characteristic conformation of the GS
its use as an antibiotic to topical applications. However, we molecule is maintained in water, in protic and aprotic organic
have recently shown that by simultaneously altering both solvents of widely varying polarity, and in detergent micelles
GS ring size and the enantiomeric conformation of key amino and phospholipid bilayers, even at high temperatures and in
acid residues, strongly antimicrobial GS analogues with the presence of agents which usually denature peptides and
markedly reduced hemolytic activity can be obtain&ti- proteins. The conformational stability of GS can be a distinct
14). Itis thus possible that appropriate GS analogues can beadvantage in certain biophysical studies, as illustrated below.
developed for use as potent oral or injectable broad-spectrum Considerable evidence exists that the major target of GS
antibiotics for the treatment of infections caused by bacteria is the lipid bilayer of bacterial or erythrocyte membranes
resistant to conventional antibiotics (see Bgf and that this peptide kills bacteria by permeabilizing and
The three-dimensional structure of the GS molecule has destabilizing their inner membranes (see &f8, 15, and
been extensively studied by a wide range of physical 16). To determine the molecular mechanism of action of GS,

techniques (see refsand10) and is illustrated in Figure 1.
In this minimum energy conformation, the two Val-Orn-Leu
sequences form an antiparalfekheet terminated by a Type
II" p-turn formed by the two-Phe-Pro sequences. This rather

we have recently carried out a number of biophysical studies
of its interaction with a variety of lipid bilayer model
membranes (see ref$ and16). In particular, we have shown
by DSC that GS more strongly perturbs the thermotropic

rigid structure is stabilized by four hydrogen bonds between phase behavior of anionic rather than of zwitterionic phos-
the amide protons and carbonyl groups of the two Leu and pholipid bilayers and of more fluid than of less fluid
two Val residues. The GS molecule is amphiphilic, having membranes(7) and by densitometry and sound velocity
the two somewhat polar and charged Orn side chains andstudies that GS incorporation decreases the density and

1 Abbreviations: GS, gramicidin S, cyclo[VQEPVOLdFP] (the
amino acid immediately after the is the b-enantiomer); GS1dK,,
cyclo[VKLdKV dYPLKVKL dYP]; PC, phosphatidylcholine; PG, phos-
phatidylglycerol; POPC, 1-palmitoyl-2-oleoghglycero-3-phospho-
rylcholine; POPG, 1-palmitoyl-2-oleoyrglycero-3-[phosphaac-
(glyceral)] (sodium salt); ITC, isothermal titration calorimetry; LUV,
large unilamellar vesicleAH, total binding enthalpyAG, free energy
of binding; AS, entropy of bindingh;, heat of reaction per injection;
hq;, heat of dilution;X;, degree of binding, fraction of bound peptide
per mole of total lipidic;, concentration of the peptide remaining free
in solution after theth injection; K}, concentration-dependent binding
constantK., equilibrium binding constant.

volume compressibility of the host phospholipid bilayer by
increasing the conformational disorder and motional freedom
of the phospholipid hydrocarbon chairis3). Our3'P-NMR

