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ABSTRACT: We have studied the binding of peptides containing both basic and aromatic residues to
phospholipid vesicles. The peptides caveolirf221) and MARCKS(15%175) both contain five aromatic
residues, but have 3 and 13 positive charges, respectively. Our results show the aromatic residues insert
into the bilayer and anchor the peptides weakly to vesicles formed from the zwitterionic lipid
phosphatidylcholine (PC). Incorporation of a monovalent acidic lipid (e.g., phosphatidylserine, PS) into
the vesicles enhances the binding of both peptides via nonspecific electrostatic interactions. As predicted
from application of the PoissetBoltzmann equation to atomic models of the peptide and membranes,
the enhancement is larger (e.g.*10s 10-fold for 17% PS) for the more basic MARCKS(15175).
Replacing the five Phe with five Ala residues in MARCKS(131l75) decreases the binding to 10:1
PC/PS vesicles only slightly (6-fold). This result is also consistent with the predictions of our theoretical
model: the loss of the attractive hydrophobic energy is partially compensated by a decrease in the repulsive
Born/desolvation energy as the peptide moves away from the membrane surface. Incorporating multivalent
phosphatidylinositol 4,5-bisphosphate (B)Iito PC vesicles produces dramatically different effects on

the membrane binding of the two peptides: 1% Jf2¢Rhances caveolin(92L01) binding only 3-fold,

but increases MARCKS(151175) binding 16-fold. The strong interaction between the effector region

of MARCKS and PIR has interesting implications for the cellular function of MARCKS.

Many peripheral membrane-bound proteins contain a models of the peptide and the membrane describes their
cluster of basic residues that interact electrostatically with binding well. This approach, which is summarized in a recent
acidic phospholipids. The cluster of basic residues often actsminireview (7), correctly predicts how the binding of these
in conjunction with an N-terminal myristate, e.g., in Sig, ( peptides depends on the three most important variables that
or a C-terminal prenyl group, e.g., in K-R&4), to anchor affect electrostatic interactions: the number of basic residues
the protein strongly to the plasma membrane. The basicin the peptide, the concentration of salt in the aqueous
clusters in Src and K-Ras do not contain aromatic residuessolution, and the mole fraction of acidic lipid in the bilayer.
and the interaction of these basic clusters with membranesThe binding is independent of the chemical nature of both
proceeds via electrostatic interactions alone. Our previousthe monovalent acidic lipid (e.g., PS and PG) and the basic
experimental/theoretical work focused on simple basic pep- residue (e.g., Arg and Lys), as predicted for a simple
tides (e.g., tri-, penta-, and heptalysine), small basic toxins electrostatic interaction. Finally, the theory also accounts for
(e.g., charybdotoxin), and peptides corresponding to the the observation that these peptides bind outside the envelope
N-terminal region of Src, which bind outside the envelope of the polar headgroup, because it predicts the short-range
of the polar headgroup regioB<9). A theoretical treatment  Born/desolvation repulsion is stronger than the long-range
that applies the PoisserBoltzmann equation to atomic  Coulomb attraction as the peptide approaches within a

distance equal to the diameter of a water molecule.
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sequence to the effector domain of MARCKS. Many
different proteins have C2 domains [e.g., protein kinase C
(PKC), synaptotagmin, secretory phospholipase A2] that
interact with membrane4%$—20). These C2 domains contain
both basic and aromatic residues. Several important blood
proteins (coagulation factors V and VIII) have membrane-
binding regions containing spatially juxtaposed basic and
aromatic residues2(, 22). This report focuses on under-
standing the physical basis for how aromatic and basic
residues facilitate membrane binding. We report experimental
studies with two peptides and summarize the results of
theoretical calculations, which will be described in detall
elsewhere (Murray, Arbuzova, McLaughlin, Honig, manu-
script in preparation).

In brief, we extend our earlier theoretical approach by
adding to the Coulomb and Born/desolvation energies an
empirically determined hydrophobic energy due to the
insertion of the aromatic residues into the lipid headgroup
region. We follow the pioneering work of Wimley and White
(23) and use their experimentally derived interfacial hydro-
phobicity scale, which describes the partitioning of amino
acid residues into the interfacial region of fluid (liquid-
crystalline) PC membranes. We assume the hydrophobic
energy is proportional to the area of aromatic residues that
are removed from bulk water and inserted into the headgroup
region. The inclusion of the aromatic contribution allows us
to predict the balance of the Coulomb, Born, and hydropho-
bic interactions that contribute to the membrane binding
properties of peptides containing both basic and aromatic
residues.

We performed experimental studies on the membrane
binding of peptides corresponding to a portion of the
scaffolding region of caveolin and the effector region of
MARCKS. We chose these peptides for three reasons. First,
MARCKS(151-175) and caveolin(92101) exist in a non-
helical, extended conformation both when in agueous solu-
tion and when bound to a PC/PS membragég, @5; D.
Cafiso, personal communication). This simplifies the theo-
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Ficure 1: (A) Cartoon of caveolin interacting with the plasma
membrane. Basic residues are shown as plus signs and aromatic
residues as ovals in the scaffolding region (residuesi®). See

text for details. (B) Cartoon of MARCKS interacting with the
plasma membrane. The N-terminal myristate inserts into the bilayer
and the 13 basic residues (plus signs) in the effector domain
(residues 15%175) interact electrostatically with acidic lipids
(minus signs). Phe residues in the effector domain, shown as ovals,
penetrate the interface. See text for details.

Caveolin-1 is the major protein in caveolae, small50
100 nm) flask-shaped invaginations of the plasma membrane
found in many different cell types20—33); caveolae
probably play a role in signal transductioB0( 33). There
is good evidence that both the N- and C-terminal regions of
caveolin-1 are located on the cytoplasmic side of the
membrane as illustrated in the cartoon in Figure BA~
36). Residues 102132 of human caveolin-1 are hydrophobic

retical analysis greatly, because a peptide that changes fronind should partition into the membrane, although there is

a random coil to an alpha helix upon inserting into a

no direct evidence they form the membrane-spanning loop

membrane (and many peptides do) derives a substantialshown in Figure 1A and several reviews (e.g., r@éfsand

fraction of its binding energy from the conformational
change, as discussed in detail elsewh@@-8). Second,
although both peptides have five hydrophobic residues, one
Trp, two Phe, two Tyr for caveolin(92101) and five Phe
for MARCKS(151-175)—they contain different numbers of
basic residues. Caveolin(9401) has three, whereas
MARCKS(151-175) has 13 positive charges. The different
electrostatic contributions provide a good test of our theoreti-
cal predictions. Third, we are interested in biological
implications of the membrane binding for both caveolin-1
and MARCKS proteins.

