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We studied the effect of a model basic peptide, hexalysiltryptophan, on the organization of dipalmitoylphos-

phatidylcholine/dipalmitoylphosphatidylserine unilamellar vesicles by means of fluorescent resonance energy
transfer (FRET) between fluorescently labeled phospholipids. Several FRET theoretical models assuming
different bilayer geometries and probe distributions were fitted to the time-resolved data. The experiments

were carried out at two temperatures in different regions of the lipid mixture phase diagram.°&t #te
expected gel/fluid phase separation was verified by model fitting in peptide-free vesicles, which from the
FRET approach means that domains are largert200 A. No noticeable alteration of membrane organization
was detected upon increasing the peptide concentration. At variance, for the single fluid pha%g,ahéte

was a large increase in FRET efficiency upon peptide addition to the lipid vesicles, mainly caused by peptide-
induced vesicle aggregation. The system gradually changed from unilamellar lipid vesicles to a multibilayer
geometry, and a limit lamellar repeat distance~&7 A was recovered. Furthermore, no evidence for lateral
domain formation on the FRET length scale was found at this temperature, the cationic peptide being only
able to induce local lipid demixing, causing a short-range sequestration ®fa2idic lipids around each
surface-adsorbed peptide.

Introduction known to be common occurrences when studying the interaction
d of cationic agents, such as mono- and divalent catfamrsbasic

Many proteins that are involved in cell signaling an _ : .
y P g ] peptides;>1*with negatively charged membranes. These effects

membrane trafficking are conditional peripheral or amphitropic . . 5 .
proteins that become reversibly attached to the membrane™aY complicate data interpretatiort®because addition of the

interface as a result of interaction of a modular membrane- C&tionic agents to the liposomes can cause profound alterations
targeting protein domain with specific lipids in the membratfes. N the morphology of the lipid vesiclé$.2° To understand the
Acidic phospholipids located in the inner leaflet of plasma factors that regulate the formation, stability, and dynamics of
membranes are one of the targeted spédiesause they often basic peptlde-lndgced lipid domains, it is ther_efo_re important
promote membrane binding of several protein modules, sucht0 fully characterize the effects of these cationic agents on
as C2 and pleckstrin homology (PH) domains, via electrostatic membrane organization, which depend on the cationic species
interactions between the negatively charged lipid headgroupsand concentration as well as on the membrane composition.
(phosphatidylserine (PS) and phosphoinositides, respectively) The purpose of the present work was to study the ability of
and clusters of basic groups on the proteins. a model peptide (Lydrp or KeW) to reorganize two-component
The possibility that protein binding can trigger the formation lipid bilayers containing a zwitterionic phospholipid, 1,2-
of lateral domains in mixed lipid membranes, composed of dipalmitoyl-snglycero-3-phosphocholine (DPPC), and an acidic
negatively charged and neutral lipids, has long been a subjectone, 1,2-dipalmitoyknglycero-3-phosphoserine (DPPS)W
of interest in membrane biophysits, and experimental  was selected as a model for the small basic amino acid clusters
evidence for this kind of lipid segregation has been reported found in a variety of cytoplasmic membrane-associating pro-
for various system&:1% Formation of domains of lipid minor  teins, and a Trp residue was included in the peptide sequence
components may play a crucial role in signal amplification by +to allow for the use of fluorescence techniques in monitoring
providing platforms for assembly of protein complexés. peptide interaction with the phospholipid vesicles. The DPPC/
In addition to lipid clustering thermodynamically coupled to  ppps system was chosen because (i) diacylphosphatidylcholines
protein binding, membrane aggregation and/or fusion are also ;¢ the major phospholipid components of eukaryotic plasma
membranes and diacylphosphatidylserines are the most common
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diagram) and single-phase (above tlygiidus line) systems; cis transfer), assuming that (i) there is no homotransfer between

i.e., the influence of preformed acidic domains upon peptide donors, (ii) the fraction of excited acceptors is negligible, (iii)

interaction with the lipid vesicles can be investigated. We sought translational diffusion is negligible, and (iv) the exclusion

information regarding the eventual ability of the fluorescent distance between donors and acceptors is much smaller than

basic peptide to cause membrane reorganization, either byRy, is

inducing (i) vesicle aggregation and/or (ii) lateral segregation

of lipids (in the nanometer length scale and nanosecond time i‘g’}{fg{g‘(t) =iy (t) expC(tir)"?) (4)

scale), for both fluid vesicles and vesicles in the gel/fluid

coexistence range. where
To this effect, we used fluorescence resonance energy transfer

(FRET) (for a review, see ref 21), which is particularly suited

for probing these two distinct phenomena. The effect of peptide

addition to two-component membranes is easily monitored by ) ) ) )

the variation of FRET efficiency between a convenient pair of @ndio(t) is the donor decay in the absence of acceptor. In this

fluorescent probes (which mimic the nonfluorescent lipid €duation,n is the surface density of acceptors afids the

components). For example, if the FRET donor and acceptor complete gamma function. o

probes mimic one of the lipid mixture components, then peptide- If donors and acceptors are located in infinite parallel planes

induced phase separation leads to increased probe colocalizatioffrans transfer, as in lipid bilayers for chromophores located at

and consequently to enhanced FRET efficiency and converselyd'ﬁerem depths) and, in particular, if donors are surrounded by

for probes that mimic different components of the lipid mixture. WO equivalent planes of acceptors, each separated from that of

Literature studies have taken advantage of this effect in steady-the donors by a distandg (Figure 1A), then the result$

state FRET experiments, mostly in a qualitative marifét. _

Independently, an increase in FRET efficiency may also arise igfl{fggﬂs(t) = ip(t) exp(—2kCh,?F(h,t)) (6)

from vesicle aggregation, as additional planes of acceptor

molecules become available (i.e., closer thétk,, the Foster where

radius) for quenching of donor fluorescence. We show by

C =Tl YnTRy (5)

judicial analysis of time-resolved fluorescence data (at variance » 1 — exp((~t/7)(Ry/hy) %’
with the more common steady-state approach) that the two F(h,t) = j;) 3 da (7
potential effects (vesicle aggregation and lateral phase separa- a

tion) can be discriminated in the same experiment, and quantita- )
tive topological and topographical information regarding the andk = 2/Ro?. _ _ _
interaction of a peptide with the model membranes may be In this work, models accounting for liposome aggregation as

recovered. a result of peptide addition to the lipid suspension were also
considered. When two lipid vesicles associate, bilayer adhesion
FRET Theoretical Background occurs, and an additional plane of acceptors at distdmce

becomes available for FRET (Figure 1B). The donor decay law

_— - . , 24
The kinetics of FRET was originally derived by’ fster? is then readily derived from eq 6