(19) and X-ray diffraction 20) studies indicate that GS at
low concentrations causes the thinning of phospholipid
bilayers and can induce the formation of inverted nonlamellar
cubic phases in phospholipid dispersions at higher concentra-
tions. Our FTIR studies show that GS is located in the polar
apolar interfacial region of phospholipid bilayers and that it
penetrates more deeply into anionic and more fluid bilayers
(21). As well, several physical techniques indicate that the
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presence of cholesterol attenuates all of the above effects ofobtained were then frozen and thawed several times. These
GS on phospholipid bilayers, at least in part by reducing vesicles were then extruded through a small volume extrusion
the penetration of the peptide into these model membranesapparatus (Avestin Inc., Ottawa, ON) equipped with a
(21, 22). Finally, our solid-statéd°F-NMR study of al°F- polycarbonate membrane filter (19 mm diameter, 200 nm
labeled GS analogue suggests that the GS molecule is alignegore diameter)25 times, to produce LUVs with a vesicle
with its cyclic 5-sheet lying flat in the plane of the bilayer, size of~200 nm. The same procedure was followed for two-
with its polar and positively charged Orn residues projecting component vesicles, except that appropriate quantities of each
toward the bilayer surface, where they can interact with component (lipid or cholesterol) were first codissolved in
negatively charged phosphate headgroups of the phospholipicthloroform and thoroughly mixed prior to vesicle preparation.
molecules, while the four hydrophobic Val and Leu residues  Phospholipid concentrations were determined by gas
project toward the bilayer center, where they interact with chromatographic analysis of fatty acid esters produced by
the phospholipid hydrocarbon chair3]. transesterification with acidic methanol, using an appropriate
Although these and other studies provide considerableinternal standard+5% error), all as described previously
insight into the interactions of GS with a variety of lipid (28).
model membranes, there remains a clear need to characterize High-Sensitiity Isothermal Titration CalorimetryThe
the actual binding of GS to various lipid bilayer systems in heat flow resulting from the binding of the peptide to lipid
a rigorous and quantitative manner. In this study, we have vesicles was measured using a high-sensitivity VP-ITC
utilized ITC for this purpose, as this technique provides a instrument (Microcal LLC, Northampton, MA) with a
comprehensive thermodynamic description of the entire reaction cell volume of 1.4448 ml as described previously
binding process24—26). In particular, an accurate deter- (29). Prior to use, solutions were degassed under vacuum
mination of the association constalt, permits a quantita- (140 mbar, 8 min) to eliminate air bubbles. The data were
tive determination of the peptide water/phospholipid bilayer acquired by computer software developed by MicroCal LLC.
partition coefficients and relative degree of phospholipid Titration calorimetric experiments were performed as follows.
binding specificity. Moreover, a complete thermodynamic The peptide solution (1060 uM) was placed in the
characterization of the binding process can provide importantcalorimeter cell, and the lipid vesicles (388 mM) were
information about the energetics and mechanism of peptideinjected via the titration syringe in aliquots of-20uL. Each
binding to lipid bilayers. In this study, we characterize the injection produced a heat of reactioh;, which was
binding of GS to zwitterionic POPC and anionic POPG lipid determined by integration of the heat flow tracings. This
bilayer model membranes in the presence and absence ofode is capable of providing both the binding isotherm and
cholesterol. PCs are the major phospholipids of the outer the total binding enthalpy.
monolayer of the lipid bilayer of animal cell membranes,  The heat of dilution,hy;, was determined in control
while PGs are the major anionic phospholipid of bacterial experiments by injecting the corresponding vesicle dispersion
cell membranes, and cholesterol is present only in animalinto the buffer solution. The heats of dilution were subtracted
cell membranes. This study should thus provide insight into from the heats determined in the corresponding peptide
the relative strength of GS binding to bilayers mimicking |ipid binding experiments. Thus, the quantitative evaluation
the lipid compositions of the membranes of erythrocytes and of the experimental data was based on the relationship

bacteria, respectively. = h, — hg;. The overall binding enthalpy and the binding
isotherm were determined from these peptitipid binding
MATERIALS AND METHODS experiments using standard procedu2%-26). In particu-