! Abbreviations: MARCKS, myristoylated alanine-rich C kinase
substrate; caveolin(92L01), peptide corresponding to residues-92
101 of human caveolin-1; MARCKS(151175), peptide corresponding
to residues 151175 of bovine MARCKS; PC, phosphatidylcholine;
PG, phosphatidylglycerol; PS, phosphatidylserinezRiRosphatidyl-
inositol 4,5-bisphosphate; DMSO, dimethyl sulfoxide; PLC, phospho-
inositide-specific phospholipase C; K, molar partition coefficient (see
eq 1); LUV, large unilamellar vesicle; PKC, protein kinase C; AKAP,
A kinase anchoring protein; NEM\-ethylmaleimide; MLV, multi-
lamellar vesicle.

32). The proximal C-terminal region contains multiple Cys
residues that are palmitoylated5j; the palmitates should
partition strongly into the bilayer3(, 38). The proximal
N-terminal region (residues 82.01) has been proposed to
act as a scaffolding region that binds other molecuds}. (
The putative scaffolding region contains three basic residues
(Arg, Lys, plus signs) and seven aromatic residues (Trp, Phe,
Tyr, filled ovals). This region is usually portrayed protruding
into the cytoplasm31, 32), as shown on the left in Figure
1A, although there is no direct evidence for this orientation.
We propose that the scaffolding region binds strongly to the
polar headgroup region of the bilayer, as shown on the right
in Figure 1A. We show here that a peptide corresponding to
part of this region does bind strongly to phospholipid bilayers
through nonspecific electrostatic and hydrophobic interac-
tions.

MARCKS is a major substrate of protein kinase C (PKC)
in many different cell types. MARCKS binds to calmodulin,
membranes, and actin and may play a role in secretion,
membrane trafficking, and cell motility (reviewed in refg
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and11). Although it is essential for brain developme@8), and mass spectrometry. For simplicity we refer to these
the biological function of MARCKS remains obscure. peptides as caveolin(9201) and caveolin(83101) and

Figure 1B illustrates the mechanism by which MARCKS specify which peptide was used. The peptide corresponding
binds to the plasma membrark®2(13). The protein is shown o the basic effector region of bovine MARCKS, residues
with its N-terminal myristate chain embedded into the lipid 151175 (acetyl-KKKKKRFSFKKSFKLSGFSFKKNKK-
bilayer and the basic effector region (Arg, Lys; plus-signs) amide, peptide V), was obtained from CASM, SUNY at
interacting with acidic lipids (minus signs) in the inner leaflet Stony Brook (Stony Brook, NY); and the peptide with a
of the plasma membrane; five phenylalanines (filled ovals) cysteine added at the N-terminus (acetyl-CKKKKKRFS-
penetrate the polar headgroup region. EPR measurement§ KKSFKLSGFSFKKNKK-amide, peptide VI) was a gener-
with Spin-|abe|ed peptides on Vesic|eg4x and surface ous glft from D. Cafiso and was Synthesized as described
pressure measurements on monolayers (see below) show thereviously @3). We refer to these peptides as MARCKS-
Phe residues penetrate the polar headgroup region. Thd151-175) and specify which peptide was used. The peptide
N-terminal (residues-2150) and C-terminal (residues 176  With the first lysine replaced by cysteine and the five Phe
331) regions are highly acidic (net charges-df4 and—25, residues replaced by five Ala, referred to as Phe-Ala
respectively) and should be repelled from the negatively MARCKS(151-175) or peptide VII, (CKKKKRASAKK-
charged membrane. The highly conserved effector region SAKLSGASAKKNKK-amide) was from Chiron Technolo-
(residues 15%175) has 13 basic and no acidic residues. ~ dies (Victoria, Australia). Note that when unlabeled peptide

MARCKS is bound to the plasma membrane of a quiescent V!l was used, 2 mM DTT (Sigma, St. Louis, MO) was
cell, but it is not distributed uniformly in the plasma @Wways added to peptide stock and buffer. Acrylodan-
membrane of many cell types: in macrophages, for example, CKKKKRFSFKKSFLKSGFSFKKNKK-amide, peptide VI,
MARCKS colocalizes with actin filaments and PKZin was obtained from Boehringer Mannheim (Roche, Mann-
nascent phagosomedd); in fibroblasts it is concentrated €M, Germany).
with actin and other proteins in ruffled). The interactions ‘We labeled caveolin(92101) used for the membrane-
(probably proteir-protein, possibly with actin) that produce  Pinding measurements by reacting Cys on peptide Il with

these nonuniform distributions of MARCKS in the plasma N-éthylmaleimide (NEM, Sigma, St. Louis, MO) antH]-
membrane are not well understood. The results we reportNEM (Dupont NEN, Boston, MA) in DMSQ in the presence
here show that although peptides corresponding to the©f DTT for 1 h. MARCKS(151-175) was labeled withPH]-
effector region of MARCKS bind weakly to PC vesicles NEM as follows. We mixed peptide VI (dissolved in 50 mM
(molar partition coefficien < 107 M~1), and moderately ~ Phosphate buffer, pH 7) witfff]NEM (dissolved in DMF)
to PC/PS vesicles containing 10% PS K < 104 MY, and incubated the mixturefd h atroom temperature. Then

they bind strongly to PC/PWvesicles containing 1% PP We added a 10-fold excess of cold NEM (dissolved in DMF),
(K = 106 M~1). This result demonstrates there are strong, and incubated fol h more. At the last step we added 5-fold
presumably electrostatic, interactions between this basic®xcess of DTT over peptide and incubated for another hour.
effector region of MARCKS and the polyvalent acidic lipid e @lso labeled peptides Il and VI with cold NEM only
PIP, (or, more likely, several PBP. The obvious biological ~ USing the same procedure and checked with MALDI-TOF
implication is that PIR should be concentrated in regions Mass Spectroscopy that we obtained a product WI'[.h the correct
of the cell membrane where MARCKS is concentrated, for Mass. Phe-Ala MARCKS(151175) was labeled with acryl-

