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ABSTRACT The interaction of heptalysine with vesicles formed from mixtures of the acidic lipid phosphatidylserine (PS) and
the zwitterionic lipid phosphatidylcholine (PC) was examined experimentally and theoretically. Three types of experiments
showed that smeared charge theories (e.g., Gouy-Chapman-Stern) underestimate the membrane association when the
peptide concentration is high. First, the zeta potential of PC/PS vesicles in 100 mM KCI solution increased more rapidly with
heptalysine concentration (14.5 mV per decade) than predicted by a smeared charge theory (6.0 mV per decade). Second,
changing the net surface charge density of vesicles by the same amount in two distinct ways produced dramatically different
effects: the molar partition coefficient decreased 1000-fold when the mole percentage of PS was decreased from 17% to 4%,
but decreased only 10-fold when the peptide concentration was increased to 1 wM. Third, high concentrations of basic
peptides reversed the charge on PS and PC/PS vesicles. Calculations based on finite difference solutions to the Poisson-
Boltzmann equation applied to atomic models of heptalysine and PC/PS membranes provide a molecular explanation for the
observations: a peptide adsorbing to the membrane in the presence of other surface-adsorbed peptides senses a local
potential more negative than the average potential. The biological implications of these “discreteness-of-charge” effects are
discussed.

INTRODUCTION

The plasma membrane association of several peripheraklls (Dell’Acqua et al., 1998), and HIV-1 Gag self-assem-
membrane proteins, e.g., Src, K-Ras, MARCKS, and HIV-1bles into lateral domains on the cytoplasmic surface of the
Gag, requires the electrostatic interaction of a cluster oplasma membrane of infected cells before viral budding
basic residues on the protein with acidic lipids in the mem-(Garnier et al., 1998). We are interested in understanding
brane (McLaughlin and Aderem, 1995; Resh, 1996; Bhatthe electrostatic properties of membranes that contain high
nagar and Gordon, 1997; Murray et al., 1997; Garnier et al.surface concentrations of proteins with clusters of basic
1998). Adsorption to the plasma membrane is crucial for thgesjdues.

activity and regulation of these proteins. For example, re- Experimental studies have characterized the membrane
moving the N-terminal basic residues of Src weakens it$ssociation of peptides corresponding to basic sequences in
partitioning onto phospholipid vesicles containing acidic gome of the proteins listed above (Kim et al., 1994; Buser et
lipids and produces nontransforming phenotypes in biologm_, 1994: Zhou et al., 1994: Ghomashchi et al., 1995:
ical cells (Kaplan et al., 1990; Sigal et al., 1994, Reshgep T4 et al., 1996; Leventis and Silvius, 1998). Nonspe-

1996). There is mounting evidence that similar, nonspecifi,ii. electrostatic interactions between the basic residues
electrostatic interactions may be important for the function

o S nd acidic lipids provide the main driving force for associ-
and plasma membrane association of other proteins, mcluti

ing AKAP79 (DellAcqua et al., 1998), phosphatidylinosi- tion with lipid bilayers; the binding depends only weakly

) ) n the chemical nature of either the basic residues or mono-
tol phosphate kinase (Roa et al,, 1998), G-protein COUpIe@alent acidic lipid (Ben-Tal et al., 1996). Recent theoretical

receptor kinases (Pitcher et al., 19_98)’ and Numb (anbhch ork based on finite-difference solutions to the nonlinear
et al., 1997). Many of these proteins are known to exist aﬁ'

high concentrations in localized regions of the plasma mem- oisson-Boltzmann equation (FDPB method) for atomic

brane. For example, MARCKS is concentrated at nascerﬂmdels of peptides and membranes describes well the elec-

phagosomes in macrophages (Allen and Aderem, 1996}'rostatic component of the membrane association of basic

AKAP79 is enriched in the postsynaptic region of neuronalPEPtides (Ben-Tal et al., 1996, 1997; Murray et al., 1997,
1998). Specifically, the methodology correctly predicts how

the membrane partitioning increases as the number of basic
residues in the peptide increases, as the mole percentage
o o acidic lipid in the membrane increases, and as the ionic
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examine the effect of electrostatic interactions betweenent ions (McLaughlin et al., 1981; Winiski et al., 1986;
membrane-adsorbed peptides. Fig. 1 outlines our theoreticalartsel and Cafiso, 1986; McLaughlin, 1989).

approach to the problem based on FDPB calculations of Fig. 1B illustrates the interaction of a single heptalysine
atomic models of peptide/membrane systems. (specifically, acetyl-heptalysine-amide; valenée= +7)

Fig. 1 Aillustrates that electrostatic equipotential profiles with the membrane depicted in Fig. A. The positive
above a membrane containing 33 mol% acidic lipid in 100potential due to the peptide perturbs the negative potential
mM monovalent salt solution are flat; e.g., the25-mV  of the membrane only in the vicinity of the peptide, as
equipotential profile red line) is located~10 A above the expected intuitively. As more peptide binds to the mem-
membrane surface, in agreement with the prediction fronbrane, we anticipate that the average potential, or the zeta
Gouy-Chapman theory; this treatment models the acidigotential, of PC/PS vesicles will increase more steeply with
lipids in the membrane as a uniform surface charge densitthe peptide concentration than predicted by smeared charge
(Peitzsch et al., 1995). These predictions agree with expetheories. (The zeta potential is the average electrostatic
imental measurements from many different laboratoriespotential at the hydrodynamic plane of shear, whick 2
which have established that the electrostatic properties aim from the surface of PC/PS vesicles in 100 mM mono-
membranes containing monovalent acidic lipids can be devalent salt (McLaughlin, 1989).) In electrochemistry litera-
scribed adequately by smeared charge theory when there, this is termed an “Esin-Markov” effect, which has long
agueous solution contains only small monovalent or divabeen attributed to the discrete nature of the charge on the

A

-
l
i

¥

FIGURE 1 FDPB calculations of the electrostatic interaction of heptalysine with a 2:1 PC/PS membrane in 100 mM KCI. In the molecular models, each
lipid occupies~70 A? within the plane of the membrane, the center-to-center distance between two nearest neighbor acidiedifids, ithe dimensions

of a single peptide are 17 X 31 A x 7 A, and the center-to-center distance between two adjacent peptides in the array & isat® in the horizontal

direction and 37 A in the vertical direction; the Debye length-is0 A. (A) The electrostatic equipotential contours above a 2:1 PC/PS membrane in the
absence of heptalysine are flat. The red curve represents 26emV equipotential. In all panels, the potentials illustrated were calculated by solving
numerically the nonlinear Poisson-Boltzmann equation for atomic models of heptalysine/membrane systems. In the membrane, oxygen atoms are colore
red, nitrogen is blue, phosphorous is yellow, and carbon and hydrogen are \Bifehg adsorption of a single heptalysine to the membrane from panel