Materials. Phospholipids and cholesterol were purchased !ar, the reduction in peptide concentration due to the increase

from Avanti Polar Lipids Inc. (Alabaster, AL) and used n volume.by Ves.ide injection was taken int(_) account by
without further purification. A linear version of GS was Incorporating a dilution factor in the calgulatlonEG][._ln
synthesized by solid-phase peptide synthesis usént this study, since we do not have any direct experimental

butyloxycarbonyl chemistry. The linear peptide was then N- evidence to establish the transmembrane distribution of the
to C-terminally (Pro at the C-terminus) cyclized in solution peptide molecules, we used the total lipid concentration in

to produce GS, after which it was purified by RP-HPLC, the calculation of the degree of binding and the determination

and the final purity was determined by mass spectrometry, of the the_rmo_dynam|c blqdlng parameters. )

all as previously describe@7). The concentration of GSin ~ Dynamic Light ScatteringThe average hydrodynamic
aqueous stock solutions was determined by amino aciddiameter of pure and peptide-bound LUVs was measured
analysis with a range of error a£5%. All experiments, Py @ Brookhaven BI-90 particle analyzer (Brookhaven
unless otherwise stated, were conducted in a buffer solution!nStruments, Holtsville, NY) using disposable square cells.

containing 50 mM Tris, 150 mM NaCl, and 1 mM NaN The solutions were subjected to scattering by a monochro-
(pH 7.4). ’ ' matic light (10 mW He-Ne laser, wavelength of 632.4 nm),

and the scattered light intensity was measured at a scattering

Preparation of LUVsThe single-component lipid vesicles angle of 90,

were prepared as follows. In a typical experiment, specified
amounts of lipid ¢-60 mg) were first dried under reduced ResyLTS

pressure (vacuum) overnight. The lipid was then hydrated

with a definite amount of buffer42 ml), and the dispersion Size of Pure and Peptide-Bound LUMS$. has been
thus formed was subjected to vortex mixing at temperaturessuggested previously that GS may induce phospholipid
well above the gel/liquid-crystalline phase transition tem- vesicle fusion or even solubilize phospholipid, at least at
perature of the phospholipid. The multilamellar vesicles thus higher peptide concentrations (see r8fsl0, and 15). To
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Table 1: Hydrodynamic Diameter of Pure and Peptide-Bound
LUVs

hydrodynamic diametedf (nm)

model membrane in buffer in GS solution
POPC 166 175
POPG 178 188
POPC/POPG (3:1) 179 187
POPC/cholesterol (6:4) 210 228
POPG/cholesterol (6:4) 179 192

check the integrity of the LUVs exposed to GS, dynamic
light scattering measurements were performed on both
control vesicles (LUVs titrated into buffer solution without
peptide) and the sample vesicles (LUVs titrated into the
peptide-containing buffer). The data are presented in Table
1. Although the hydrodynamic diameted 6f the peptide-
exposed lipid vesicles are always slightly greater than those
of pure lipid vesicles, these results indicate that the various
LUVs studied here remain largely intact and do not undergo

extensive fusion in the presence of GS under the experimental

conditions employed in our ITC measurements.

Binding of GS to Various Phospholipid LUV$TC
experiments, in which LUVs composed of the various
phospholipid or phospholipid/cholesterol compositions stud-
ied were titrated into GS, are shown in Figure 2. In particular,
Figure 2A illustrates an ITC experiment in which /B
aliquots of POPC LUVs (10 mM) were repeatedly injected
into the reaction cell containing GS (28/). As is evident
from the titration profile, the endothermic heat flow decreases
with the increase in the number of POPC injections as the

Abraham et al.
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Ficure 2: ITC experiments conducted at 25, where phospholipid
LUVs (1—10 mM) were repeatedly injected into the reaction cell
(1.4448 mL) containing GS (650 uM). Each peak refers to the
injection. Each injection produced an endothermic heat of reaction

free peptide concentration in the vessel progressively de-yhich decreased in magnitude with subsequent injections. All of

creases. The endothermic binding reaction essentially cease
after six injections, when all of the peptide molecules present
in the reaction vessel are bound to the lipid vesicles.
Comparison of the heat released by the first injecti68]
ucal) to the cumulative heat released9(7 ucal) suggests
that approximately one-third of the total amount of the
antimicrobial peptide in the reaction cell was bound in a
single injection of the zwitterionic POPC lipid vesicles. The
total binding enthalpy AH) is determined to be 2.7 kcal/
mol.