example in ruffles. odan using a procedure described previoudly, 44). All
labeled peptides were purified using a reverse-phase C8
MATERIALS AND METHODS HPLC column and nonradioactive peptides were character-
ized using MALDI-TOF mass spectrometry.
Materials. 1-palmitoyl-2-oleoylsn-glycero-3-phospha- Binding Measurements Using Sucrose Loaded Vesicles

tidylcholine (PC), 1-palmitoyl-2-oleoysn-glycero-3-phos-  The preparation of sucrose-loaded large (100 nm diameter)
phatidylserine (PS), 1-palmitoyl-2-oleogh-glycero-3-phos-  unilamellar vesicles (LUVs) and the details of the binding
phatidylglycerol (PG), 1-palmitoyl-2-oleodr-glycero-3-  measurements have been described previod8ly In brief,
phosphatidylethanolamine (PE), and bovine liver phosphatidyl- the vesicles were formed in a solution containing 176 mM
inositol were obtained from Avanti Polar Lipids (Alabaster, sucrose, 1 mM Mops, pH 7. The outside buffer was
AL). The ammonium salt of PlPwas obtained from  exchanged to 100 mM KCI, 1 mM Mops, pH 7. The peptide
Boehringer Mannheim (Mannheim, Germany) or was puri- was mixed with sucrose-loaded LUVs, the mixture was
fied from Sigma (St. Louis, MO) bovine brain extract as centrifuged, and the concentration of peptide in both the

describe elsewherel®) and the radiolabeled 1,2-diffC]- supernatant and pellet, which contained the vesicles, was
oleoyl+-3-phosphatidylcholine ¥fCIDOPC) was purchased  measured. We used both radioactivity measurements with
from Dupont NEN (Boston, MA). [*H]NEM-peptides and fluorescamine assay with unlabeled

Peptides and Peptide Labelingeptides corresponding to  peptides to determine the binding of the peptides to sucrose-
residues 92101 or 83-101 of human caveolin-1 with or  loaded LUVs.
without cysteine added at the N-terminus (acetyl-FTVTKY-  We describe the binding of the peptides to lipid vesicles
WFYR-amide, peptide |; FTVTKYWFYR-amide, peptide II; by defining a molar partition coefficient, K, that does not
CFTVTKYWFYR-amide, peptide llI; acetyl-CGIWKAS-  require any assumptions about the adsorption mechaGism (
FTTFTVTKYWFYR-amide, peptide V) were obtained from 8, 37, 46). K is the proportionality constant between the
both Chiron Technologies (Victoria, Australia) and CASM, moles of peptide bound per mole of lipid and the molar
SUNY at Stony Brook (Stony Brook, NY); they wered5% concentration of peptide in the bulk aqueous phase,{P],
pure as determined by high-pressure liquid chromatography= [P]./([L][P]).? For our conditions ([R}: < [L]):
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[P]/[Pliot = KILI/(1 + KIL]) @ gzpeféitlje cdodrr%spontdi_ng tto zihpoﬁli(in of this reg(ijoln,brelsigL:Es
where [P}/[Plwt is the fraction of peptide bound to the vesicle —01, added cystene fo the N-ierminus and labeled the
membrane and [L] is the concentration of lipid accessible pepnfde W't_rlf EH]NS'\ShTh'S P;pt'd?k’] caveohn(lgzgz)é), L‘af
to the peptide. [L] equals half the total lipid concentration olne iwer rphan oi;estl) ues anfc?r\]/eo mé | ?( duN
because the membranes are not permeable to the peptide S0 has a charge oi ecause of the unblocked -
which are added to the solution bathing the LUV, érminus, and is sufficiently soluble to be used for binding

We obtained essentially identical binding constants using measurements.

the fluorescamine and radioactivity assays. Specifically, Fluorespence ExperimenlEquiIibrium binding measure- .
results from both radioactivity assay*HJNEM-labeled ments using acrylodan-labeled peptides and data analysis

peptide Ill, open symbols) and fluorescamine assay (unla- Welre.perform.ed as dbescritzrer? earli9_r43). Afcrﬁ/lodanlisda
beled peptide I, filled symbols) are shown in Figure 2A for polarity sensitive probe4g). The maximum of the acrylodan

the caveolin peptide. Results from both radioactivity assay emission spectra is blue shifted from 520 nm to about 460

(BHJNEM-labeled peptide VI, open symbols) and fluores- nm and the intensity increases when peptide_ is bound to a
camine assay (peptide V, filled symbols) are shown in Figure membrane and acrylodan penetrates into the bilayer. We used
3A for the MARCKS pe[;tide More critically, the value of the increase of the emission intensity at 460 nm after addition

the molar partition coefficient was independent of the of different concentrations of lipid to calculate the amount

concentration of peptide under our conditions. Specifically, 0; pepti(lale dbouln%. \INS u&i\ggi?ﬂgg;ge binginghaffmities

we obtained comparable results using 50 nM, 100 nM, and or acrylodan-iabele _ ( . ) an e-Ala

5 uM caveolin(92-101). Using 10:1 PC/PS vesicles, 10 nM MAR.CKS(151_175) pepndes to esﬂmgte_how Phe reS|dpes

15 nM, 1, and 2uM MARCKS(151-175) also, gave " contribute to the peptide-membrane hinding. Absolute bind-
compar,abl,e results. [For membranes with a higher fraction ing affinities of the fluorescen.tly labeled peptides are higher

of PS, or for PC/PIPmembranes, the binding of MARCKS- than those of unlabeled peptides. The probe is hydrophobic
(151-175) is so strong that reliable data could only be z;nd acgél}oS%aP-lléabeled MARICKS pehptldeis bb'?c:j to m_gm-

obtained using low concentrations of the radioactively labeled ranes -fold more strongly than the unlabeled peptides.