A perturbs the electrostatic potential of the membrane in a localized region. In [Bar@landD, the membrane is viewed from above, the red and blue
meshes represent, respectively, the5 and+25 mV equipotential profiles, the peptides are green, and the membrane is white; we assume the peptides
do not change the location of the acidic lipid€) (The adsorption of sufficient heptalysine to neutralize the membrane in pgnet charge of the peptide

array equals the net charge of the acidic lipids; one heptalysine per seven acidic lipids) produces a highly nonuniform electrostatic pbmrgiakhalt

average charge density is zero, there are regions of significant negative and positive local potential. In the figure, the peptides are aorangeat unif

the membrane surface; departures from uniformity are considered in the DgxA feptalysine associating with the membrane when the surface
concentration of peptide is high experiences a local potential that is significantly more negative than the average potential. The peptideratfttigecen

array in panelC has been removed to reveal the strong negative potential with which the peptide interacts. The electrostatic free energy of interaction of
a peptide with the membrane in the presence of the array pictured here is only 1 kcal/mol weaker than the electrostatic free energy of intergatidm of a pe
with the membrane in the absence of other peptides (the interaction depicted irBparel Table 2).
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adsorbing multivalent ion (Grahame, 1958; Levine et al.,>50% pure) or the American Peptide Company (Sunnyvale, £80%
1967; Barlow and MacDonald, 1967). pure); identical results were obtained with the two peptide samples. The

. . L : _CKKKKKKK-amide (net charge+8) peptide was synthesized at the
Fig. 1 C depicts the electrostatic interaction of hepta Center for Analysis and Synthesis of Macromolecules, SUNY, Stony

lysine with the membrane of Fig. A when the surface ook, and labeled on the cysteine with acrylodan by a procedure described

concentration of peptide is high enough to neutralize they mcliiroy et al. (1991). The acetyl-KKKKKKKC-amide (net charge?)

negative surface charge density of the membrane: eagteptide was from Chiron Technologies and was labeled with acrylodan.

heptalysine associates, on average, with seven acidic lipid4fter labeling, peptides were purified by a reverse-phase C8 high-perfor-

Although the average potential is zero, the FDPB Calculamance !qu|d chromatography column. The purified peptides were exam-

. Lo . . ined using mass spectrometry and yielded values of 1242 {8) and

.tI.OnS indicate th(?re ShQU|d be regions of neg:?mve and p_0%287 (+7), consistent with the expected molecular weight for the

itive local potential. This suggests that a peptide adsorbingabeled peptides. Acrylodan-labeled F159C-MARCKS(151-175), acetyl-

to a membrane under these conditions experiences a poteKKKKRFSCKKSFKLSGFSFKKNKK-amide, was a generous gift from

tial significantly more negative than that predicted by D. Cafiso. Peptides were dissolved irx Aistilled water and stored in

smeared charge theory (which is zero, because the surfa@iiuots at=20°C. The relatively inexpensive peptide used for the charge

L. . . reversal experiments, pobHysine with MW of ~1000, was obtained

charge der_13|ty is zero). This is |IIu§trated by F@,]whgre from Sigma (St. Louis, MO).

the potentials were calculated with the central peptide re-

moved. The—25 mV potential contour at the center of the

membrgne extends almost as far intq the aqueous solption #sicle preparation

it does in the absence of peptide (FigA), demonstrating

that attractive electrostatic interactions between the centrdl i ,
. . electrobalance, a method that gives the same results as phosphate analysis

peptlde and the memb_rane can be obtained ?Ven when t m et al., 1991). Trace amounts of*C]PC were added to the lipid

net charge of the peptide/membrane system is zero. mixture to determine the final lipid concentration. Lipid mixtures were

The FDPB electrostatic method has been applied successred on a rotary evaporator and resuspended in the standard buffer to
fuIIy to atomic models of proteins and nucleic acids for overobtain multilamellar vesicles. Large unilamellar vesicles (LUVs) were
10 years (Honig and Nicholls, 1995)' These studies havgade by extruding multilamellar vesicles 10 times through a stack of two

blished th d ch del d .polycarbonate filters (100-nm pore diameter) after five freeze-thaw cycles
established that smeared charge models cannot descri pe et al., 1985). All preparations and measurements were done at room

effects such as charge-charge interactions or complex pagemperature, 22-23°C, except for the electrophoretic mobility measure-
terns of electrostatic potential that depend upon the specifiments, which were performed at 25°C.

location of charged and polar groups as well as a molecule’s

geometric shape. In this report, we apply the atomic-level

FDPB approach to the membrane binding of basic peptideg/ectrophoretic mobility measurements

Specmcally, we measured expenmentally the effect of hIghThe electrophoretic mobilityy, of multilamellar vesicles (Bangham et al.,
concentrations of unlabeled heptalysine on both the zetgg74) was measured in a Rank Brothers Mark | instrument (Bottisham,
potential of PC/PS vesicles and the membrane associatigPambridge, UK) as described previously (Cafiso et al., 1989). In these
of ﬂuorescent'y labeled hepta'ysine’ then used atomic modexperiments, [|Ip|d]<< [peptide]; in other WOI’d'S, the free peptide concen-
els of membranes with muItipIe adsorbed ponvaIent p(:)p_tratl_on is a_pproxmatgly equal tg the total peptlde concentration because the
. . . . . esicles bind a negligible fraction of the peptide.
tides to describe theoretically the electrostatic properties of

these systems.

he initial concentration of lipids in chloroform was measured on a Cahn

Equilibrium binding measurements
MATERIALS AND METHODS

We studied the equilibrium partitioning of acrylodan-labeled heptalysines
Materials (net charge+7 and +8) onto phospholipid vesicles of defined composi-

tion. Acrylodan is a polarity-sensitive fluorescent dye with an excitation
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (PC), 1-palmitoyl- peak at 370 nm and an emission peak at 520 nm in water (Prendergast et
2-oleoyl-sn-glycero-3-phosphatidylserine (PS), 1-palmitoyl-2-oleoyl-sn-|. 1983). When the labeled peptide binds to a membrane, the emission
glycero-3-phosphatidylglycerol (PG), 1-oleoyl-2-[12[(7-nitro-2,1,3-benzo- maximum shifts to 470 nm and fluorescence intensity increases. We
xadiazol-4-yl)amino]dodecanoyl]-[phosphatidylcholine] (NBD-PC), and getermined the value of the molar partition coefficieKt, by titrating
1-oleoyl-2-{12[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]  dodecanoyll- peptides with different concentrations of vesicles. We measured acrylodan
[phosphok-serine] (NBD-PS) were purchased from Avanti Polar Lipids fjyorescence at 470 nm (slit 4 nm) and excitation at 370 nm (slit 4 nm). The
(Alabaster, AL). Radiolabeled 1,2-diffCJoleoyl+-3-phosphatidylcho-  fraction of the peptide bound at a given lipid concentratiog)/[P_], was
line ([**C]PC) was purchased from Amersham (Arlington Heights, IL), and cajculated as the ratio of the corrected fluorescence intensity of the sample

6-acryloyl-2-dimethylaminonaphthalene (acrylodan) was from Molecularyg the corrected fluorescence intensity of a sample in which all of the
Probes (Eugene, OR). The standard buffer solution contained 100 mM K%eptide is bound to lipid. Specifically,

buffered to pH 7 with 1 mM 34-morpholino)propanesulfonic acid

(MOPS). [Pb] _ (Fsample_ I:Iipid backgroum) - (Ffree peptide Fbuffer)
Methods [Po] (Fall bound — I:’Iipid backgroun() - (Ffree peptide ™ Fbuffer) '
Peptide synthesis and labeling where Free pepridelS the fluorescence at 470 nm of the peptide free in

solution (a low value about equal to the fluorescence background from the
Heptalysine with blocked N (acetyl) and C (amide) terminals (net chargebuffer, Fp ). K (M™%) is the proportionality factor between the mole
+7) was from either Chiron Technologies (Clayton Victoria, Australia; fraction of peptide bound to the membraeand the molar concentration
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of peptide free in the bulk aqueous phasg]jfP THEORETICAL MODELS
[P] Calculation of the zeta potential
X=mieeT = KIP, (1A)
([L]+ [Po]) The zeta potential was calculated using Gouy-Chapman-Stern theory