The two important parameters which constitute the binding
isotherm, namely, the degree of binding, i.e., the
fraction of bound peptide per mole of total lipid, and the
corresponding free peptide concentratiah, determined
from the titration experiments, are shown in Figure 3. The
data points represent individual titration steps. Under these
conditions, there should be an equilibrium between the
peptide in the vesicle-bound state and the peptide in the
aqueous solution (free peptideR4(26). Therefo‘re,Xib
should have a functional dependence ondheée., X, = f(
¢). For practical purposes, one can obtain the concentra-
tion-dependent binding constari,, corresponding to a
particular equilibrium peptide conc;entration'f)( directly
from this binding isotherm by, = X/c;. For this system,

K: varies considerably from 1.5 10° M~ whenc; = 0.8
M to 1.4 x 10* M~t whenc; = 16.9uM. Attempts have
been also made to quantify the functional depend_eb({;y,
= f(c}), using a one-site binding modeXi] = (BmaxKccp)/(1
+ ch})]. In this one-site binding model equatioBgax iS
the maximal binding capacity (same unit as thab(bfi.e.,

the peptide molecules present in the reaction vessel appear to be
bound to the lipid vesicles after several injections: (A) titration of

5 uL aliquots of 10 mM POPC LUVs into 2BM GS, (B) titration

of 3 uL aliquots of 1.0 mM POPG LUVs into 1M GS, (C)
titration of 4uL aliquots of 2.5 mM POPC/POPG (3:1) LUVs into

25 uM GS, (D) titration of 5uL aliquots of 10 mM POPC/
cholesterol (6:4) LUVs into 5@M GS, and (E) titration of 4L
aliquots of 2.5 mM POPG/cholesterol (6:4) LUVs into 281 GS.

1.0

0.8+

X, (mol/mol)

T

POPC:Cholesterol (6:4)

T T
2.0x10° 4,0x10°

c.M
Ficure 3: Binding isotherms for binding of GS to various LUVs

derived from the ITC measurements at’€5 The degree of binding

(X,) is plotted as a function of free peptide concentratio}). (
Each data point represents a individual titration step. The solid lines
represent theoretical fits according to the one-site binding model.
The binding capacityBmay and binding constants(), obtained
from the theoretical fit, are summarized in Table 2.

moles per mole) ani. is the equilibrium binding constant
(inverse units of, i.e., M™Y. The one-site binding model
describes the binding curve fairly well (solid lines in Figure
3) and yields &K of 2.0 x 10f M~* and aBnax value of
0.22. Several other empirical models have also been used to



Gramicidin S Binding to Phospholipid Bilayers Biochemistry, Vol. 44, No. 33, 20091283

Table 2: Thermodynamic Parameters for the Binding of GS to Various LUVs
AH Kia Brmax K AG TAS AS

C C
system (kcal/mol) (M1 (mol/mol) (M1 (kcal/mol)  (kcal/mol)  (cal moF*K™1)
POPC 2.7 1.46¢ 10°(0.8uM) 0.22 2.0x 10° —-11.0 13.7 45.9
1.37 x 10(16.9u4M)
POPG 2.6 9.3 10° (at 0.7uM) 0.76 1.3x 107 —-12.1 14.6 49.2
9.6 x 10*(at 8.3uM)
POPC/POPG (3:1) 2.6 254 10° (0.8uM) 0.29 1.9x 108 -10.9 13.4 45.3
1.5 x 104(22.6uM)
POPC/cholesterol (6:4) 3.1 2:610° (11.0uM) 0.19 9.1x 10° -10.5 13.7 45.8
2.7 x 10 (21.0uM)
POPG/cholesterol (6:4) 4.4 4810° (1.2uM) 0.67 1.0x 107 -11.9 16.4 54.9

3.4 x 10° (20.2uM)
a Concentration-dependent binding constant. The corresponding equilibrium peptide concembaﬁaosh@wn in parentheses.