The rate of energy transfer between a donor molecule, D, with
fluorescence lifetime, and an acceptor molecule, A, separated . . 2 2
by a distanceR, is given by Il[l)rx,(t))irlrlaqmellar(t) = ID(t) exp[_kC(Zhl F(hlvt) + h2 F(h21t))]

(8)

1{Ro\®
T T( R) 1) If peptide addition induces the formation of a multilamellar
structure instead, there are nowo acceptor planes at distance
whereRy is the critical distance or'Feter radius, which can be  h, from the donor (Figure 1C), and the donor decay law becomes
calculated from

i iaved®) = in(t) @xp[—2kC(h,*F(hy,t) + hyF(h,,0))]
)

Note that in the equations above uniform probe distribution is
still assumed, together with equal acceptor concentrations in
both bilayers.
Another possibility is that the addition of a basic peptide to
a binary lipid mixture containing an anionic phospholipid can
cause membrane phase separation, leading to a partition of both
donor and acceptor probes between the two phases formed. In
general, the fluorescence properties of the donor will be different
@) in the two phases as well as the local donor and acceptor
f Ip(4) d concentrations. The overall donor fluorescence intensity decay
If the 4 units used in eq 3 are nanometers, then the calculatedwiII be a_linear combination of the decay_s in each _phase (which
will be given by one of the above equations), weighted by the

Ro in eq 2 has A units. i t of d lecul +in that ph
In the case where the donor molecules are surrounded by glespective amount of donor molecules present In that phase

uniform distribution of acceptors, the donor decay law becomes (proportional to theA factors in the following equaticf)
complex?! The result for an infinite two-dimensional system oh i . .
(or any system with donors and acceptors in the same plane, ipa ) = Ay DA,phase{t) + A DA,phaseﬁt) (10)

R, = 0.2108x [k*®,n *J(1)] " 2)

In this equation? is the orientation factor (see ref 25 for a
detailed discussion)pp is the donor quantum yield in the
absence of acceptom is the refractive index,A is the
wavelength, and(1) is the spectral overlap integral between
the emission spectrum of the dondg(4), and the molar
absorption spectrum of the acceptex(4), given by

S 16@)ea()A* di
J =
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Figure 1. Schematic diagrams of bilayer-based structures considered in the FRET models. (A) Bilayer geometry (eq 6): There are two planes of
acceptors (NBD-PC) per donor plane (DPH-PC), both at distand®) Bilamellar geometry (eq 8): For each donor plane, there are two acceptor
planes at distanck; and a single acceptor plane at distahgeThe additional plane at distanbe is neglected in eq 8. (C) Multilayer geometry

(eq 9): For each donor plane, there are now two acceptor planes at didtaaoes,, respectively. The two acceptor planes at distdnae also

neglected in eq 9. Parts B and C depict situations corresponding to peptide-induced lipid vesicle aggregation driven by electrostatic .interactions
The picture is not drawn to scale. (D) Chemical structures of the donor and acceptor probes, DPH-PC and NBD-PC, respectively.

Moreover, if, as often is the case, the donor florescence weighted mean fluorescence lifetim&[] in eq 7
intensity decay in each phase (in absence of acceptor) is

complex, then the above equations can be usedpfijishould 2 2
be replaced by @= ) an’) o (12)

n n

n In all cases, the theoretical FRET efficiendy, is defined
ip(t) = Z o; exp(-t/r) (11) by
=

E =1 [ ipal) dt/ [ "ip(t) ot (13)
in eqgs 4, 6, 8, 9, and (implicitly) 10, wherg and z; are the
amplitude and lifetime of each fluorescence decay componentwhereip(t) is the donor decay in the absence of acceptor. The
i, respectively. Alsoz should be substituted by the intensity- first integral in this equation is calculated numerically.
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Materials and Methods response functions for deconvolution were generated from a
scattering dispersion (silica, colloidal water suspension, Aldrich,
Milwaukee, WI). Data analysis was carried out using a nonlinear
least-squares iterative convolution method based on the Mar-

dodecanoylpnglycero-3-phosphocholine (NBD-PC, Figure 1D) quard't algoritrzlm. The goqdness of t'he fits was judged from.the
were obtained from Avanti Polar Lipids (Birmingham, AL). experimentaj? values, weighted residuals, and autocorrelation
1,3,5-Diphenylhexatriene (DPH) and 1-palmitoyl-2-[3-(diphen- PIOtS:

ylhexatrienyl)propanoylbn-glycero-3-phosphocholine (DPH- Membrane/Water Partition Coefficient Measurements of

PC, Figure 1D) were obtained from Molecular Probes (Eugene, the Peptide KsW. The partitioning of KW into the mixed lipid
OR). The hexalysyltryptophan peptides\W, was purchased  Vvesicles of 50:50 DPPC/DPPS was determined by performing
from Neosystem (Strasbourg, France). 4-(2-Hydroxyethyl)-1- time-resolved fluorescence measurements of the peptide. Briefly,
piperazine sulfonic acid (HEPES), KOH, and KCI (all from after incubation of the samplesrfb h at thedesired temperature,
Merck, Darmstatdt, Germany) were used to prepare the buffer the fluorescence emission decay kinetics of the peptide.(dl.7
solution of 10 mM HEPESKOH (pH 7.4) with 100 mM KCI. final concentration) was measured as a function of the lipid
All organic solvents were of spectroscopic grade and came from concentration of the samplesat= 45°C andT = 60 °C. The
Merck (Darmstatdt, Germany). Deionized water was used tryptophan residue of the peptide was excited at 287 nm, and
throughout. All above materials were used without further its fluorescence emission was detected at 345 nm. The lifetime-
purification. The concentrations of stock solutions of peptide weighted quantum yieldg, were calculated from the fluores-
and probes were determined spectrophotometrically using thecence intensity decays (eq 11) according to

molar absorption coefficient value$ksW, 280 nm, in buffer)

=57 x 10 M~t cm™127 ¢(DPH, 350 nm, in CHOH) = 8.8 3

x 10* M~1 cm™1,28 ¢(DPH-PC, 355 nm, in CHG) = 6.0 x =Y o (15)

10* M~1 cm™1,29 ande¢(NBD-PC, 465 nm, in @HsOH) = 2.2 =

x 10* M~tcm128

Materials. 1,2-Dipalmitoylsn-glycero-3-phosphocholine
(DPPC), 1,2-dipalmitoykn-glycero-3-phosphoserine (DPPS),
and 1-palmitoyl-2-[12-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino-