(McLaughlin, 1989) and the following assumptions: 1) the membrane
where [R] is the molar concentration of peptide bound to the membranepotential is screened only by the monovalent ions, 2) the peptides are point
and [L] is the concentration of lipid accessible to the peptide. Whencharges of valence- 7 that hind to the membrane according to a simple

[P << [L], EQ. 1A may be written as linear adsorption isotherm, 3) the charges due to the acidic lipids and bound
peptide are smeared uniformly over the membrane surface, and 4) the zeta

[P.] potential is equal to the membrane potential at a distah@/ofrom the
= m . (18) membrane surface. Gouy-Chapman theory describes how the electrostatic

potential,»(R), depends on distance from the membrane surface,

The total molar concentration of peptide in the solution],[® the sum of 14+ tanr(¢(0)/4)exp(—KR)
bound and free peptide concentrations: qS(R) =2 In(l n F(¢(0)/4) F( R)) , 2
— tan expl—k
[Po] = [Po] + [Pt]. (1C)

where 1k is the Debye length and = [(2kTec)/(e,€,)] Y% k represents the

Boltzmann factor,T the absolute temperature, the magnitude of the

electronic charge; the molar concentration of monovalent ions in the bulk,

€, the dielectric constant of the aqueous phase, grttie permittivity of

K[L] free space. _The surface potenti&{0), is given by the Gouy-Chapman-
(1D) Stern equation:

, ._(Z&b(o)) 1 o

Combining Egs. 1B and 1C, we obtain an expressiorkKfas a function of
known ([L]) and measured ([f[P,]) quantities:

[P
100 }17]

PJ] (1+K[L])

We used Eq. 1D to fit the data in Fig.® Sin KT = V/8NkTereoc<

1+ Kg.C exp<— eﬁf;)))) |
3

wherez represents the valence of the monovalent salt ioris the surface
‘tharge density, anl,, = 0.3 M*is the association constant of'Kons

with acidic lipids.o is a sum of a negative surface charge density due to
the acidic lipids in the membrane and a positive surface charge density due
to membrane-adsorbed heptalysine. We assumed each lipid occupids 70 A
f surface area and that the concentration of peptide bound to the mem-
rane is given by a Henry's law adsorption isotherm.

Preparation of giant vesicles for microscopy studies

We prepared giant vesicles with the gentle hydration method (Akashi et al
1996). Briefly, 0.4—2umol of a 9:1 PC/PS mixture (also containing 0.3

mol% NBD-labeled PC or PS) in chloroform was dried in a V-shaped flask
on a rotary evaporator under vacuum for 30 min to form a thin film. The
dried film was prehydrated for 20 min at 45°C with water-saturated argon,
then 5 ml of an appropriate buffer was added gently to the flask. The seale(?
flask was incubated for 12-24 h at 37°C. A 1-ml sample was harveste

from the upper portion of the solution and used for microscopy studies.
Samples containing-40-200uM lipid in the form of these giant, pre-
dominantly unilamellar vesicles were mixed with 1-g01 acrylodan-

labeled heptalysine, MARCKS(151-175), or, in some cases, unlabelegpree hasic peptides, acetyl-pentalysine-amide, acetyl-heptalysine-amide,
peptide in a small siliconized plastic tube. The mixture was transferred toy,q heptalysine-amide, were built in extended form using the Insight/
a microscope slide, mixed 1:1 with agarose dissolved in buffer (0.5% WBiopolymer molecular modeling package (INSIGHT-II; Biosym Technol-
agarose) to attenuate movement of the vesicles, and covered with acoversl'@gies)' To reduce atomic overlaps and to relax torsional and dihedral
constraints, each peptide model was energy minimized using the Insight/
Discover molecular modeling package (INSIGHT-Il). The minimization
Fluorescence digital imaging microscopy consisted of 100 iterations with a conjugate gradient method in gas phase,
using the CVFF force field and neglecting electrostatic interactions. The
We used a Zeiss fixed-stage Axioskop microscope and Princeton Microminimization did not significantly alter the extended structure of the
Max CCD camera to obtain images. Vesicles were imaged in fluorescencgeptides. The acetyl-pentalysine-amide, acetyl-heptalysine-amide, and
and phase-contrast mode, using &64il objective. The fluorescence due heptalysine-amide peptide models have dimensions 37 24 A x 7 A,
to acrylodan and NBD was captured using short-band path Chroma7 A x 31 A x 7 A and 18 Ax 27 A x 7 A, respectively. Four different
(Chroma Technology Corp.) filter sets 31000 and 41001, respectively. Folipid bilayers, 5:1, 3:1, 2:1, and 1:1 PC/PS, were built as described by
acrylodan: exciter 36 20 nm, beamsplitter 400 nm, emitter 46025  peitzsch et al. (1995). Each lipid leaflet contains 192—432 hexagonally
nm. For NBD: exciter 460t 20 nm, beamsplitter 505 nm, emitter 535 packed lipids, and each lipiteadgroup has an area of 68 i the plane
25 nm. of the membrane.
We constructed each peptide/bilayer system listed in Table 2 so that the
surface-adsorbed peptides neutralized the membrane charge. These models
Monolayer are consistent with the zeta potential measurements (Fig. 2) and the binding
measurements (Fig. B, open circle$, which show that the membrane
We used a fixed-area circular teflon trough to observe the lateral organieharge is approximately neutralized at high concentrations of peptide. Our
zation of 2:1 PC/PS monolayers. Acrylodan-labeled MARCKS peptideconclusions about discreteness effects would hold for lower concentrations
(500 nM to 2uM) was added to the subphase after a monolayer from a 0.1of peptide as well: the electrostatic interaction free energies will be at least
mg/ml lipid stock in chloroform was spread; the monolayer also containedas strong as those listed in Table 2. In each model, the bilayer size was
1% NBD-PS or NBC-PC. The subphase contained 10 mM KCI buffered tochosen so that the net charge of one leaflet would be neutralized by a 3
pH 7 with 1 mM MOPS, and the surface pressure of the monolayer was3 array of peptides adsorbed at the membrane surface. The peptides were
20-30 mN/m. The monolayer was observed using & 2hg-working- distributed uniformly over the membrane surface, and each peptide in the
distance objective. array was placed in its approximate minimum free energy orientation. This

Peptide/membrane models
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orientation results from the balance between the coulombic attraction andeptide interacting with a membrane in the absence of other peptides, the

desolvation penalties, and occurs when there-&A (i.e., one layer of  electrostatic free energy of interaction is the difference between the elec-

water) between the van der Waals surfaces of the peptide and the mertrostatic free energy when the peptide associates with the membrane and

brane (Fig. 1B). (The exact location of these membrane-adsorbed peptide¢he electrostatic free energy when the peptide and the membrane are an

has not been determined, but several experimental studies show that smaifinite distance apart. For the case of a peptide interacting with a mem-

basic peptides, like pentalysine, bind to membranes outside the envelope bfane in the presence of other peptides, the calculation is the same, except

the polar headgroup.) A representative system used in the FDPB calculdhat the other eight peptides of thex33 array are fixed at the membrane

tions is illustrated in Fig. 1. For the acetyl-heptalysine-amide pepHide (  surface (see Fig. D).