describe the binding (or partitioning) of peptide to (or into) to the POPG vesicles is accompanied by a similar positive
lipid bilayer membranes3Q). Considering the diversity of  enthalpy AH = 2.6 kcal/mol) but by somewhat larg&xS

the model membrane systems studied (see below), weand TAS values (49.2 cal mol K1 and 14.6 kcal/mol,
adopted an empirical model, i.e., the one-site binding model, respectively). Thus, the presence of a negative surface charge
which can well describe the binding isotherms generated in on the POPG bilayer surface appears to increase both the
this study. The main purpose of using this empirical maximum capacity and the strength of GS binding, but the
description is to obtain the binding capaciBnfy) and the binding process is again entropically driven. As might be
binding constant K.) so that one can determine all the expected, the strength and energetics of GS hinding to POPC/
relevant thermodynamic parameterA and TAS) and POPG (3:1) LUVs are generally more similar to those of
compare them among the various lipid model membrane the zwitterionic POPC than for the anionic system, since

systems utilized in this study. POPC is the major component of these two-component LUVs
The binding between the POPC membrane and GS can(s€e Figures 2C and 3 and Table 2). o

thus be characterized thermodynamically bykigsand AH. The titrations and binding isotherms for the binding of

The corresponding free energy of bindingG, can be GS to both zwitterionic POPC and anionic POPG LUVs

calculated using the standard relatid® = —RTIn(55.5%.), containing 40 mol % cholesterol are also shown in panels D

where the factor 55.5 is the molar concentration of water in and E of Figure 2 and Figure 3, and the derived thermody-
dilute solution that corrects for the cratic contribution to the hamic parameters for peptide binding to these systems are
free energy 31). The K value obtained for GS binding to  compiled in Table 2. The addition of cholesterol to the
POPC LUVs is 2.0x 10° ML, and theAG, i.e., the free zwitterionic POPC LUVs reduces thé. and AG values
energy change that accompanies the binding of the peptideslightly, primarily by increasing the magnitude of the positive
to the lipid membrane, is determined to &1.0 kcal/mol.  enthalpy of binding, while having no significant effect on
The value ofAG provides a quantitative measurement of the ASandTASvalues and only slightly reducing th&nax

the strength of the binding such that the more negative theVvalues. In conrast, the addition of cholesterol to the anionic
AG, the stronger the binding. Finally, from these thermo- POPG vesicles significantly decreases eand perhaps
dynamic parameters, the bmdmg reaction entrapg)(can alsoAG values for GS binding, primarily through moderate
be calculated using the equati&® = (AH — AG)/T. The increases in the magnitude of tS and TAS values for
ASin this case is found to be 45.9 cal mbK 2. Thus, the ~ Peptide binding and despite the increased positive enthalpy
binding of GS to the POPC membrane is an entropy-driven Of binding. Also, a modest reduction in tfBg.. value also
process with a positiv8AS of 13.7 kcal/mol at 25C, but occurs upon addition of 40 mol % cholesterol to anionic
counteracted by a positi\mH of 2.7 kcal/mol (see Table 2 POPG LUVs. In both POPC/cholesterol and POPG/choles-
for compiled thermodynamic data). These thermodynamic terol vesicle systems, the peptide binding process is again
parameters are in agreement with the classical understandingntropically driven, as in the phospholipid vesicle systems
of the partitioning of a nonpolar molecule from a water phase Not containing cholesterol.