Llpld Vesicle Preparation. Large unilamellar vesicles The partitioning experiments were then anaiyzed Lf§|ng
(LUVs, ~100 nm in diameter), containing the desired molar
ratio of DPPC and DPPS, were prepared by extrusion of lipid @, — 1)K [L]
dispersions through 100-nm-pore-diameter polycarbonate mem- T=7T, + = W P (16)
branes as previously describ®&dhe resulting lipid dispersions W + Kp[L]aC

were stored at room temperature and used within 24 h of
preparation. The concentrations of phospholipid stock solutions In this equationg; is the lifetime-weighted quantum vyield in
were determined using phosphate analysis. phase (i = L or W, for lipid and aqueous phases, respectively),
Instrumentation. Absorption spectroscopy was carried out K is the membrane/water partition coefficient of the peptide,
with a Jasco V-560 spectrophotometer. When necessary,[W] is the molar concentration of water, and] is the molar
absorption spectra were corrected for turbidity using the method concentration of lipid. It was assumed that only 50% of the
of Castanho et & Steady-state fluorescence measurements overall lipid used was available for the binding of the externally
were carried out with an SLM-Aminco 8100 series 2 spectro- added peptide L ac

fluorimeter in a right-angle geometry with tt}e cell holder  Ge|/Fiuid Partition Coefficient Measurements of the Lipid
thermostated at the required temperatut®.05°C) using @ prgpes When the lipid mixture under study undergoes phase

circulating water bath. The light source was a 450 W Xe arc separation, the fluorescently labeled phospholipid distributes
lamp, and the reference was a rhodamine B quantum countery rveen the two phaségi = G or F, for gel and fluid phases,

solution. Cprrection of emission spectra was performed using respectively), and the molar fraction of the probe in pHiaBe
the correction software of the apparatus. The 5 B mm depends on the amount of each phase (molar fractipand

quartz cuvettes were used throughout. . . I - off .
The steady-state fluorescence anisotrdpy,was measured on its gelffluid partition coefficienti<;”, according t&°

using Glan-Thompson polarizers of
Ky = (P/X)(P/XE) (17)

Iy — Gl
e~ VH (14)

Iy + 2Glyy Two different fluorescence methodologies were used in this

work to measure the distribution of the donor and acceptor
The different intensitief; in eq 14 are the steady-state vertical Probes between the gel and fluid phases. For DPH-PC (donor),
and horizontal components of the fluorescence emission with itS Steady-state fluorescence anisotrdpy,was measured as a
excitation vertical v andlyy, respectively) and horizontalf, function of the molar fraction of the gel phasés;, present in
and Iy, respectively) to the emission axis. The latter pair of the different DPPC/DPPS lipid mixtures prepated
components is used to calculate Beactor G = lnuy/lyn).32

An adequate blank was subtracted from each intensity reading K?,”XG%GE@ + (1 — X)7
before calculating the anisotropy value. (B oy = _ (18)
Fluorescence decay measurements were carried out with a Kp Xo7e + (1= Xe)7e

time-correlated single-photon counting system, which is de-

scribed elsewher¥.Excitation and emission wavelengths were The excitation and emission wavelengths used for DPH-PC were
288 and 345 nm (respectively) forg, 335 and 430 nm 360 and 431 nm, respectively, and 2 nm slits were used in these
(respectively) for DPH-PC, and 332 and 533 nm (respectively) measurements. For NBD-PC (acceptor), the dependence of its
for NBD-PC. Time scales were chosen for each sample to lifetime-weighted quantum yield7, on the variable molar
observe the decay through-3 intensity decades. Instrumental fraction of the gel phaseXs, present in the different DPPC/
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DPPS lipid mixtures prepared was determitfed — T T T T T T T 1
0.24

alfy = _ =
K ):/(fsfe + (1= X7 (19)
Ko Xs + (1= Xo) 0.22

T=

< Dpnpe

The excitation and emission wavelengths used for NBD-PC were
332 and 533 nm, respectively. In both cadé#f, was the only
parameter allowed to vary during the least-squares analysis
performed on the experimental data of eitféfiversusXg3’

(eq 18) ort versusXg®’ (eq 19). Both the donor, DPH-PC, and
the acceptor, NBD-PC, probes were cosolubilized with the
phospholipid mixtures to obtain final probe/lipid ratios of 1:500.
The molar fractions of each phase present in the DPPC/DPPS
lipid mixtures studied at 48C were computed using the lever
rule and assuming that the extremes of the tie-line at this
temperature corresponded to 75:25 and 20:80 DPPC/DPPS,
respectively.

FRET Measurements. The energy transfer experiments
between DPH-PC (donor) and NBD-PC (acceptor) were carried
out in 50:50 DPPC/DPPS LUVSs, at both= 45 °C andT =
60 °C. The probe/lipid ratios used were 1:1000 and 1:250 for
the donor and the acceptor, respectively. After incubation of
the samples prepared only with donor, D, and with donor and
acceptor, Dt A, for 1 h at theadequate temperature, increasing
concentrations of KW were added to different lipid suspensions
from a ca. 30Q«M peptide stock solution in the standard buffer
(final peptide concentrations between 0 and A5 final lipid
concentration of 0.75 mM). As a control, the effect of adding mol% Gel Phase
150 uM peptide to an acceptor-only lipid sample was also Figure 2. (A) Steady-state fluorescence anisotropy of DPH-PC (donor,
studied. Then, the fluorescence intensity decays of the donors0-2 Mol %) e« = 360 Nm;iem = 431 nm) and (B) lifetime-weighted

P ; : . quantum yield of NBD-PC (acceptor, 0.2 mol %) = 332 nm;lem
were measured subsequently to an additional incubation period= 533 nm) in DPPC/DPPS 1 mM LUVS &t= 45°C as a function of

of 1 h at thereqyired temperature fpr all the samples. Aftgr the mol % of gel phase. The lines are the best fits of eqs 16 and 18 to
empirical analysis of the decays using a sum of exponentials o experimental data witk?" (DPH-PC)= 0.32 + 0.02 andK®"

(eq 11), the experimental efficiency of energy transfer was (NBD-PC)= 0.31+ 0.06, repspectively. P
calculated as

0.20

NBD-PC intensity weighted quantum yield
(ns)

0 20 40 60 80 100

The fluorescence intensity decays oVl were measured in
Eep=1— ToalTp (20) both the presence and the absence of DPPC/DPPS equimolar
mixtures at both temperatures. All samples had complex decays,
Here,7pa andip are the lifetime-weighted quantum yields of ~and a sum of three exponentials was required to describe them
the donor in the presence and in the absence of acceptoradequately. For both temperatures, the lifetime-weighted quan-
respectively. The excitation wavelength was 340 nm for all of tum yield of the peptide increased hyperbolically with the
the samples, and the emission wavelengths were 430 and 54@vailable lipid concentration, indicating peptide partition to the
nm for the donor and the acceptor, respectively. bilayer, andK, = (4.1+ 1.8) x 10° (T = 45°C) andK, = (5.5
Ry is the distance at which the transfer efficiency is 50% for =+ 1.7) x 10° (T = 60 °C) were obtained from fitting eq 16 to
an isolated doneracceptor pair and was calculated using eq the experimental data (data not shown).