+7) and a 2:1 PC/PS bilayer, nine peptides (net char§8) approxi- The lattice size and final resolution used to calculate the electrostatic

mately neutralize a bilayer leaflet with 192 total lipids (net chargi). free energies depend on the size of the peptide/membrane model. For

For simplicity, we assume that the basic peptide does not produce a locaxample, the FDPB calculations for the scenario illustrated in Fig. 1 were

redistribution of acidic lipids (Kleinschmidt and Marsh, 1997). The lateral performed with a lattice size ¢f= 209 and a series of focusing runs with

dimensions of the bilayer are 127 A 113 A; the van der Waals surfaces resolutions of 0.2, 0.4, 0.8, and 1.6 grid/A. The electrostatic free energy of

of adjacent peptides are separated by 25 A in the horizontal direction anihteraction between the central peptide and the membrane, in both the

12 A in the vertical direction (see Fig. €), so that each heptavalent presence and absence of other peptides, differed by less than 0.1 kcal/mol

peptide associates, on average, with seven acidic lipids. This configuratiohetween the 0.8 and 1.6 grid/A scales when the van der Waals surfaces of

mimics an infinite peptide/membrane system: FDPB calculations perthe peptide and membrane were separated by 3 A. In performing the

formed on larger systems (8 5 and 7X 7 peptide arrays) gave identical calculations summarized in Table 2 and Fig. 4, we used lattice sides of

results (calculations not shown). 209-289 and final resolutions of 1.2—2.0 grid/A; in all cases, the electro-
static free energy of interaction differed by less than 0.25 kcal/mol between
the two highest resolution scales.

Finite difference Poisson-Boltzmann calculations Previous work showed that we can predict correctly how the membrane
binding of a basic peptide depends on the mole percentage of acidic lipid

The peptides and lipid bilayers are represented in atomic detail and than the membrane, the ionic strength of the solution, or the number of basic

solvent as a homogeneous medium. The univalent ions (e!gand CI") residues in the peptide by considering a single orientation of the peptide

are dimensionless points, treated in the mean-field approximation. Tavith respect to the membrane, specifically, the orientation of minimum free

match the experimental conditions, all calculations were performed with a&energy in which the peptide’s potential interacts maximally with the

monovalent salt concentration of 100 mM. The theoretical methodology isnembrane potential (Ben-Tal et al., 1996). Here we exploit this simplifi-

described in detail elsewhere (Ben-Tal et al., 1996); we give a briefcation to predict how the membrane binding of a basic peptide depends on

overview below. the surface concentration of peptide by calculating the difference between

Each atom of the peptides and bilayer is assigned a radius and partighe electrostatic free energies of interaction between the peptide, in its

charge that is located at its nucleus; the peptide/membrane model is theninimum free energy orientation, and the membrane in the presence and

mapped onto a three-dimensional latticeldpoints, each of which rep-  absence of the other surface-adsorbed peptides.

resents a small region of the peptide, membrane, or solvent. The charges

and radii used for the amino acids were taken from a CHARMM22

parameter set (Brooks et al., 1983); those used for the lipids are the onqRESULTS

described by Peitzsch et al. (1995) and were used in previous studies

(Ben-Tal et al., 1996, 1997; Murray et al., 1998). Smooth molecularExperimental measurements

surfaces for the peptides and membrane are generated by rolling a spherical

probe with the radius of a water molecule (1.4 A) over the surfaces defined he effect of heptalysine on the zeta potential of PC/PS

by the van der Waals radii of the constituent atoms; the point of contacvesicles suggests that discreteness-of-charge

between the probe and the van der Waals surface defines the moleculeffects are important

surface. Lattice points that lie within the molecular surfaces of the peptides__ . .

and bilayer are assigned a low dielectric constant (2), and lattice point§ig. 2 shows how changing the aqueous concentration of

outside the molecular surfaces, corresponding to the aqueous phase, dieptalysine affects the zeta potential of 2:1 PC/PS LUVs in

assigned a high dielectric constant (80). Salt ions are excluded from 00 mM monovalent salt. The zeta potentialis calculated

region that extersl2 A (the radius of a Naion) beyond the van der Waals from the measured value of the electrophoretic mobility,

surfaces of the peptide and membrane. The electrostatic potential and tt{ﬁ locity of icle i it electric field . th
mean distribution of the monovalent salt ions at each lattice point are € velocity or a vesicle In a unit electric neid, using the

calculated by solving the nonlinear Poisson-Boltzmann equation: Helmholtz-Smoluchowski equation (Hunter, 1981):

{ = unl(ee), (5)

wheren is the viscosity of the aqueous solutiog,is the
wheree(r) is the dielectric constant(r) is the electrostatic potential, and dielectric constant of the aqueous solution, agds the
p'(r) is the charge density of the fixed charges. Equation 4 is mapped ontpermittivity of free space. The filled circles in Fig. 2 show
the cubic lattice and solved faj(r), using the finite-difference approxi- that the zeta potential of 2:1 PC/PS vesicles varies linearly
mation and the quasi-Newton method (Holst, 1993), combined with threqyjth the |ogarithm of heptalysine concentration; the slope is
levels of multigriddings (Holst and Saied, 1993). . L

A sequence of focusing runs of increasing resolution is employed tol4'5 mV per decade. This S"?pe IS S'gmflcamly steeper than
calculate the electrostatic potentials. In the initial calculation, the peptidetn€® 6.0 mV per decade predicted using the smeared charge
membrane model fills a small percentage of the lattied@%), and the ~ treatment given in Egs. 2 and 3. The maximum theoretical
potentials at the boundary points of the lattice are approximately zero. Thigalue for the slope, within the context of smeared charge
procedure ensures that the system is elec_troneutrgl. Tp mimic an |nf|n|t%0uy_chapman theory, is obtained from Eq. 3 by assuming
membrane, periodic boundary conditions in the directions that span th s . .
membrane plane are applied when the bilayer spans less than 100% of t the p_OtentlaI IS very negative, 2),the plane OT shear is at
lattice. The solutions of the Poisson-Boltzmann equation (Eq. 4) are useth€ vesicle surface, 3) monovalent ions can be ignored, and
to calculate the electrostatic free energy of the system. For the case of4) the peptides exert only a screening effect; the simple

e
VIe(n)V(r)] — ex(r)’sinh(¢(r)) + ;kTp’(r) =0, 4)
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TABLE 1 The effect of acetyl-heptalysine-amide on the
binding of 50 nM acetyl-heptalysine-(cysteine-acrylodan)-
amide (Z = +7) to 5:1 PC/PS 100 nm vesicles in 100 mM KCI,
1 mM MOPS, pH 7

-10

. 20

E [Acetyl-heptalysine-amide]M) K (M™Y

3 0 6.8x 10"

T 39 1 6.7x 10*

5 5 6.3x 10

p 100 4.2x 10*

N K is the molar partition coefficient of the fluorescently labeled peptide as

-40 : - . ;
determined by Eg. 1D from measurements similar to those illustrated in