A ; : Similarly, acrylodan-labeled heptalysine binds to 5:1 PC/
peptide; 2 nM in the case of PC/RIPThe observation that .
K is independent of peptide concentration indicates that thePS. vesicles 100-fold more strongly than unlabeled hepta-
peptide adsorbs as a monomer under our conditions and tha&yﬁ\':e @I). £ . d a fixed ircul
the bound peptides do not change significantly the charge onolayer Experimentsie used a fixed-area circutar
density of the bilayer. trough 60) to study the penetration of peptides into phos-

o P : holipid monolayers. In a typical experiment, we formed a
We initially attempted to measure the binding of a peptide P . ) . .
corresponding to the full length of the scaffolding region, monolayer from either PC or a 2:1 PC/PS mixture dissolved

caveolin(83-101), to LUVs. This peptide, however, is not in chloroform. A measured volume of the lipid/chloroform
soluble in aqueo’us solutions e.q. 100 mM KCI. 1 mm Solution was deposited on the surface of the subphase (100
Mops, pH 7.0). When we added caveoling®1) dissolved ~ MM KCI, ImM Mops, pH 7.0, 0%, 2%, or 5% DMSO) to

in DMSO to our buffer solution (final peptide concentration produ(cj:e a mo/nolayer Véiéh(;" surfa?le plressmebetwee_-g .
1-10uM), it appeared soluble by visual inspection, but the 25 an/ 35 mN m.hWe added a sma vobm;r:e ofa ;()jeptl edmd
peptide was found in the pellet fraction after centrifugation water/DMSO to the 15 ml. aqueous subphase and recorde

at 10000@ for 30 min. This result indicates that the peptide changes int. We obtai'ned identi_cal surface pressure results
aggregates in the buffer solution, a conclusion confirmed by gln Pdemonolg?/erlf \g'th cave_olm(gzol_()j having eltrp]erf_a |
light scattering experiments (not shown). Increasing the OCked or unblocke N-t_erm|r_1us, peptides | or II. The final
concentration of DMSO or Triton X-100 in the solution to concentration of the peptides in the subphase walst Tor

reasonable levels (e.g510% DMSO) failed to solubilize caveolin(92-101) (peptide% | and II),hancli 0.aM for
the peptide. Presumably caveolin(8B01) exists mainly as ~ MARCKS(151-175) (peptide V) or Phe-Ala MARCKS-

a micelle or in some other aggregated form in solution, as (151_175? (peptide V.”)' .
observed previously4@). There are numerous previous Theoretical Calculations of the Interaction of the MARCKS

reports that caveolin(82101) scaffolding domain peptide and Caeolin Peptides with Membrane®Ve constructed
inhibits the function of a number of important molecules, atomlg models _Of the peptide/membrane systems exgmlned
such as G proteins and Src. Our results support the conclusiorffXPerimentally in this paper. We assumed the aromatic Phe,
of Mumby and co-workers4®) that these reports should be Trp, and Tyr re5|du_es insert into the polar headgroup region.
regarded with caution: the results may be due more to the MOdels corresponding to MARCKS(151.75) and caveolin-

caveolin(82-101) peptide’s propensity to form micelles in (92~101) were built in extended form using the Insight/
solution than to its ability to bind specifically to G proteins, BI0Polymer molecular modeling package (Insight-Il, Biosym
Src, etc. Technologies). We varied the side-chain rotamers for the

To obtain a minimal estimate for the membrane binding &romatic residues among standard configurations to ap-

capacity of the scaffolding region of caveolin, we synthesized Proximate a peptide conformation in which these side chains
can penetrate into the membrane interface simultaneously;

2 Note that two different definitions of the molar partition coefficient W€ @ssumed the side chains of all other residues are parallel
are used in the literature. We follow Tamméf and use a standard with the membrane surface. To reduce atomic overlaps and
state of 1 M; our molar partition coefficier, has units of M* (see to relax torsional and dihedral constraints, the peptide models

eq 1). White and Wimley28) define the molar partition coefficient e ; ; ;
differently. The different definitions of partition coefficients and the were energy minimized using the Insight/Discover molecular

conversion between them are discussed elsewhere in the literagure ( Modeling package (Insight-Il, Biosym Technologies). The
37, 47). minimization consisted of 100 iterations with a conjugate
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gradient method in gas phase using the constant value force 100 F ' ' '
field (CVFF) and neglecting electrostatic interactions. The o A
minimization did not alter the extended structure of the 3 sof 2:1 1
peptides significantly. Phospholipid bilayer models, corre- = PC/PS
sponding to membranes containing PC, 15:1 PC/PS, 8:1 PC/ E 60 - PC 1
PS, 5:1 PC/PS, 2:1 PC/PS, and PS, were built as described T wl A |
elsewhere §1). E N3

For the electrostatic calculations, we removed the aromatic 5 20l ]
side chains of the peptides to allow close approach to the ® "
membrane surface. The charges and radii used for amino 0 B i , T
acids were taken from a CHARMMZ22 parameter €2){ 106 105 104 10° 102 10"
those used for the lipids are fronb1). We solved the [Lipic] (M)
nonlinear PoissonBoltzmann equation53) for the elec-
trostatic potential due to the peptide and the membrane when 105} g C . ]
they are far apart and when they are associated. These o
potentials were used to calculate the change in the electro- § e
static free energy of the peptide/membrane system in a £
particular configuration. The full electrostatic free energy 2 104 s ]
of interaction was calculated, with both the peptide (P) and § ®
membrane (M) fully charged, as the difference of the g .
electrostatic free energy when the peptide and membrane £ 0l |
are associated\[P,M]) and when they are far apai[P], & .
WIM)): .

0 20 40 60 80 100
AW, = WP,M] — WP] — WM] % Acidic lipid

. Ficure 2: Binding of caveolin(92-101) to phospholipid vesicles.
The desolvation penalty was calculated as the sum of (1) a) The percent peptide bound is plotted as a function of the

the electrostatic interaction free energy with the peptide concentration of lipid accessible to the peptides (half the total lipid
discharged and (2) the electrostatic interaction free energyconcentration) for vesicles formed from the zwitterionic lipid PC

: ; . (open circles), or a 2:1 mixture of PC with a monovalent acidic
with the membrane discharged: lipid: 2:1 PC/PS (open triangles) or 2:1 PC/PG (filled triangles).

Each point represents the average of two measurements. The curves
AWpesory = {WMP(Q=0),M] — WP(Q=0)] — P P g

are the least squares best fit of eq 1 to the experimental data with
M] Y + P,M(Q=0)] — W[P] — W[M(Q=0 the molar partition coefficients = 5 x 102 M~1 for PC,K = 2 x
WIMI (W (Q=0)] = WIP] = WIM(Q=0)l} 10* M—1for 2:1 PC/PG, an&k = 3 x 10* M~1for 2:1 PC/PS. The
whereQ is the charge. The electrostatic (Coulomb) attraction agueous solutions for these experiments, and for the results shown
was calculated as the difference between the total electrostatid? &l other figures, contain 100 mM KCl, 1 mM Mops, pH 7.0.

- . - . (B) The filled circles illustrate the effect of the acidic lipid PS on
free energy of interaction and the desolvation penalty: the molar partition coefficien, which was determined from the

AW — AW AW experiments shown in panel A and other similar experiments (not

couL — EL DESOLV shown). The open circles illustrate the theoretically predicted effect

of PS onK assuming PS exerts only nonspecific electrostatic effects.