2. For this purpose, the quantum yield of the donbgp, was The chosen phospholipid probes, DPH-PC and NBD-PC
determined for DPH-PC at an excitation wavelength of 355 nm, (Figure 1D), were both expected a priori to prefer the fluid phase
relative to a standard of quinine sulfate in 0.1 NI&@y (@, = (richer in DPPC) relative to the gel phase (richer in DPPS) for
is 0.546 in 0.1 N HSO,9), using polarizers oriented at the magic DPPC/DPPS mixtures inside the phase coexistence range due
angle. to their headgroups. To confirm this result, their gel/fluid
partition coefficients K¥', eq 17) were determined at= 45
Results °C. Whereas the fluorescence intensity or lifetime of DPH-PC

Characterization of the System.The temperature/composi- N DPPC/DPPS mixiures is almost insensitive to the lipid
tion phase diagram of the binary lipid mixture DPPC/DPPS COomposition used (data not showi),increases steadily upon

previously determined by Luna and McConAlwas first increasing the gel phase fractioNG(),/?s shown in Figure 2A.
confirmed by measuring the steady-state fluorescence anisotropy! Nis variation was used to calcula§” = 0.32+ 0.02 for this

of DPH as a function of temperature at different DPPC/DPPS Probe by fitting eq 18 to the measurgidvalues. In this fit, the
molar ratios (data not shown). From this diagram, the temper- only parameter allowed to vary wa€", whereastc = 7.04
atures chosen to perform the FRET studies were 45 arf€€60 NS, 7r = 6.72 ns,lilg = 0.237, andil@ = 0.177 were fixed
because in the first case the equimolar DPPC/DPPS mixtureduring the least-squares analysis.

exhibits gel/fluid coexistence, with similar amounts of gel and ~ For NBD-PC, the variation diilversusXg was much smaller
fluid phases, and at 6%C it is well aboveT(DPPS), and so  than that ofr (data not shown), and this latter parameter was
the entire membrane is in the fluid phase. used to obtairKg’f = 0.31+ 0.06 for this probe by fitting eq
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0.56 e TABLE 1: Parameters Obtained from Pairwise Global
LA J Analysis of the Time-Resolved Decays of DPH-PC (Donor) in
° the Absence and in the Presence of NBD-PC (Acceptor) for
052 * . o 7 Equimolar DPPC/DPPS 50:50 LUVs at Different Peptide
L o . o 1 Concentrations (T = 45 °C)
048 2 o - model
¢ © bt o [KWm 1 uniform distribution, phase separation,
& 044 e 0 6 100 150 | [KoW] trans geometry (eq ) trans geometry (eq 10)
K T T T T T 6
I ° 13 L B PR ~1 7 (uM) C 1o’ C & Kg/lf)c Kg//fxd %o
040 ¢ . sk i 1 0 0.457 213 0.000 0.705 024 O 1.43
L < 7L .Y . 20 0.411 2.22 0.000 0.761 0.33 O 1.23
036 - I e--27 40 0.494 2.01 0.023 0.758 0.22 0.042 131
’ 1 0.';_‘_ L0 ] 60 0.457 2.10 0.157 0.936 0.49 0.23 1.20
r N L L 7 80 0.537 1.80 0.081 0.748 0.19 0.15 1.39
032 L v v 100  0.463 222 0149 0941 055 0.22 1.27
120 0.495 1.99 0.223 0936 0.64 032 1.28
0 30 100 150 150 0.509 193 0.132 0.835 0.34 022 118
[K W] (uM)

ah, = 17 A was used®h, = 22 A andh, = 17 A were used.

°Calculated usin<¥l = (As/Xa)/(AH(1 — Xa)) = (A/Xe)(AJ(1 —
Xg)). X = 0.454 was taken from the measured phase diagram (data

Figure 3. (A) Variation of the experimental FRET efficiencexp,
with the peptide concentration, ], for DPH-PC (0.1 mol %)/NBD-
PC (0.4 mol %) donor/acceptor pair in 50:50 DPPC/DPPS 0.75 MM ot shown) d Calculated usin&Z! = (Coac)/(Crar) = (C1a1)/(Coy),
LUVs (T = 45°C (O) andT = 60 °C (@)). (B) Experimental FRET ~ \yherea; is the area/phospholipid in the bilayer plane in phiage =
efficiencies normalized to the value obtained in absence of the peptide.52 Az anda: = 71 A? were used).

The lines are drawn to guide the eye.

was used (this is the value reported as for DPPQ &t 50
°C*%) when calculating the surface density of acceptors.

At 60 °C, when KW was added to the lipid suspensions,
Eexpincreased up te-0.53 (at a final peptide/lipid ratio of 1:5,
Figure 3A), a result compatible with a peptide-induced lateral
phase separation and/or membrane aggregation. This increase

FRET Experiments. The emission spectrum of DPH-PC s especially steep at lower peptide concentrationso0«M),
overlaps significantly the absorption spectrum of NBD-PC, and 55 visible in Figure 3B (where FRET efficiencies are normalized
therefore DPH-PC can be used as a FRET donor to NBD-PC. respective to the value obtained in absence of peptide). The
The Faster radii for this pair were calculated to be 40.5 and gpservation of a plateau for V] = 100 mM suggests that
39.8 A atT = 45 °C andT = 60 °C, respectively, using the  the cationic peptide can bind a maximum of-2 anionic
measured spectra in eq 3, together with= 1.42! «? = 73 phospholipids (if one admits that only 50% of total DPPS is
(dynamic isotropic limit value), and the measured quantum ayajlable for complex formation), which is in fair agreement
yields @p (T = 45 °C) = 0.56 and®p (T = 60 °C) = 0.51, with the tetralysine and pentalysine binding stoichiometries of
respectively. 2.4-2.5 and 2.6-2.6, respectively, determined for 1,2-dipalmi-