Fig. 3A. The estimated accuracy &fis =20%.
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g
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6 N brane interface.) In the absence of unlabeled peptide, acry-
log g[Heptalysine] (M) lodan-heptalysine binds to 5:1 PC/PS vesicles in 100 mM
FIGURE 2 The effect of hentalvei — e val KCl with a molar partition coefficienk = 6.8 X 10* M1,
€ elrect of heptalysine (acetyl-neptalysine-amide, valence, H H
Z = 7) on the zeta potential gf 2?/1 PC/(PS \t/}f/ssiclgs. Yl'he agqueous solutionAddlng 100uM unlabeled heptalysme_ decreagebs.s than
contained 100 mM KCI buffered to pH 7.0 with 1 mM MOPS at 25°C. twofold and changes the zeta potential of the vesicles by 13
Each filled circle represents the averages®0 measurements SD (four mV (from —33 to —20 mV; data not shown). This potential
separate experiments). The line is the least-squares best fit through tighange should be a good approximation for the change in
experimental points; it has a slope of 14.5 mV per decade of peptidghe average surface potentidl{(~ A¢(0)). If we use this
concentration. Gouy-Chapman-Stern theory predicts a slope of 6.0 mV peéverage or smeared charge potential in the Boltzmann rela-
decade (see text). . . . .
tion, it predicts a much larger (40-fold) decrease in the
membrane association than is observed. The simplest ex-
planation for this discrepancy is the discreteness of charge
Gouy equation then predicts the slope isk1/Ze ~ 59/  effect illustrated in Fig. 1: the effect of unlabeled heptal-
mV/decade (a = 25°C). For a peptide with a valence of ysine on the membrane association of acrylodan-labeled
Z = +7, the maximum slope predicted by smeared chargé&eptalysine is less than predicted by smeared charge theory
theory is thus 59/ 8.4 mV per decade, substantially less because the labeled peptide experiences a local potential
than the experimentally measured value of 14.5 mV pemore negative than the average potential.
decade.
The Slmp!est explanathn for the dls_parlty be_tween theThe membrane association of acrylodan-labeled
obseryed (Fig. 2) and predicted change in potential relates tﬁeptazlysine depends on how the net charge density of the
the _dlscrete _natu_re of the n_et c_harge on the _adsorb|r_1g,en,,br€me is changed
peptide; a disparity could arise if each adsorbing basic
peptide senses a local potential significantly more negativdVe examined the membrane association of acrylodan-la-
than the average potential, as illustrated in Fig. 1. The neeled heptalysineZ( = +8) as a function of net charge
effect is that more peptides adsorb to the surface, producingensity on the vesicles. (The results of Fig. 3 were obtained
larger changes in the zeta potential. In the Appendix, wévith a peptide in which cysteine was placed at the N-
investigate experimentally the possibility that high concenterminus and subsequently labeled with acrylodan as de-
trations of basic peptides produce large lateral domain§cribed in Materials and Methods. The C-terminus was
enriched in acidic lipids and peptide; our results suggest thaamidated, but the N-terminus was left unblocked, resulting
hepta|ysine does not produce such domains. ina peptide of valence-8. Data qualitatively similar to those
in Fig. 3 were obtained with an acrylodan-labeled heptalysine

) . ] (acetyl-heptalysine-(cysteine-acrylodan)-amide) with a va-
High concentrat/qng of unlabeled heptalysine decrea.se the lence ofZ = +7.) We manipulated the vesicle charge density
membrane association of acrylodan-labeled heptalysine by either varying the mole percentage of acidic lipid in the
much less than predicted by smeared charge theory . . -~ - . .

vesicles in the limit of low peptide concentration or adding
Table 1 illustrates the effect of high concentrations of un-high concentrations of peptide to vesicles of fixed lipid com-
labeled heptalysine on the membrane association of acrylgosition.
dan-labeled heptalysine. (The binding of an acrylodan-la- Fig. 3 A plots the percentage peptide bound as a function
beled heptalysine (acetyl-heptalysine-(cysteine-acrylodan)ef lipid concentration for 5:1, 8:1, 15:1, or 25:1 PC/PS
amide,Z = 7, K = 6 X 10* M%) is 100-fold stronger than vesicles. The curves are the least-squares best fits to the
the binding of the unlabeled heptalysine (acetyl-heptal-molar partition equation (Eq. 1D). Fig. A& illustrates that
ysine-amideZ = 7,K = 6 X 10° M~ %) to 5:1 PC/PS(PG) reducing the negative charge density of the vesicles by
vesicles (data not shown), presumably because of the hyecreasing the acidic lipid from 17 to 4 mol% decreases the
drophobic insertion of the acrylodan label into the mem-molar partition coefficient-1000-fold. The filled circles in

'
A
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predict a 1000-fold reduction in membrane association of
heptalysine as the mole percentage of acidic lipid decreases
from 17 to 4 (calculations not shown; see figure 7 of
Ben-Tal et al., 1996, for calculations with pentalysine),
indicating that smeared charge theory describes adequately
the membrane association of simple basic peptides in the
limit of low peptide concentration. This steep dependence
of membrane association on the mole percentage of acidic
lipid has been observed with other basic peptides, e.g., the
pseudo-substrate region of protein kinase C (Mosior and
McLaughlin, 1991), the effector region of MARCKS (Kim

et al., 1994), the N-terminal region of Src (Buser et al.,
log, g[Accessible Lipid] (M) 1994), the C-terminus of K-Ras (Ghomashchi et al., 1995;
Leventis and Silvius, 1998), and pentalysine (Kim et al.,
1991; Ben-Tal et al., 1996). (Insertion of alanines between
lysines in a heptalysine decreases the binding. Specifically,

100

80

60

40

% Peptide Bound

20

s B o — the molar partition coefficients onto 4:1 PC/PS vesicles are
~5 X 10° M~ for acrylodan-labeled Ciamide, 1.6x 10°
° M~ for acrylodan-labeled CK(AK}amide, and 6x 10
4 7 M~ for acrylodan-labeled CK(AAK)amide peptides.

This result agrees well with the published data on penta-
lysine and pentaarginine peptides with one or two alanines

-1
Iogm Molar Partition Coefficient, K (M ')

8 between the basic residues (Mosior and McLaughlin,
° 1992).)
ob oo L We also changed the average charge density on the mem-
0 10 20 brane by varying the concentration of peptide in a solution
Mole % PS (®) with 5:1 PC/PS vesicles. Using measurements similar to
or Equivalent Surface Charge Density (O) those illustrated in Fig. A (data not shown), we determined

the concentration of lipid required to produce half-maxi-
FIGURE 3 @) Binding of acrylodan-labeled heptalysine (acrylodan- mum binding at total peptide concentrations of 20, 50, 100,
cysteine-heptalysine-amidé = 8) to PC/PS vesicles depends markedly on 200, 500, 1000 nM acrylodan-heptalysine. The reciprocal of

the mole percentage PS in the vesicle. The percentage peptide bound to L[B . . . - s o
vesicles is plotted against the concentration of accessible lipid (1/2 the tota is lipid concentration is (theoretically within 10% under

lipid concentration for 100-nm large unilamellar vesicles) for #), @:1  OUr Conditﬁons) the m.olar. partition _COEfﬁCient- At high