into a nonpolar phase, which is also accompanied by anp|SCUSSION

increase in the entropy of the syste82) The ITC results obtained here are generally compatible
Figure 2B shows a titration experiment in whichu with those obtained in our previous biophysical studies of
aliquots of 2.5 mM POPG LUVs are introduced into an ITC the interaction of GS with zwitterionic and anionic phos-
cell containing a 25«M GS solution, and the resultant pholipid model membranes containing or not containing
binding isotherm for the POPG/GS systedq, (s ¢) is cholesterol (see refé5 and 16). For example, our DSC
shown in Figure 3. It is immediately evident from Figure 3 studies indicate that GS incorporation produces considerably
that the maximum amount of GS bound to the anionic POPG greater decreases in the temperature, enthalpy, and cooper-
LUVs (Bmax = 0.76) is substantially higher than that bound ativity of the gel/liquid-crystalline phase transition of anionic
to the zwitterionic POPC LUVSBuax = 0.22). Moreover, DMPG than of zwitterionic DMPC membranek7) and that
the strength of binding of GS to anionic POPG LUVs, as the presence of cholesterol reduces the effect of GS on the
reflected in theK. andAG values (1.3x 10/ M~*and—12.1 thermotropic phase behavior of DMPE2j. Moreover, our
kcal/mol, respectively), is greater than for the binding of this previous FTIR spectroscopic studies demonstrate that GS
peptide to zwitterionic POPC LUVs, although binding of GS binds to a greater degree and/or penetrates more deeply into
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bilayers composed of anionic phospholipids such as DMPG and particularly to PC bilayers than does GS, and that the
than of zwitterionic phospholipids such as DMPIB), Also, presence of cholesterol results in the complete exclusion of
subsequent FTIR studies revealed that the degree of GSGS14IK,from PC bilayers but only the partial exclusion of
binding to and/or the depth of penetration into zwitterionic GS.

POPC bilayers is reduced s?mewhat in the presence of \jany of the results mentioned above can be rationalized
cholesterol 22). Our previous”P-NMR studies have also  py 4 consideration of the relative sizes and charge densities
shown that GS at higher concentrations can induce anus ipe GS14K, and GS molecules. Since GSIKY is
inverted cubic phase more readily in anionic DMPG than in ¢qnsiderably larger than GS, one would expect that it would
zwitterionic DMPC vesicles19), and that the presence of = yanerally be more energetically costly to insert this peptide
cholgsterol reduces the likelihood of phosphollp|ds generally slecule into phospholipid vesicles, particularly those not
forming such a nonlamellar phase at high temperat®®s (  pearing a negative surface charge and those exhibiting
Finally, the incorporation of cholesterol into POPC LUVS g jegterol-induced decreases in fluidity and increases in
redﬁcelsdGbS—md.uceg dye Iﬁaka‘ﬁe ?yhapp[)ommatelg_za)f(_ , order, as is indeed observed. This suggestion is supported
It should be pointed out that all of the above studies, with . yhe rejatively much higher positiveH values associated
the exception of the dye leakage experiments, were per- i the hinding of GS1dK, to phospholipid vesicles,
formed Wlth_phosphohpm_l b|Iay¢_ar me_mbranes into Wh'Ch_G_S particularly those containing cholesterol. In contrast, the
was reconstituted by codissolution with various phospholipids larger size of the GSHK, molecule, and the fact that the

prior to hydration and vesicle formation. Therefore, GS was somewhat polar and chargeel ys residue projects toward

uniformly distributed on both sides of the phospholipid the h : e

. : ydrocarbon chains of the phospholipid molecules rather

EllIJa&/er fro'm tt::e outsetfr?r:hel_rrgan bemg ac:dzd to pgeLOLmEdthan toward the polar headgroups, would tend to more
S, asin the case ot the EXperiments describe ere'strongly disorder the host phospholipid bilayer, again

t'\)ﬂe(gr?(r)r\]/;;’sﬁqrier?e tﬁ;eivr:t?%ssi?;g?fggfslcﬁl étg%'s?hg‘g illﬁfzzsgr?consistent with the highekS and TAS values observed for
9 9 the binding of GS1dK, compared to those for the binding

and dynamics of the host phospholipid bilayer, as well as . . o LS
. . . of GS, patrticularly in cholesterol-containing phospholipid
the amount of GS actually present in the bilayer during these vesicles. On the other hand. the G8&4 molecule contains