The influence of KW on the distribution of the fluorescently  toyl-sn-glycero-3-[phosphor-rac-(1-glycerol)] by Kleinschmidt
labelled phospholipids on the lipid vesicles was evaluated by and Marsh? in an electron spin resonance spectroscopy study.
performing time-resolved fluorescence measurements of theHowever, the addition of peptide to the gel/fluid mixtuiie=£
donor, in the absence and in the presence of acceptors, a#5°C) did not lead to a significant increase of the experimental
different final peptide concentrations. As a control, it was found FRET efficency Eexp = 0.48+ 0.02, Figure 3A); i.e., it seems
that the fluorescence emission decays of both the donor, DPH-that there was no detectable rearrangement of the preexisting
PC, and the acceptor, NBD-PC, were not affected by the addition lipid domains.

of the peptide even at the highest concentration used 4150 Additionally, the time-resolved donor fluorescence decay
data not shown), precluding thateW directly quenched the  curves were analyzed using the formalisms described in the
donor/acceptor fluorescence. FRET Theoretical Background section. The data obtained at
The experimental FRET efficiencies for each peptide con- 45°C (Table 1) and 60C (Table 2) were both analyzed using
centration were computed with eq 20 using the time-resolved the uniform distribution, bilayer geometry model (eq 6, with
data. Figure 3A shows that the energy transfer efficiencies fixed at 17 A) and the phase separation, bilayer geometry model
between DPH-PC and NBD-PC in DPPC/DPPS 50:50 already (eq 8, with fixedh; = hg = 22 A andh, = he = 17 A, the
show large values in the absence ofKfor both T = 45°C values expected for half-bilayer widths for palmitoyl chains in
(Eexp~ 0.46) andT = 60 °C (Eexp~ 0.40). The value obtained  the gel and fluid phases, respectivly In the latter analysis,
for this parameter at the highest temperature used is cldse to the donor decay was assumed to be identical in the gel and
= 0.43, the theoretical expectation for a uniform distribution fluid phases. This simplification is justified because the DPH-
of acceptors in a trans geometry relative to the donor (computedPC lifetime-weighted quantum yield is almost invariant in the
from eqgs 6, 7, and 13). In this calculation, the vertical separation whole composition range dt= 45 °C, from pure DPPC%(=
distance between a doneacceptor pair was considered to be 7.0 ns) to pure DPPSt (= 7.3 ns) at the same temperature.
h; = 17 A (corresponding to half of the bilayer widthbecause, Furthermore, the data obtained at the higher temperature were
whereas it is a good approximation to admit that the DPH moiety also analyzed using the uniform distribution, bilamellar geometry
of DPH-PC is located in the center of the bilayer, the fluorophore model (eq 8) and the uniform distribution, multilamellar
group of NBD-PC is known to snorkel to the bilayer interfd€e.  geometry model (eq 9). In the latter two caseswas fixed at
In addition, a lateral area per phospholipid molecule of 2L A 17 A, whereas the distance to the second plane of acceptors,

19 to the experimental values (Figure 2B). Agairig = 3.28

ns and7r = 4.42 ns were preset, andd" was the only
parameter varied in the fit. The values obtained for the gel/
fluid partition coefficients of the probe&?" < 1, confirm that
both probes prefer the fluid phase at this temperature.
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TABLE 2: Parameters Obtained from Pairwise Global Analysis of the Time-Resolved Decays of DPH-PC (Donor) in the
Absence and in the Presence of NBD-PC (Acceptor) for Equimolar DPPC/DPPS 50:50 LUVs at Different Peptide
Concentrations (T = 60 °C)

model
uniform distribution, phase separation, uniform distribution, uniform distribution,
trans geometry (eq ) trans geometry (eq 10) bilamellar geometry (eq 8) multi-bilayer geometry (eq 9)
[KeW] hp h,
(um) C % Ci=C % c A) % c A) %

0 0.395 1.25 0.395 1.25 0.355 54 1.22 0.359 67 1.22
20 0.441 1.61 0.441 1.61 0.323 35 1.26 0.376 58 1.33
40 0.515 1.59 0.515 1.59 0.415 43 1.28 0.433 57 1.29
60 0.537 1.39 0.535 1.24 0.417 40 0.98 0.438 54 0.99
80 0.582 2.34 0.584 2.34 0.448 39 1.37 0.411 45 1.30

100 0.677 4.23 0.677 4.23 0.525 39 1.99 0.448 41 1.29
120 0.688 4.98 0.688 4.98 0.531 38 2.34 0.450 40 1.35
150 0.739 5.87 0.739 5.87 0.572 38 2.63 0.486 40 1.39

ah; = 17 A was used® h, = 22 A andh, = 17 A were used®h; = 17 A was used! C; = 0.553,C, = 0.522.

h,, was optimized in each fit. A detailed discussion of these calculated for a uniform distribution of acceptors (see above).

analyses will be presented in the next section. When KsW was added to the lipid vesicleBeyp increased up
to 0.54 (for a peptide/lipid ratio of 1:5), whereas addition of
Discussion peptide to the gel/fluid mixtureT(= 45 °C) did not lead to a

In this work, we studied the interaction of a model cationic Significant increase ifexp _ o _
peptide (KW) with membranes composed of one anionic ~ However, despite being a rapid way of obtaining a first
(DPPS) and one zwitterionic (DPPC) phospholipid, in both one- 9limpse into the possible membrane organization, the steady-
phase (fluid.T = 60 °C) and two-phase (gel/fluid] = 45 °C) state analysis information is alvyayslllmned.' The FRET ef-
conditions. The spectral properties of the peptide showed ficiency parameter (esults from time mtegratlon_of the qctual
virtually no differences in the absence and in the presence of decay law, and in this process considerable detail regarding the
LUVs (result not shown), indicating that the tryptophan residue probe distribution is lost. Thu§, whenever possible, a complete
remains exposed to the aqueous pHastowever, its lifetime- parameter analysis of _the t|me-_resolved _quore_sce_:nce donor
weighted quantum yield increased upon increasing the phos-deécays should be carried out (ideally with pairwise global
pholipid concentration, allowing the use of this parameter to analysis of samples with and without acceptor), as reviewed
characterize the peptide partition between lipid vesicles and fecently?!
buffer. The values obtaine#, = (4.1+ 1.8) x 10° andK, = Time-Resolved FRET Analysis: Gel/Fluid Coexistence
(5.5+ 1.7) x 10° for T = 45°C andT = 60 °C, respectively, Region. In this study, analysis of the fluorescence decays
reveal little sensitivity to temperature. This effect was already recorded at 43C was first attempted with the FRET formalism
described for other polylysine peptidssuggesting that the  corresponding to a uniform distribution of probes with a trans
change in enthalpy upon peptide binding is small, which is geometry (eq 6, together with egs 5 and 7, and assuimirg
characteristic of electrostatic interactitn4? 17 A). As shown in Table 1, unacceptable large values of the