(V), 15:1 @), and 25:1[(J) PC/PS vesicles. The concentrations of peptide cONcentrations of peptidéS in Eqg. 1D is a function of the

were too low to affect the surface charge of the vesicles significantly: 20number of peptides bound per unit area of membrane, which
nM (5:1 PC/PS vesicles), 100 nM (8:1 and 15:1), and 200 nM (25:1). Thejecreases as the lipid concentration increases for a constant

aqueous solutions also contained 100 mM KCI buffered to pH 7.0 with 1 . -
mM MOPS. The curves illustrate the least-squares best fit of Eq. 1D to th(g)(eptlde concentration. We calculated an average surface

data. The molar partition coefficieri, is determined from this fit< is the charge density at each (half total bound) peptide concentra-
reciprocal of the lipid concentration that produces half-maximum binding.tion by assuming the charges from the bound peptide and
(B) The partition coefficient of acrylodan-labeled heptalysine dependsacidic lipids are smeared uniformly on the surface of the

upon how the surface charge density of the membrane is chalig@®ot  yesjcles. Increasing the total concentration of peptide from

of the molar partition coefficient, as determined from the datd,ims a .
function of the mole percentage PS in the PC/PS vesicles. A 4-fo|c120 to 1000 nM pmduces a change In average surface charge

decrease in surface charge density produces a 1000-fold decrd@s®,in density comparable to decreasing the acidic lipid content of
Plot of the molar partition coefficient, as determined from experimentsthe vesicles from 17 to 4 mol% (Fig. B, open and filled

similar to those illustrated i, as a function of the equivalent surface circles). Note that the decrease in membrane association of
charge density of the membrane (defined as the mole percentage PS thge peptide is much smaller when the change in vesicle

will produce the same average charge per area). The equivalent surfa S . . - )
charge density is determined by assuming all fixed charges (from both th?harge denSIty is due to an increase in the pept|de concen

acidic lipids and adsorbed peptides) at the membrane surface are smealg@t'on_; V_Ve observed Only a 5-fold decre.ase n m?mbrane
uniformly over the surface. The vesicles were formed from 5:1 PC/PS. InRassociation when the peptide concentration was increased

this case a 4-fold decrease in the surface charge density produces onlyfeom 20 to 1000 nM Qpen circlegg compared to the 1000-
5-fold decrease ifK. fold decrease due to decreasing the acidic lipid from 17 to
4 mol% filled circles). While smeared charge theory accu-
rately describes the membrane association as a function of
Fig. 3B show the data in Fig. 2 plotted as a function of mole percentage of acidic lipid, it cannot account for the
the average surface charge density of the vesicles expressesbults obtained by varying the peptide concentration. This
as the mole percentage of acidic lipid in the vesicle. Bothindicates that the charges in the system cannot all be treated
the FDPB calculations and Gouy-Chapman-Stern theorgqually; it is necessary to account for the discrete nature of
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the peptide to describe its membrane association at higlysine-amide,Z = +7; heptalysine-amide/ = +8). We
concentrations. The “discreteness-of-charge” effect illusconstructed uniform peptide arrays that effectively neutral-
trated in Fig. 1 arises from the localized effect of the peptidazed the net negative surface charge of the membrane (i.e.,
charge on the membrane potential and could account for thene +Z-valent peptide peZ acidic lipids) and calculated
lower dependence of membrane association on peptide cothe total electrostatic free energy of the peptide/membrane
centration that we observe. systems by solving the FDPB equation numerically as de-
scribed in Materials and Methods.

Table 2 summarizes our results; in all cases, the electro-
High concentrations of basic peptide can reverse the static interaction between the peptide and membrane in the
charge of PS and PC/PS vesicles presence of other peptides is almost as strong as the inter-

It follows, as a corollary of the discreteness-of-charge effecCtion in the absence of other peptides. The difference
illustrated in Fig. 1, that sufficiently high concentrations of between the interaction free energies in the two cases in-
basic hydrophilic peptides should reverse the charge on @'€ases with increasing mole percentage of acidic lipid
PC/PS or PS vesicle. Extrapolation of the line in Fig. 2, forbecause the surface density of peptide required to neutralize
example, suggests that 7DM heptalysine should produce the membrane charge and hence the peptide-peptide repul-
a zeta potential of- 15 mV on a 2:1 PC/PS vesicle. Unfor- Sion increases. The relatively small differences predicted for
tunately, this experiment is prohibitively expensive. We5:1, 3:1, and 2:1 PC/PS membranesl(kcal/mol; Table 2)
examined instead the effect of palylysine (average mo- Suggest there should be only a small decrease in the mem-
lecular weight 1000) on the zeta potential of PC, 2:1 PC/PSPrane partitioning upon the addition of high peptide con-
and PS vesicles formed in a 0.1 M KCI, 1 mM MOPS, pH centrations, as was observed experimentally (Table 1 and
7.0 solution. As expected, addition of 7OM peptide had ~ Fig. 3).
no effect on the (approximately zero) zeta potential of the A uniform arrangement of peptides in an array at the
PC vesicles but reversed the sign of the zeta potentials of ti@embrane surface maximizes the discreteness of charge
PC/PS and PS vesicles#22 = 1 (n = 20) mV and+30+  effects (Fig. 1C), so we examined deviations from unifor-
2 (n = 20) mV, respectively. mity by sampling different positions of the peptide at the
center of the array while keeping the other peptides fixed.
The results shown in Fig. 4 indicate that our calculations are
Theoretical calculations not overly sensitive to the exact orientation of the central
peptide. First, we calculated the electrostatic free energy of
interaction of the central peptide with the membrane as a
function of its position X, y) in the plane of the array. Fig.
4 A shows that the potential well experienced by the peptide
The experimental results reported here suggest that discretg- quite broad. The central peptide in FigClwas moved
ness-of-charge effects are important when high concentragong the horizontal directiory(= 0) fromx = —25 A to
tions of basic peptides bind to membranes. The FDPB(= +25 A, the positions at which its van der Waals surface
calculations depicted in Fig. 1 can account qualitatively forjg just touching the van der Waals surface of a peptide on
our experimental observations. Each peptide perturbs thgither sidex = 0 A corresponds to the position in the center
membrane potential in a highly localized manner. Adsorpof the array. The interaction free energy does not change

tion of enough heptalysine to effectively neutralize theappreciably until the van der Waals surface of the central
negative surface charge of the membrane produces a non-

uniform pattern of negative and positive local potential that
can lead to attractive electrostatic interactions between theaABLE 2 Summary of FDPB calculations of the electrostatic
peptide and the membrane, even though the average poteinee energy of interaction between the central peptide and a

tial at the membrane surface is zero. This is examined iftémbrane in the absence (“no peptide”) and presence
more detail below (“neutralizing array”) of other surface-adsorbed peptides

Calculations with atomic models provide a molecular basis
for the discreteness-of-charge effects observed with
peptide/membrane systems

Electrostatic free energy of interaction

(kcal/mol)

The electrostatic free energy of interaction between a 5:1 PC/PS 3:1 PC/PS 2:1 PC/PS 1:1 PC/PS
basic peptide and the membrane depends weakly on the )

resence of other surface-adsorbed peptides Lyss: no peptide —26 —4.2 47 o
p Lyss: neutralizing array —-2.4 -3.7 -3.8 —-4.4
Fig. 1 illustrates the results of FDPB calculations we per-Lys7 no Pelil’F'F‘e —3.3 —51 —65 —7.9
formed for one scenario: the electrostatic interaction 01327‘ (;eftg_'zr:r;gpaergzﬁe _2'2 _g'g _3'3 _g'j