Previous work has shown that it is sufficient to consider a The theoretical calculations used atomic models of the membrane

single orientation of the peptide with respect to the bilayer and peptide (see text for details). The agreement of theory and
in order to calculate how the electrostatic interaction changes&xPeriment is adequate; there are no adjustable parameters in the
as a function of mole percent acidic lipid in the bilayer, ionic

Strength of the solution and number of basic residues in the proportion to the fractional Change in buried surface area.

peptide 6—8). In our calculations, we considered only the For MARCKS(151175), the maximum expected nonpolar
orientation in which each peptide lies flat at the membrane contribution from the five Phe residues 4.5 kcal/mol:

surface, and calculated the interaction free energy as aihjs decreases te-3.2 kcal/mol atR = 2 A and to 0 kcal/
function of distanceRk between the van der Waals surfaces mo| atR ~ 5 A.

of the peptide backbone and the membrane.
We assumed that only the side chains of the aromatic RESULTS
residues contribute to the nonpolar component of the free

energy of interaction. The aromatic contribution was calcu- the Caveolin Scaffolding RegichThe open circles in Figure
lated as the product of a maximal value and the fraction of , \" . irate that caveolin(92101) binds to electrically

surface area of the aromatic side chains buried in the ; TR
i ; .~ neutral vesicles formed from the zwitterionic lipid phos-
membrane interface at each distance R between the peptide .. ; . . o
. hatidylcholine (PC) with a molar partition coefficient i&f
backbone and membrane surface. The maximum expecte

T ) L .

nonpolar contribution was obtained from the interfacial rec? :)ci?zofl\:lhe.ag:':c?sn;ibﬁgIiliétéinigﬁ?r;inotntthhﬁt Entc?seso%

hydrophobicity scale of Wimley and Whit@g). When the P P

peptide backbone just touches the membrane surfaee ( : — _

0), we assume the aromatic side chains are completely buried_° We first attempted to measure membrane binding of a peptide
’ . L . corresponding to the full length of the scaffolding region, caveolin-

and the aromatic contribution is equal to the maximal value.

- " il >+ (83—101). The peptide, however, is not soluble in aqueous solutions.
As R increases, the aromatic contribution decreases in For details see Materials and Methods.

Membrane Binding of Peptides Corresponding to Part of
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of the peptide. If we assume, incorrectly, that the peptide 100
forms 1:1 complexes with the lipid thek is the apparent g
association constant of the complex.) The work of Wimley 8 80
and White £23) with model peptides shows that partitioning i
of the aromatic residues (one Trp, two Phe, and two Tyr) of z 80
the peptide into the polar headgroup region of the lipid % 40
bilayer provides sufficient energy to account for this binding. %
If these aromatics penetrate the polar headgroup region, T 2
caveolin(92-101) should increase the surface pressure of a =
PC monolayer. It does: at initial PC monolayer surface 0
pressures of = 35, 30, or 25 mN/m, adding 10M peptide 10 10 10 102
to the subphase increasesby 1, 4, or 10%, respectively [Lipid] (M)
(data not showr) As expected, addition of 16 M caveolin-
(92—101) to the subphase produces a larger increasdfin - B‘ ' ' o]
the monolayer contains acidic lipids (data not shown). As g o
discussed in the next paragraph, more of the basic peptide S 1051 |
is expected to bind to a unit area of monolayer if it contains & o
acidic lipids. 8 10|

Figure 2A illustrates that incorporating 33% monovalent ?‘.j *
acidic lipid, either phosphatidylserine (PS; open triangles) s 103t . 1
or phosphatidylglycerol (PG; filled triangles), into the ES
vesicles increases the binding of caveolinfd®1) about E 10} . ]
100-fold. PS and PG produce similar increases in binding, s ‘ . .
which suggests the effect of these monovalent acidic lipids 0 5 10 15 20
is due to a nonspecific electrostatic attraction of the positively % Acidic lipid

charged peptide to the negatively charged surface of theFicure 3: Binding of MARCKS(151175) to phospholipid
vesicle. PS and PG produce a negative electrostatic potentiavesicles. (A) MARCKS(153175) binds weakly to PC vesicles with
in the aqueous diffuse double layer (thickness, or Debye a molar partition coefficienk = 50 M~1 (open circles), but more

- strongly to 10:1 PC/PS (or P&, = 6 x 10° M~1 (open and filled
length, 1 nm for 100 mM monovalent salt) adjacent to the triangles) or to 5:1 PC/PS vesiclek, = 4 x 10° M~1 (open

membrane surfacé§). The experimentally measuréepo- squares). The solid lines are the least-squares best fits of eq 1. (B)
tentials (electrostatic potential 0.2 nm from the surface) of Plot of the molar partition coefficient deduced from data in panel
PC and 2:1 PC/PS or PC/PG vesicles in a 100 mM A (and similar data) as a function of the % acidic lipid in the vesicle
monovalent salt solution are about 0 ard0 mV, respec- (filled circles). The open circles show the predicted effect of PS

. - A on K from the atomic model calculations. The predictions agree
tively (58). If we assume caveolin(92101) is a trivalent g ajitatively with the experimental results.

point charge that does not perturb this potential (obviously

unrealistic assumptions), the Boltzmann relation predicts the . ]

acidic lipids increase the concentration of the caveolin Figure 2B). Electrostatic theory describes adequately all the
peptide (charge= +3) in the aqueous phase at the surface effects of these monovalent acidic lipids (open circles, Figure
of the membrane 100-fold [ex@e5/kT) = 10 %60 = 100], o _ _

a prediction that agrees with the observetD0-fold increase Membrane Binding of Peptides Corresponding to the
in binding (Figure 2A). A more realistic treatment of the MARCKS Effector Regioffrigure 3A (open circles) shows
electrostatic interaction, using atomic models for the 2:1 PC/ that MARCKS(151-175) binds weakly to PC vesicles. The
PS membrane and the peptide and taking into account thePinding can barely be measured at the highest lipid concen-
perturbation of the potential adjacent to the membrane by frations we can use in our experiments; the molar partition
the peptide (described briefly in Materials and Methods), coefficient estimated from the fit of eq 1 to the dateis=
produces a similar conclusion: incorporating 33% acidic lipid 50 M™*. Although this binding estimate is uncertain because
should increase the peptide binding about 100-fold due to ©nly 20% of the peptide is bound at the highest lipid
nonspecific electrostatic effects [see open circles in Figure concentrations, a similar estimate #éwas obtained using
2B and (Murray, Arbuzova, McLaughlin, Honig, manuscript @n independent technique. We measured the effect of
in preparation)]. As expected, vesicles with a smaller fraction MARCKS(151-175) on thel-potential of PC vesicles.