Molecular Topological and Topographical Changes Caused ~ global chi-square > > 1.8) were recovered for all &V
by a Basic Peptide on Two-Component Lipid Vesicles  concentrations studied (including §&] = 0 uM). This was
Analyzed by FRET. Due to the strong distance dependence €xpected because in the absence of peptide there is already phase
(eq 1) of the FRET interaction, FRET measurements are Separation in the lipid bilayers. The logical step in this situation
expected to be sensitive to a redistribution of the membraneWwas then to analyze the decays using the phase separation
probes in the lipid bilayer and/or to liposome aggregation caused formalism, again considering a trans geometry (eq 10). This
by an external factor (peptide addition), eventually reporting type of situation has been previously observed in systems
the formation of lipid domains and/or stacking of the lipid bearing gel/fluid” and liquid ordered/liquid disordered phase
membranes. Because both DPH-PC and NBD-PC prefer theseparatiort®#°In accordance, the pairwise analysis of the donor
fluid, DPPC-rich phase in the gel/fluid coexistence range (as fluorescence decays with the phase separation formalism was
expected beforehand and verified experimentally; see Figuresuccessfulg? < 1.5 for all samples, Table 1).

2), if peptide addition to the vesicles induced a lateral segrega- For all samples, the phase with the larger recove@ed
tion of the anionic phospholipids, then the surface concentration component (which is proportional to the surface density of
of acceptors (in the remaining DPPC-enriched phase) would acceptors, eq 5) in the FRET deca@.(in Table 1) was
necessarily increase, and the efficiency of energy transfer wouldconsistently associated with the larger recovefedlue in eq

be expected to increase concomitantly. A similar effect upon 10 (A/A; > 1 for all systems in Table 1, data not shown) and
could potentially result from the distinct phenomenon of peptide- h, = he = 17 A. This is the fluid phase, in which both the
induced vesicle aggregation, because this process would produc@cceptor concentration and amount of donor are larger. The
additional planes of acceptors within quenching distance of eachrecovered parameters allow the estimation of the partition
donor (Figures 1B and 1C). coefficients of both the donor and the acceptor probes for each

As a first approach in data analysis, fluorescence intensity peptide concentration, as demonstrated elsewtefer the
decays were described by empirical sum-of-exponentials func- acceptor (assuming identical donor decays in the two phases),
tions, and the recovered fitting parameters were used to caIcuIateK%’I\ = (Ceag)/(Crar) = (C1a1)/(Coap), whereg; is the area per
the experimental FRET efficiencieBey, using eq 20 (Figure  phospholipid in the bilayer plane in phaisg = G or F for the
3). At T = 60 °C and for peptide-free vesicles, there was a fair fluid and gel phases, respectively). The values in Table 1 were
agreement between the experimental and the theoretical valueobtained using the typical valuas = 52 A2 andaz = 71 A2.40
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For the donor,K,%”D = (Ac/X)(AIXE) = (AdXc) (Ao XE). Xg increase in FRET efficiency mentioned above (Figure 3). This
andXg = 1 — Xg are obtained from the relevant composition clearly shows that the peptide alters the membrane organization
and temperature values from the measured phase diagram, usingnd made us consider the possibility of phase separation again
the lever rule (for the equimolar composition at 45, Xg = associated with a trans geometry (eq 10). However, this new
0.454 is obtained (data not shown)). One can compare cautiouslyanalysis failed to increase the quality of the fits (Table 2), and
theseK?" values (Table 1) with those obtained from indepen- even if distinct values ofC, and C, were used as initial
dent experiments (variations afJ(Figure 2A) andz (Figure approximations, the iterative fitting procedure slowly converged
2B) with the lipid compositions of the vesicles for the donor to C; = C; = recoveredC in the previous uniform distribution

and acceptor, respectively) in the absence of peptide. Qualita-model/trans geometry analysis.

tively, these FRET and non-FRET partition coefficient values  The inability of the phase separation model to describe the
agree in that they all point to probe preference for the fluid measured decays stems from their shape. Figure 4A compares
phase. Quantitative differences (for example, the zeg’é the fluorescence decays of the donor in the absence of acceptor
value obtained from the FRET analysis parameters) are justified (curve a, [KsW] = 0 uM), in the presence of acceptor fordW/]
bearing in mind (i) the approximations commented above in = 0 uM (curve b), and for [KW] = 150 uM (curve c). The

the FRET analysis, (ii) the fact that the FRET values were decays for the samples with acceptor are faster than that for
obtained from a single point in the tie-line, instead of a fit to the sample without acceptor, as a consequence of the FRET
several data points, and (i) possible uncertainty regarding the interaction. However, curves b and ¢ have very different shapes,

best Ry value for the gel phase, which could stem from
incomplete sampling of donefcceptor relative orientation
during the donor excited-state lifetime. Addition of peptide does
not lead to significant change in probe partition, and a
nonmonotonic variation is observed for both gel/fluid partition
coefficients of the donorK®, = 0.38 + 0.17,n = 8) and
acceptor K¥t = 0.20 & 0.09,n = 6), respectively. Th&2’
value calculated in this way agrees in fact fairly well with the
value calculated fronEpy-pc variation K" = 0.32+ 0.02).
The recovery of a smaller value f&?, in the FRET calcula-

even though the bulk concentration of the acceptor probe is the
same in both. The decay for §/] = 0 uM (curve b) shows

the typical profile for a two-dimensional or quasi-two-
dimensional geometry (bilayer). For short times, the decay is
very fast. At longer times it slows down, and ultimately (for

> 15 ns in Figure 4A) it becomes almost parallel (in a semilog
plot) to that in the absence of acceptor. Fog\W = 150 uM
(Figure 4A, curve c), after an initiat (< 2 ns) regime similar

to that obtained with [KW] = 0 uM, the decay takes much
longer than for curve b to become parallel to that in the absence

tion probably stems from the discussed approximations, which of acceptor. Therefore, addition of peptide fromeWi =
should also be related to the large relative fluctuations in the 0—150 uM gradually transformed the donor decay in the

small (and more difficult to recover accurately) g=value Cy)
but smaller relative fluctuations in the large (fludyalue Cy).
The fact that the FREKZ} value is not closer to unity than
that measured using the variation DfKJ" = 0.31 + 0.06,

presence of acceptor from curve b to curve ¢ and rendered it
impossible to analyze with eq 6 or 10. This prompted us to
consider the occurrence of a FRET component to planes of
acceptors characterized by a highervalue for [KsW] > 0