- . . - . . 7 - . - . - . - . - .

heptalysine with a 2:1 PC/PS bilayer in 100 mM KClinthe | ys (7 - g): neutralizing 3.9 53 79 76

presence or absence of other surface-adsorbed peptides. Warray

perform?q similar calculations using a range of membran%ll calculations were performed with 100 mM monovalent salt. J ys
compositions (5:1, 3:1, 2:1, 1:1 PC/PS) and peptide Vaacetyl-pentalysine-amide; Lys= acetyl-heptalysine-amide; Ly£Z = 8)
lences (acetyl-pentalysine-amidg, = +5; acetyl-hepta- = hepatlysine-amide.
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only 2 A. Similar results were obtained along different

()]

TE’ 6 : | directions in the plane of the array and for other conditions
§ listed in Table 2 (calculations not shown). Next we calcu-
f 4 A | lated the electrostatic free energy of interaction of the cen-
S tral peptide with the membrane as a function of its height,

§ o - above the membrane surface. Fid® é¢hows that the central

E peptide senses a significant negative potential oR4015

“i 0k - A (1¥2 Debye lengths in 100 mM KCI). The squares (cir-
> cles) in Fig. 4B represent the electrostatic free energy of
5 2+ — interaction in the presence (absence) of other peptides fixed
8 at the membrane surface. The difference between the inter-
R ~ action free energies in the presence or absence of surface-
5 adsorbed peptides is relatively smat X kcal/mol) and

§ 6= | | | increases slightly with increasing height above the mem-
ilﬁ’_: 20 10 0 10 20 brane surface. The calculations in FigB4suggest that a

peptide in the aqueous phase can be attracted electrostati-
cally to the membrane surface, even when the surface den-

g sity of bound peptide is sufficiently high to neutralize the

£ o T . membrane surface charge.

§ B

S DISCUSSION

Q

% 2 N We examined experimentally the association of heptalysine
= with PC/PS vesicles under conditions of high peptide con-
% centrations and obtained three types of results that suggest
o 4 . that discreteness-of-charge effects are important. First, as
o the heptalysine concentration in the aqueous phase in-
2 creases, the zeta potential of 2:1 PC/PS vesicles increases
o 6 - more rapidly than predicted by smeared charge theory (Fig.
Z 2). Similar results were observed previously with other
£ ' ' ' ' simple basic peptides (Mosior and McLaughlin, 1991; Kim
= 5 10 15 20 et al., 1991, 1994). Second, acrylodan-heptalysine binds

more strongly to 5:1 PC/PS vesicles in the presence of high
concentrations of unlabeled peptide (Table 1) than predicted
FIGURE 4 Electrostatic free energy of interaction as a function of pep-by smeared charge theory. More revealingly, the decrease in
tide position. The FDPB calculations were performed on the system illusmembrane association of acrylodan-labeled heptalysine de-
trated in Fig. 1C: a 2:1 PC/PS membrane in 100 mM KCI with enough r%ends dramatically on whether the net surface charge den-

adsorbed heptalysine to neutralize the negative surface charge of fl tv of th icles is ch db ina th | t
membrane. ) The electrostatic free energy of interaction between the SItY OF t€ VESICIes 1s changed Dy varying the mole percent-

central peptide and the membrane in the presence of the other peptidedJ€ Of acidic lipid or by varying the amount of peptide
whose positions remained fixed, was calculated as the position of thdound (Fig. 3). We found that the membrane partitioning of
central peptide was varied horizontally from= —25 A, where its van der acrylodan-labeled heptalysine at low peptide concentrations
Waals surface just toucht_as the van _der Waals surface of the peptide orj ti§ a steep function of mole percentage of monovalent acidic
left, tox.: +25 A, where its §urfacejust touchgs the ;urface of the pepndel. id: the bindi d 1000-fold h | )
on the right. The electrostatic free energy of interaction calculated=at Ipid; the . I_n Ing _ecreases old as the mole percent
0 A (the center of the array) corresponds to the value reported in Table 229€ Of acidic lipid is decreased from 17% to 4%. In contrast,
(B) The electrostatic free energy of interaction as a function of heightchanging the effective surface charge density of 5:1 PC/PS
above the membrane surface. The electrostatic free energy of interactiopesicles over the same range by increasing the amount of
between the central peptide and the membrane in the abs@)cend  5q50rhed peptide decreases the membrane association only
presencel) of the other peptides, the positions of which remained fixed, . . . .
was calculated as the height of the central peptiR)evéried fran 3 A to 5-fold _(Flg' 3)' Third, basic pept_ldes can reverse the zeta
20 A. potentials of PC/PS and PS vesicles. These results and our
FDPB calculations suggest that discreteness-of-charge ef-
fects are important for describing nonspecific electrostatic
peptide is within~10 A (one Debye length in 100 mM KCI) interactions between basic peptides and membranes. Spe-
of the van der Waals surface of a peptide on either sideifically, our calculations with atomic models of peptides
(X ~ 15 A). The repulsive peptide-peptide interaction and membranes (Fig. 1 and Table 2) show that a peptide
increases sharply fdx| > 15 A but does not overcome the adsorbing to a membrane when the peptide concentration is
favorable peptide-membrane interaction ufjl~ 23 A, high experiences a local potential significantly more nega-
where the peptides’ van der Waals surfaces are separated hiye than the average, smeared charge potential.

Distance Between Peptide and Membrane (A)
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The FDPB methodology has been used successfully t@Allen and Aderem, 1995); electrostatic interactions of the
describe the membrane association of pentalysine, charylsa&-bound C2 domain of PKC with acidic lipids contrib-
dotoxin and its analogs, and peptides corresponding to thete to its membrane localization (Rizo and Sudhof, 1998;
N-terminus of Src in the limit of low peptide concentration Newton and Johnson, 1998).

(Ben-Tal et al., 1996, 1997; Murray et al., 1998). The Our experimental results support the suggestion, illus-
methodology makes a number of simplifying assumptiondrated in Fig. 1, that the electrostatic potential is highly
(e.g., the peptide and membrane are static structures, and thenuniform at the surface of a membrane containing acidic
aqueous phase is treated as a structureless medium) tHatids and adsorbed basic peptides (or proteins with mem-
have been discussed in detail elsewhere (Ben-Tal et algrane-adsorbed clusters of basic residues). Fi@. illus-
1996), but it describes well the long-range electrostatidrates that the localized areas of positive potential could act
attraction that is the main component of the membraneas basins of attraction for multivalent acidic lipids present at
association of these peptides. Previous work described howace concentrations in the plasma membrane. Specifically,
to calculate the molar partition coefficient of peptide ontothe trivalent (Toner et al., 1988) acidic lipid phosphatidyl-
membrane under conditions where peptide-peptide interagnositol-4,5-bisphosphate (PJP an important source of
tions can be ignored (Ben-Tal et al., 1996). In this report, wesecond messengers in cells, should partition nonspecifically
provide a detailed model of the electrostatic interactionsnto these regions because the Boltzmann relation predicts
between peptide and membrane when the surface concetirat its local concentration depends on the cube of the local
tration of peptide is high, but we make no attempt topotential. The lateral accumulation of BlBue to nonspe-
calculate the partition coefficient under these conditionscific electrostatic interactions could act in combination with
Other groups have used statistical thermodynamics to corspecific protein-lipid interactions (Martin, 1998). Thus our
struct adsorption isotherms that describe the membrane atiieoretical model (Fig. 1) suggests that Pihould be
sociation of peripheral peptides under conditions wheresequestered with MARCKS in nascent phagosomes of mac-
interactions between the surface-adsorbed peptides are imephages, with AKAP79 in the postsynaptic region of neu-
portant (Heimburg and Marsh, 1995; Chatelier and Minton,rons, with the basic membrane-anchored C-terminus of the
1996; Heimburg et al., 1999). The treatments account fosynaptic fusion complex (Sutton et al., 1998), and with
the entropy of the surface distribution of peptide (e.g.,caveolin/neuromodulin/eNOS (which all have clusters of
through area exclusion models) and nonelectrostatic intebasic residues) in caveolae/detergent-resistant membranes
actions between the surface-adsorbed peptides, but the eld®RMs). Currently, it is not known whether PJFs accu-
trostatic interactions between the peptides and the menmulated with MARCKS or AKAP79, but PIPis required
brane have been treated in the context of smeared charder exocytosis (Martin, 1998), and several recent reports
theory. It should be possible to combine the FDPB andsuggest that PIPis sequestered in caveolae/DRMs (Liu et
statistical thermodynamic methodologies to deduce the fulal., 1997; Liu et al., 1998).