of acidic phospholipid (PS or PG) bind the peptide less Measurements performed with concentrations of MARCKS-
strongly, and vesicles with a larger fraction of acidic (151-175)= 0, 10°% 107, 10°°, 10°° and 10* M in a
phospholipid bind the peptide more strongly (filled circles, 100 mM KCI, 1 mM Mops, pH 7 solution, produced
C-potentials of 0, 0, 0, 0, 0, anét10 + 1 mV (n = 30),
respectively. The observation that 20V MARCKS(151—

4The available evidence suggests that a monolayer surface pressurej 75) produces a zeta potential- 6.0 mV when it binds to
o, of 30—35 mN/m corresponds to the pressure in a bilayer membrane

(50, 54-57). Both the magnitude of the surface pressure change, and P'C vesicles may be compared with the observation that
the observation that the binding increases &slowered, are consistent  incorporation of 5% monovalent positive (negative) lipid also
with the aromatic residues inserting at least partially into the polar produces a zeta potential ef10 (—10) mV (58). This
headgroup region of the monolayer. As discussed quantitatively suggests that one 13-valent MARCKS peptide is bound per
elsewhere, the binding increasesmadecreases because the aromatic L . . .
residues must do workzA, to insert a cross-sectional arddnto the 250 lipids or that the molar partition coefficient of the peptide

monolayer and expand it by this arez0). is 40 M1 (58). Thus, two independent measurements suggest
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that the molar partition coefficient for MARCKS(151175) 100 ‘ ' '
onto PC vesicles is~50 M. The work of Wimley and
White (23) shows that partitioning of the five Phe is sulfficient 5 80
to account for the binding observed. 5
The other data in Figure 3A show that incorporation of 2 60
monovalent acidic lipids (PS or PG) into the vesicles greatly 2 20
increases the binding of MARCKS(15175)> Identical g
results were obtained using PG and PS, which suggests that 2 o
there is no chemical specificity of the interaction; the simplest
interpretation is that PS and PG exert only electrostatic 0 , , .
effects. (We also observed similar, but slightly weaker 105 104 10® 102 1o
binding to the vesicles containing phosphatidylinositol, data [Lipid] (M)

not shown.) The molar partition coefficients, deduced from g5 e 4: Effect of removing aromatic residues. Replacing the
these data (and similar data, not shown, for 3 and 6% PS)five Phe in MARCKS(15+175) by five Ala reduces binding to
are plotted in Figure 3B (filled circles). Note that incorporat- 10:1 PC/PG vesicles 6-fold. The molar partition coefficient for the
ing 9% PS increases about 16-fold and incorporating 17% bindir1|g of MA'EC\P;SﬁSé_lLS)d iIS K= h5 < 1?3 M-t (m:)edtf't .
PS increaselS about 16-fold. The effect of acidic lipids is ter:qaggaesa Ff)gﬂheebiﬁéirfg P Al ll\jAtRecEgilggggﬁ:Kf o
much larger for MARCKS(15%175) than for caveolin(92 8 x 10 M~ (open symbols, peptide VII, the solid line is the least-
101), as expected based on the difference in their chargessquares best fit of eq 1).
(+13 vs +3). The simplest possible theory provides a
qualitative explanation for this large effect of acidic lipids pressure att > 26 mN/m. These results are consistent with
on the binding of MARCKS(15%175). The¢-potentials of recent studies by Cafiso and co-workers, who used spin-
10:1 and 5:1 PC/PS vesicles in a 100 mM monovalent salt labeled peptides to show that MARCKS(15175) pen-
are about—20 and —30 mV (25, 58). If we assume etrates the interface but that Phe-Ala MARCKS($3175)
MARCKS(151-175) is a point charge with a valence-b13 binds outside the lipid headgroup regid¥(59).
and the binding of a peptide does not perturb the potential Figure 4 shows that replacing the five Phe of MARCKS-
in the vicinity of the membrane, we can use the Boltzmann (151-175) with five Ala reduces its binding to 10:1 PC/PG
relation [exp(-zeS/kT) = 107%/9. This predicts that the free  vesicles only 6-fold. Similar results were obtained with
concentration of peptide in the aqueous phase at the surfacecrylodan-labeled MARCKS peptides VIII and VII: acryl-
of the membrane, and thus the binding, should increase byodan-labeled MARCKS(153175) and acrylodan-labeled
factors of about 10and 16, more than enough to account Phe-Ala MARCKS(15%+175) bind to 10:1 PC/PS vesicles
for the enhancement observed in Figure 3A, 4a00-fold with molar partition coefficients of 2« 10° and 2 x 10*
larger than observed experimentally. More realistic calcula- M~* and to 15:1 PC/PS vesicles with the molar partition
tions of the electrostatic potential profiles of a bilayer with coefficients 2x 10* and 3 x 10°* M~! (data not shown).
an adsorbed MARCKS(151175) (see Figure 3 in retd) Note that although the hydrophobic acrylodan label enhances
show that the peptide does change the local potentialthe binding of the peptides, changing the five Phe to Ala
significantly. Our more realistic atomic level theory can residues has a similar-@.0-fold effect on the peptide binding
describe adequately the effect of acidic lipids on the binding to PC/PS membranes. Victor et ah9{ reported a similar
of MARCKS(151-175), predicting that incorporation of 11  result using spin-labeled peptides. We previously reported
or 17% monovalent acidic lipid into PC membrane enhancesthat changing two Phe to two Ala reduces the binding to
the binding of MARCKS(15%175) 7 x 10%- and 4x 10* 10:1 PC/PG vesicles 2-fold2f). Thus, there is good
fold (open circles in Figure 3B). The theory can also help agreement between all the different experimental tech-
us understand how replacing the Phe residues with Ala in niques: replacement of each Phe residue by Ala decreases
MARCKS(151-175) affects its membrane binding. the membrane partitioning by only 0.2 kcal/mol. The results
The Phe residues in MARCKS(151.75) penetrate into  of Wimley and White 23) suggest a Phe residue could
the lipid headgroup region of PC/PS monolayers, but a contribute 1.3 kcal/mol more hydrophobic membrane binding
corresponding peptide in which the Phe residues are replacednergy than an Ala residue. Thus, one might naively expect
by Ala, Phe-Ala MARCKS(15%175), does not penetrate that replacing the five Phe with Ala residues should decrease
the surface. Specifically, adding 0B MARCKS(151— the binding about 5« 1.3 = 6.5 kcal/mol or about a factor
175) to the subphase increases the surface pressure of 1:1:df 10* rather than the factor of 10 we actually observe.
PC/PS/PE monolayers 3, 7, or 12% at 33, 29, or 27 mN/m  As we discuss elsewhere in detail (Murray, Arbuzova,
respectively (data not shown). Under the same conditions, McLaughlin, Honig, manuscript in preparation), the effect
Phe-Ala MARCKS(15%175) does not increase the surface of replacing Phe by Ala can be understood in terms of the
three major energies that contribute to the binding of
SKim et al. (25) previously demonstrated that the fraction of bound MARCKS(151-175), which are shown in Figure 5. First,
D eh esmeee o o Ao ey sy Turccsamne here 5 2 long range Coulomb atiracton of the positvely
assay to measure the peptide concentrgtion,ywhich required peptideChar‘~:’(':'d peptlde.toward the negatlvely. charged surface of
concentrations- 500 nM. We measured peptide binding to vesicles the membrane (triangles); second, there is a short-range Born/
containing a higher, more physiological fraction of acidic lipid, by using desolvation repulsion of the peptide from the low dielectric