Figure 2B) indicates that the coexisting phases form domains#M. In this situation, the decay curve slope (in semilog plots)

that are large in the FRET scale (probably larger th&iRy, =
200 A for all peptide concentrations used. The lack of
significant and systematic variation of any of the recovered

returns to that of the donor alone more slowly. However, this
cannot be realized simply by an increasehpfor, in physical
terms, by an increase of bilayer width, which could result from

parameters points to the inability of the peptide to change Some hypothetical ordering of the acyl chains by the peptide)
appreciably the domain organization in this system, confirming because in those circumstances (i) the decay should still be

the FRET efficiency invariance shown in Figure 3.
Time-Resolved FRET Analysis: Fluid PhaseFor T = 60

°C, data analysis (Table 2) gave results that are strikingly

different from those obtained fof = 45 °C in a number of
ways. First, the uniform distribution model/trans geometry (eq
5) yields a satisfactory fit in the absence of peptide. The

analyzed successfully using eq 6 with an increalsedalue
and (i) it would actually be slower than that for §/] = 0
uM, which is not verified. However, if there were two FRET
components, one to a closer plane of acceptbrs=( 17 A)

and aradditionalone to a further plane of acceptors at a distance
h,, then the decay would now be faster than that foVik =

recoveredC parameter agrees well with the value expected from 0#M (and FRET efficiency would concomitantly be larger, as

eq 6 € = 0.379). This indicates that the probe distribution at

observed in Figure 3). Additional planes of acceptors could arise

this temperature is indeed uniform, and there is no phasefom two distinct arrangements, as described in the FRET
separation or microheterogeneity for this mixture, even in the Theoretical Background section and schematically depicted in
FRET length scale. This is not a trivial result, and indeed there Figure 1. The aggregation of only two lipid vesicles (Figure
are examples in the literature of FRET measurements in other1B) leads to eq 8 for the donor decay (the number of acceptors
phospholipid mixtures above the main transition temperatures at distancen; is half of that at distanch), whereas formation

of both components that showed disagreement between expecte&f a multilamellar structure, with stacked bilayers (Figure 1C),

(for uniform distribution of probes) and observed FRET
efficiencies (e.g., 1,2-dilauroyr-glycero-3-phosphocholine/1,2-
stearoylsnglycero-3-phosphocholine &t= 65 °C*°). However,

leads to eq 9 instead (the number of acceptors at distarise
equal to that at distand®).

In this context, global analyses of the time-resolved data were

upon addition of peptide, the FRET decays could no longer be again attempted with both eqs 8 and 9 (in each case, by fixing
analyzed assuming a uniform distribution of probes with a trans h; = 17 A and optimizing,) to find out if any of the underlying
geometry in a bilayer, as the goodness of fit steadily decreasesmodels adequately fitted the experimental data.TFer45°C,
Even for the lowest nonzero peptide concentration used, thethe data could not be analyzed with either of these equations

1> value is already unacceptable. The recove@edalue in
these poor fits is considerably higher than that fog\i§ = 0

(the deconvolution software did not converge). However;Tfor
= 60 °C and [KW] < 100 uM, both models produced

uM, seeming to indicate higher acceptor average local concen-acceptable fits as shown in Table 2. In this peptide concentration
trations around the donors. This was already hinted from the range, there is a general trend®fncreasing anth, decreasing
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Figure 4. (A) Fluorescence decays of DPH-PC in 50:50 DPPC/DPPS 0.75 mM LUVs #E6@a) no acceptor, [KV] = 0 uM; (b) NBD-PC,
total lipid = 1:250, [KsW]= 0 uM; (c) NBD-PC, total lipid= 1:250, [KeW] = 150uM. The excitation profile is also shown. (B) Residuals and
(C) autocorrelation of residuals of the fits to the fluorescence decay of DPH-PC: NBD-PC, totat lipb0, [KsW] = 100u4M. The models used
were, from left to right, in both panels: trans geometry (eq 6), bilamellar geometry (eq 8), and multi-bilayer geometry (eq 9).

with increasing [KW] for both models. Only the parameters for [KeW] = 80 uM, for which the loweryg? is obtained with
recovered from the two-aggregated-lipid-vesicles (bilamellar) the multilamellar model. For this peptide concentration, the
model analysis of [KW] = 20 uM seem to be off this trend.  bilamellar fit is still acceptableyg? < 1.5), but this is no longer
This is probably due to a rather shallgg? hypersurface, as,  the case for higher peptide concentrations. Already faK

for example, K, = 43 A, C = 0.367) led toy,? = 1.29 (still = 100 uM, a clear improvement in the quality of fitting with
acceptable and better than any other model, but now within the the multilamellar model is observed in the residuals’ and
trend formed by the other results). This result underlines the autocorrelation of residuals’ plots shown in Figures 4B and 4C.
need to take into account the general trend obtained from severaFor [KgW] > 100uM, the multilamellar model is the only one
samples, rather than just a single one, when discussing analysethat leads to acceptable fits of the time-resolved FRET data.
with these complex models. In any case, note that there are The recovered parameters for these FRET models raise the
only three fitting parameters for each don@cceptor sample  following points of discussion concerning the fluid phase
(all lifetimes and preexponential ratios are linked—tnd systems T = 60 °C):

markedly restricted bythe corresponding donor decay, leaving (i) KeW is unable to induce phase separation in DPPC/DPPS
h,, C, and a sole preexponential as the only nonlinked equimolar membranes in the fluid pha8zcause statistically
parameters) in both models, and theg\¥] = 20 uM data acceptable fits were obtained with the uniform distribution
analysis with eq 8 is the only off-trend result. We therefore model with bilamellar (eq 8, [kW] < 80uM) and multi-bilayer
believe that theg? variations presented in Table 2 are, on the (eq 9, all samples) geometries (and taking into account that the

whole, significant. In the range B&] < 80 uM, the two- phase separation model with a trans geometry (eq 10) did not
aggregated-lipid-vesicles (bilamellar) model (eq 8) yielded bring any improvement relative to the uniform distribution
slightly better statistics, with generally high€rand lowerh; model with a trans geometry (eq 6)), there is no evidence for

values (compensating for the loss of one acceptor plane atpeptide-induced phase separation in the lipid bilayers at this
distanceh,) than the multi-bilayer model (eq 9). This is reversed temperature. This finding agrees with a microscopy study of
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Murray et al*® and with NMR work by Franzin and Macdondld  be biased to larger values to compensate for the lack of the
who also ruled out the induction of large domains by small basic third layer of acceptors in the model. We believe this is
peptides in mixtures containing acidic lipids. Within each bilayer improbable, because the contribution of FRET to this plane of
leaflet, the peptide probably binds to a small number of acidic acceptors would be much smaller due to Baevalue obtained
lipid molecules, and this interaction is insufficient to cause lateral for this Faster pair and effectively masked by FRET to
phase separation, such as observed for longer polylysines inacceptors located 4 and h,.
phosphatidylcholine (PC)/P&nd PC/phosphatidic acid (P#) (iii) KeW bridges two adjacent lipid bilayers, reducing the
mixtures. intermembrane separation te23 A Let us now consider the