membrane binding isotherm when lateral interactions at the

membrane surface are significant.

APPENDIX: DO BASIC PEPTIDES FORM LARGE
LATERAL DOMAINS WITH ACIDIC LIPIDS WHEN
Biological significance THEY BIND TO PHOSPHOLIPID VESICLES?

The cytoplasmic leaflet of the plasma membrane Ofatypicaﬁeveral studies have reported that basic peptides (e.g., the MARCKS

- . . .. effector region peptide, MARCKS(151-175), and pentalysine) appear to
_ 0
mammalian cell has 20-30 mol% monovalent acidic IIpIdinduce the formation of largeX(1 wm) lateral domains enriched in acidic

and contains lateral domains enriched in proteins with Suriipids when they bind to PC/PS giant unilamellar vesicles (Yang and
face-adsorbed basic clusters. For example, MARCKS ass@Glaser, 1995, 1996; Glaser et al., 1996; Denisov et al., 1997; Epand et al.,
ciates with the plasma membrane through a combination of998). In brief, fluorescence digital microscopy by Glaser and colleagues
hydrophobic and electrostatic interactions mediated by it§howed that before the addition of peptide the NBD-PS fluorescence was
. . . . uniform over the PC/PS vesicle, but that after the addition of peptide,
my”State and basic effector region, reSpeCtlvely (_MCLaUQh}egions of enhanced NBD-PS fluorescence appeared; these regions of
lin and Aderem, 1995; Seykora et al., 1996; Swierczynskienhanced NBD-PS fluorescence colocalized with regions of enhanced
and Blackshear, 1996); it has a punctate distribution in théuorescence due to the acrylodan-labeled peptide. We confirmed these
plasma membrane of macrophages (Rosen et al., 1990). Tlqbservations and extended them to acrylodan-labeled heptalysine (data not
cellular concentration of MARCKS is sufficiently high shown for any of the results reported in this Appendix). These results

— . . appear to support the hypothesis that basic peptides produce redistribution
(~10 uM) that we expect the MARCKS:-rich regions of the of PS into large lateral domains when they bind to PC/PS vesicles. We

plasma membrane, the nascent phagosomes, to be eff@gport here, however, the resuits of three control experiments that suggest
tively neutralized by the cluster of 13 basic residues in theahat the formation of these putative lateral domains is not due to lateral
effector region. The local potential effect illustrated in Fig. reorganization of the acidic lipids and peptides on the surface of a single
1 C could account for the colocalization of other proteinsvesicle but is more likely due to peptide-induced aggregation of vesicles.
h b iati | . lectrostatic in- We first note that several types of experiments (e.g., light scattering,
w OS? mem ral”.le. as;pma lon also requires ?ec, rostatic ”airect observation under a microscope) show that MARCKS(151-175),
teraction with acidic lipids. For example, protein kinase C  pentalysine, and heptalysine produce extensive vesicle aggregation under

(PKC) colocalizes with MARCKS in nascent phagosomesconditions where they induce the formation of putative lateral domains.



3186 Biophysical Journal Volume 77 December 1999

(Aggregation is not unexpected under these conditions because the form#xat large lateral domains do not form as the DNA concentration increases
tion of putative domains is observed only when sufficient peptide is(Maier and Raler, 1999).

adsorbed to the vesicle to essentially neutralize the charge on the vesicle.) Our previous observation that MARCKS(151-175) inhibits PLC activ-
A typical sample of giant unilamellar vesicles we used contained 25-100ty (Glaser et al., 1996) also probably reflects vesicle aggregation rather
M lipid (9:1 PC/PS). Before the addition of peptide10% of the vesicles than the formation of authentic large lateral domains that sequestgr PIP
were in obvious aggregates, as revealed by direct microscopic observatiofpecifically, the MARCKS(151-175)-induced PLC inhibition always cor-
addition of basic peptides induced aggregation of the vesicles. For exanfelated with aggregation of the vesicles; release of PLC inhibition by
ple, in a sample with 2-M MARCKS(151-175) peptide, 20-30% of phosphorylation of MARCKS(151-175) or the addition of?Cacalmod-
vesicles were in obvious aggregates; these aggregated vesicles were ifin causes the MARCKS(151-175) peptide to desorb from the vesicles,
nored. Of the remaining, apparently unaggregated vesicl88-90% had ~ '€Versing vesicle aggregation.

putative domains; the other 10—20% had an apparently uniform distribu- 1€ Simplest explanation for these results is that the putative large
tion of NBD-PS and adsorbed acrylodan-labeled peptide (30-50 appa: ateral domains induced by basic peptides such as pentalysine, heptalysine,
nd MARCKS(151-175) are actually due to peptide-induced vesicle ag-

ently unaggregated vesicles were studied in each experimental condition reqation. probably followed b I Jexplosion of th ndary v
The following three control experiments suggest that the putative latera egation, probably loflowed by collapse/explosion of the secondary ves-

. . . #cle onto the surface of the primary vesicle. Of course, our results do not
domains may actually result from the peptide-induced aggregation o . : L .
) . ; . e rule out the existence of authentic peptide-induced lateral domains (we
vesicles. First, each time we observed a putative lateral domain in fluo; - . )
d localized ) f extra dark in oh have not conducted experiments to search for submicroscopic lateral do-
rescence mg € )II_VE saw a colocalized region Od ex r.ah sr ness '”b"_’ a_sﬁfains, such as those considered by Mouritsen and Jgrgensen (1997)), and
contrast mode. (These measurements were made with the same o JeCtVher explanations of our results are possible. For example, the peptide-

a Zeiss Plan-Neofluar (68 oil, Ph 3), which allowed rapid switching  j,q,ced formation of large lateral domains consisting of submicroscopic
between fluorescence and phase-contrast modes.) The simplest explanatioficrovilii” could explain our vesicle results, but this bilayer couple
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the aggregation then collapse/explosion and flattening of a second giafke bilayer. In our opinion, future studies that address the question of
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