radioactively labeled MARCKS(151175), which requires only 2 nM ; . ; ; ;
of peptide. When the binding is strong, low concentrations of peptide interface (squares); and third, there is an effective nonpolar

are required to ensure that the bound peptide does not change the charggttraction due to _the insertion Of the aromatics residues into
density of the membrane. the membrane (circles). At equilibrium MARCKS(15175)
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Ficure 5: Theoretical description of the binding of MARCKS- i i . —
(151-175) to 5:1 PC/PS membranes. The triangles represent the < 100
contribution of the long-range attractive Coulomb forces to the §
binding energy. The circles represent the contribution of the shorter & 80
range hydrophobic forces due to membrane insertion of the five 0
aromatic Phe residues. The squares represent the contribution of T 60
the short-range Born/desolvation repulsion forces. The overall )
binding energy may be calculated from the sum of these three @ 40
components. The-axis represents the distance between the van S
der Waals surface of the peptide backbone and the membrane. For T 45
Phe-Ala MARCKS(15%175), which lacks the hydrophobic con- =
tribution, the minimum in the free energy is shifted to the right; & 0
hence the decrease in the Born/desolvation repulsive energy patrtially —_—
compensates for the loss of the aromatic binding term. 10% 10 10+ 10%

[Lipid] (M)

is located a distance from the membrane where the sum ofFicure 6: Binding of peptides to vesicles containing RIRA)
the three energies has its minimum. Replacing the five Phe Binding of caveolin(92-101) (FH]NEM-labeled peptide 1) to 98:2
aromatic residues by five Ala residues removes the favorablePC/PIP vesicles. Each filled circle is an average result of two

S . A measurements and the solid line is the best fit of eq 1 to the
hydrophobic interactions. At equilibrium Phe-Ala MARCKS- o, o inental data with the molar partition coefficielt= 3 x

(151-175) is located further away from the surface, at the 103 M~1, The dashed line is the best fit to the data obtained with
distance where the sum of the Born/desolvation repulsion PC vesicles shown in Figure 2& = 5 x 10? M~1, (B) Binding
and Coulomb attraction has its minimum. The attractive of MARCKS(151-175) (2 nM PHINEM-labeled peptide V1) to
hydrophobic energy that is lost upon replacement of the Phe99:1 PC/PIR vesicles. The solid line is the best fit of eq 1 to the
. . : . _experimental data (open circles) with the molar partition coefficient,
Is partially compensated for by a decrease in the repulsive =7 , 15 M-, The dashed line is the best ft to the data obtained
Born/desolvation energy. (There is also a concomitant, but with PC vesicles shown in Figure 34 = 50 M- Note that
smaller decrease in the attractive Coulomb energy.) incorporating 1% PIP increases 19fold the binding of the
Effect of PIR on the Membrane Binding of @eaolin(92— MARCKS(151-175) peptide to the vesicle.
101) Figure 6A shows that incorporating 2% of the trivalent _ _
(60) lipid PIP, into PC vesicles increases the binding of Cally equivalent 94:6 PC/PS vesicles, data not shown.)
caveolin(92-101) 6-fold (incorporating 1% PlFncreases ~ Cléarly the strong binding to PC/PiResicles apparent in
the binding 3-fold, data not shown); these data can be Figure 6'B is not due to a simple eIectros_tatlc attraction of
compared to those shown in Figure 2B, where incorporating the peptide based on the average potential at the surface of
an electrostatically equivalent 6% of the monovalent lipid the vesicle (magnitude-8 mV from direct ¢-potential
PS into PC increases the binding of caveolin{@®1) to mea;urements), but. to a more .specmc mteraptm_n Wlth the
the same extent. Incorporating 2% Pifto the mixture used multivalent phosphoinositide lipid and/or a redistribution of
to form 2:1 or 5:1 PC/PS vesicles does not increase the PIP2 in the plane of the membrane. A more complete study
membrane binding of caveolin(92101) significantly (data desc_rlblng this strong binding of MARCKS effector region
not shown). Thus caveolin(91101) interacts with PIR but peptide to PIR will appear elsewhere (Wang, Arbuzova,
appears to do so primarily via nonspecific electrostatic Murray, McLaughlin, manuscript in preparation).
mtera_lctlor}s_wn_h _the diffuse double layer potential produced DISCUSSION
by this acidic lipid.
Effect of PIB on the Membrane Binding of MARCKS- We address three topics. First, we discuss briefly the
(151—-175). Figure 6B illustrates that MARCKS(151175) comparison of our experimental results and theoretical
binds surprisingly strongly to 99:1 PC/RIResicles,K = predictions, a topic considered in more detail elsewhere
10° M~ If we assume, probably incorrectly, that the peptide (Murray, Arbuzova, McLaughlin, Honig, manuscript in
forms a 1:1 complex with PH the apparent dissociation preparation). Second, we summarize the available evidence
constantky = 10 nM or the apparent association constant that MARCKS(15%-175) binds strongly to PERThird, we
Ka= 10 M~ In contrast to caveolin(92101), MARCKS- consider two biological corollaries of the results we obtained
(151-175) binds much more strongly to 99:1 PC/RIP with peptides and phospholipid vesicles.
vesicles than to the electrostatically equivalent 97:3 PC/PS Theoretical PredictionsThe theoretical treatment de-
vesicles (Figure 3B). (We observed a similarly large differ- scribes adequately two of our main experimental results: (i)
ence between the binding to 98:2 PC/P#Rd electrostati-  addition of negatively charged lipids enhances the binding
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of positively charged peptides to membranes (Figures 2 andPreviously we showed that both MARCKS(15175) and
3); (ii) replacing Phe residues, which penetrate the membraneintact MARCKS protein decrease PLC-induced hydrolysis
interface, with Ala residues, which do not, decreases only of PIP, on PC/PS/PIPvesicles 61). Thus, we predict that