experiments. Nevertheless, the results of these earlier StUdieﬁwee positively charged Lys residues positioned to interact

are certainly broadly consistent with those of this ITC with the phospholipid polar headgroups, whereas GS contains

investigation, in that in all instances GS appeared to interactOnl WO positivelv charaed O residues so positioned. Thus
more strongly with anionic PG than with zwitterionic PC y positively 9 P :
electrostatic binding of the larger GSi#4, molecule to

vesicles, and GS interactions with PC bilayers were always anionic bhospholipids miaht not be as limited when com-
attenuated but not abolished by the presence of cholesterol. pnospholip 9

o . pared with that of GS, as was the case with the zwitterionic
It is interesting to compare the results of our recent ITC hospholinids vesicles

study of the binding of GSHK, (29), a diastereomeric lysine phosp i p. ' )
ring-size analogue of GS, to these obtained in this ITC study The binding data presented here for GS and previously
of GS binding to phospholipid vesicles of comparable for GS14K, (29) correlate nicely with the biological
compositions. In general, the strength of binding of Giiia ~ activities of these two peptides. As mentioned previously,
is much more significantly influenced by the phospholipid GS is a strong antimicrobial agent but is also highly
and cholesterol composition of the LUVs, in particular by hemolytic, suggesting that it binds relatively strongly to both
phospholipid surface charge density and cholesterol-inducedPacterial membranes, which are enriched in anionic phos-
ordering of the phospholipid bilayer, than is the binding of Pholipids such as PG and which do not contain cholesterol,
GS. For example, the binding of GS#4, to zwitterionic and to erythrocyte membranes, the outer monolayer of which
POPC LUVs is much weaker than that of GS, and GiKl4 is enriched in zwitterionic lipids such as PC and which
does not exhibit detectable binding to POPC/cholesterol (6: contain large amounts of cholesterol. The fact that this ITC
4) LUVs; whereas binding of GS to POPC LUVs is only study indicates that GS binding is relatively insensitive to
weakened slightly by the presence of cholesterol. In contrast,the composition and physical properties of phospholipid
GS14K, binds only slightly less tightly to anionic POPG  Vvesicles is consistent with the relative lack of GS specificity
LUVs than does GS, although the binding of GSK4 to observedn vivo. In contrast, GS1dK 4 retains the relatively
POPG/cholesterol (6:4) LUVs is markedly reduced, while strong antimicrobial potency of GS but is markedly less
the binding of GS to POPG LUVs is affected little by the hemolytic. This relatively high specificity for interaction with
presence of cholesterol. Moreover, the binding of G4 bacterial membranes in comparison to erythrocyte mem-
to all phospholipid vesicles that have been studied is branes is fully consistent with our previous ITC results, which
accompanied by much higher positiséd values, but also ~ demonstrated that GSiK, binds at least as tightly to
much largerAS and TAS values, than is GS binding such anionic lipid vesicles as GS but much less strongly to

that theK. and AG values for binding for GS1a&K, vary zwitterionic lipid vesicles, and that the presence of cholesterol
over a much larger range in different lipid vesicles than is markedly decreases the level of G8K4 binding to both
the case for GS. As well, thBnax values of GS1dK, anionic and zwitterionic phospholipid bilayer systems. Thus,

(~0.10-0.20 mol/mol) are smaller than those observed for the relatively low membrane specificity of GS and the
GS (~0.2-0.8) in comparable systems, particularly in the relatively high membrane specificity of GSi4d, observed
case of anionic LUVs. These ITC results correlate well with in vivo are consistent with their relative abilities to discrimi-
our previous FTIR spectroscopic studies of the interactions nate poorly and well, respectively, between bacterial and
of GS1bK, (33) and GS 21) with phospholipid vesicles, mammalian cell membranes based on their different lipid
which indicate that GSITK, binds less extensively to PG  compositions and physical properties.
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