slightly the membrane binding of MARCKS(151.75) to
PC/PS vesicles (Figure 4).

Figures 2 and 3 show that caveolinf9201) and
MARCKS(151-175) peptides bind to PC vesicles with
molar partition coefficients of 500 and 50 ¥ respectively.
We observed that incorporating negatively charged lipids into

the effector region of MARCKS interacts strongly with RIP
when the protein binds to the cytoplasmic surface of a plasma
membrane, which contains about 1% R#hd a significantly
higher (15-30% for a typical mammalian cell membrane)
mole fraction of PS.

Biological Implications: Caeolin. Measuring the adsorp-

the PC vesicle increases the binding of both peptides; astion of a peptide that corresponds to residues-921 of
expected intuitively, the increase is much larger for the more caveolin to PC/PS vesicles produced a minimal estimate of

highly charged MARCKS(15%175). A comparison of
Figures 2B and 3B shows that incorporating 17% acidic lipid
enhances the binding of caveolin(9201) and MARCKS-
(151—175) about 10- and *&old, respectively. Our theory,

the membrane binding energy of the putative scaffolding
region of caveolin. Caveolin(92101) binds to 2:1 PC/PS
vesicles withK = 3 x 10* M1 (Figure 2). Peptides
corresponding to the full length scaffolding region of caveolin

which uses atomic models of the peptides and membraneshould bind more strongly because they contain additional
and the nonlinear PoisseiBoltzmann equation, describes aromatic residues, but such peptides were not soluble in
adequately the effect of acidic lipid on the binding (Figures aqueous solutions (see Materials and Methods). If the
2B and 3B, open circles). Our theory predicts the potential caveolin(92-101) results can be extrapolated to the intact
in the immediate vicinity of a highly basic, membrane-bound protein, a simple calculation using the Boltzmann relation
peptide is positiveq, 13), which helps us understand how (not shown, see refl for approach) predicts that the
MARCKS(151-175) interacts strongly with the multivalent  scaffolding regions in>99% of the caveolin molecules
acidic lipid PIR. interact with the bilayer component of the plasma membrane,
The experimental results shown in Figure 4 and reported as shown on the right side of Figure 1A. A more direct test
previously @5, 59) suggest that each substitution of Phe by of this prediction requires experiments with caveolin recon-
Ala in MARCKS(151-175) decreases the binding free stituted into phospholipid vesicles, but we have been unable
energy to PC/PS membranes by only 0.2 kcal/mol. This is to reconstitute caveolin-1 with correct orientation into
significantly less than the 1.3 kcal/mol decrease in binding vesicles. Nevertheless, our suggestion that the scaffolding
free energy to electrically neutral PC membranes observedregion binds to the membrane through a combination of

when Wimley and WhiteZ3) replaced Phe by Ala in model
peptides (with primary sequences WLFLL and WLALL).
Consideration of the Born/desolvation repulsion of the
charged MARCKS(151175) from the membrane can ac-

electrostatic and hydrophobic interactions is consistent with

recent studies using deletion mutants of caveoli62).(
Biological Implications: MARCKS MARCKS is not

uniformly distributed in the plasma membrane of many cell

count qualitatively_ for this difference (see Figure 5). The types: in fibroblasts, it is concentrated in rufflel); in
loss of hydrophobic energy when Phe are replaced by Ala macrophages, it is concentrated in the nascent phagosomes
in MARCKS(151-175) is partially compensated for by a  (40). The interactions (presumably proteiprotein) that are
gain of the Coulomb/Born energy because the peptide shifts esponsible for these nonuniform lateral distributions are not
away from the membrane to it's new minimum free energy \ye|| understood. There is good evidence that MARCKS
position, where the combination of long-range Coulomb pings to the plasma membrane by hydrophobic insertion of
attraction and Born/desolvation repulsion is optimal. its N-terminal myristate into the bilayer and electrostatic
_Effect of PIR on the Binding of Peptides to Bilayers. jnteractions of the 13 basic residues in the effector domain
Figure 6 shows that incorporation of-2% PIR into PC  with acidic lipids, as shown in Figure 1B. Given our
vesicles produces a very large {Fold) effect on the  gpservations that the effector region binds strongly to, PIP
membrane binding of MARCKS(151175) but only asmall (e g., Figure 6), and the high concentration of MARCKS in
(<10-fold) effect on the binding of caveolin(9201). The many cell types (typically 10uM, comparable to the
latter result is easy to describe: the effect can be attributedcqncentration of PIf, we speculate that PiRshould be
to simple electrostatics becaus_e incorporating 6% mO”OVa|emsequestered with MARCKS in these regions of the plasma
PS has same effect as 2% trivalent PIMARCKS(151~ membrane. This speculation is supported by recent reports

175), valence = +13, clearly interacts much more strongly  showing that PIRis sequestered at high concentrations in
with PIP; than does caveolin(92101),z= +3. We defera  memprane rufflesqg, 64).

detailed discussion of how MARCKS(15175) interacts
with PIP; to a forthcoming manuscript (Wang, Arbuzova,
Murray, McLaughlin, manuscript in preparation), but note
here that we have observed this strong interaction using three We thank Stephen White and David Cafiso for helpful
independent techniques$:potential measurements on MLVs,  discussions and David Cafiso for a generous gift of MARCKS-
fluorescence measurements with labeled peptide on LUVs,(151-175) (peptide VI).

and radioactivity measurements with labeled peptide on

sucrose-loaded LUVs (e.g., Figure 6). To extrapolate the REFERENCES
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