(if) KeW causes local sequestration of negaly charged lipid significance of the variation of the recoverkgdistance upon
molecules in the fluid phaséeven though extensive phase increasing [KKW]. As recovered from the multi-bilayer model,
separation is not taking place, data analyses using both theh, decreases steadily from 67 A (for §/] = 0 uM, Table 2)
bilamellar and the multilamellar models indicate a gradual to a limiting value of~40 A (for [KeW] = 100xM, Table 2).
increase of theC parameter (proportional to acceptor probe In our multilamellar model, the repeat distance is giverhby
concentration). It is probable that small-scale sequestration of + hz. Through the use of thie; value obtained for [KW] = 0
negatively charged lipid molecules by the peptide results in an «M, this would lead to a repeat distance well in excess of the
average rarefaction of DPPS molecules from the close vicinity large repeat distance values for multilamellar vesicles of fluid
of each donor, as suggested by Roux ét ai.their NMR study DPPC atT = 50 °C collected in Mars# (60-67 A). Theh,
of PMP1 18-38 interaction with phosphatidylserine. In other Vvalue recovered for [KW] = 0 may thus either reflect a small
words, there is a progressive increased probability of finding extent of multilamellarity in the liposome population or possibly
DPPC molecules and DPPC-mimicking acceptors in each be insignificant. Note that the decreaseygf in this analysis
donor’s immediate neighborhood upon increasing the peptide relative to that assuming a trans geometry<3% (Table 2).
concentration, even though no phase separation occurs. As thésiven that the only formalism that leads to acceptable fits for
region around each donor is the one that FRET probes most[KeW] = 100uM is the multilamellar model, we consider that
efficiently, this would be sensed as an increase in local acceptorthe limiting value obtained in this peptide concentration range
concentration, even if the overall concentration is not altered. reflects the phospholipid organization in the presence of a large
From simple simulations (Sybyl 6.2, Tripos Associates), the amount of peptide, a multi-bilayer structure with repeat distance
surface area of KV in interaction with lipid membranes was ~ equal toh; + hy = 57 A. The fact that this distance is smaller
calculated as lying between 175 and 19% depending on the ~ than that observed in pure DPPC fluid phase multilamellar
assumed peptide structure-helical or random coil, respec-  Vesicles is an indication of the effect of the peptide in bridging
tively). This corresponds to the surface area occupied by 2.5 adjacent bilayers through electrostatic interaction with anionic
2.8 phospholipid molecules if the area per lipid is in the region lipid molecules from both bilayers and bringing them closer in
of 70 A240 and therefore it is an estimate of the maximum the process.
number of anionic phospholipids sequestered by the peptide For 20uM =< [KgW] < 100 uM, the recovered, value is
(because of the very short range of the electrostatic interaction).higher than the limiting value. This probably indicates that for
Taking further into account the membrane-bound peptide these intermediate peptide concentrations, whereas some vesicles
fraction (75-80%) at the lipid concentration employed in these remain isolated and therefore unilamellar (possibly due to an
experiments (0.75 mM), it is possible to predict that all anionic insufficient amount of peptide bound to them), other vesicles
phospholipids present in the liposome outer leaflet should be have already undergone peptide-induced aggregation. The
complexed by the peptide when its total concentration in solution combined increase of and decrease dfi, upon increasing
reaches 86100uM. Interestingly, this corresponds to thg\l [KeW] leads to the increase in FRET efficiency observed in
concentration where the experimental energy transfer efficiency Figure 3 (donor molecules sense on average more acceptors in
starts to level off with the peptide concentration in the their vicinity, both in the bilayer plane and in another parallel
experiments carried out at this temperature (Figure 3B). This but increasingly closer plane), which is therefore unrelated to
is also reflected in a steady increase in the recov€edlue phase separation. The fact that equally good or slightly better
(which is proportional to surface concentration of acceptors) fits are obtained when analyzing the data with the bilamellar
upon peptide addition to the lipid vesicles until a plateaof  (eq 8) rather than with the multi-bilayer (eq 9) model may
= 0.454 0.04 is reached at 88100 uM (uniform distribution suggest that, for these intermediate peptide concentrations, the
model, multi-bilayer geometry, Table 2). Th&plateau level effect of the peptide is predominantly limited to aggregation of
is ~24% higher than that for [KW] = 0 uM. In addition to two bilayers rather than going to the full extent observed for
local acceptor enrichment arising from sequestration, this effect [KeW] = 100uM, that is, formation of multistacked bilayers.
could also result from a reduction in the average area per (iv) Preexistence of large DPPS-rich gel domains (that
phospholipid molecule upon neutralization with peptide mol- preferentially exclude the donor and acceptor lipid probes)
ecules. Using NMR techniques, de Kruijff et!@lconcluded prevents detection of intermembrane FREEgicle aggrega-
that there was decreased acyl chain motion in cardictipirs; 7o tion). The remarkable difference between the decays measured
complexes relative to pure lipid vesicles (but the lipid remained at 45 and 60°C should be also commented upon. Is there
in the fluid phase). It is thus probable that the observed increasepeptide-induced aggregation of the lipid vesicle§ at 60 °C
in the C parameter as [KV] increases stems from a combination but not atT = 45 °C? To test this, we carried out right-angle
of two factors: a reduced donor-to-nearest-acceptor distancelight-scattering measurements of the samples as a function of
(resulting from sequestration of PS by the peptide), together peptide concentration, at both temperatures (results not shown),
with a smaller average area/lipid molecule in the membrane and a noticeable increase of the sample turbidity could be
plane. Of course, it could be argued that, because for multila- detected in both cases. Furthermore, the fact that the decays
mellar geometry there would be a third layer of acceptors located for T = 45 °C are successfully analyzed using a phase separation
at approximatehhs = (h, + one bilayer width)= 74 A, which formalism but not a multi-bilayer formalism does not necessarily
is omitted in our model, th€ recovered in the analyses would exclude peptide-induced vesicle aggregation at this temperature.
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Figure 5. Cartoon representation of possible structures adopted by DPPC/DPPS 1:1 membranes in the presEdReMfKsW. (A) T = 45

°C: There is gel/fluid coexistence at this temperature in the absenceVif Kddition of peptide does not change the lateral organization of
preexisting domains, which are large on the FRET length sca?0@ A). The possibility of vesicle aggregation by peptide-mediated adhesion of
DPPS-rich, probe-poor gel domains (shaded) is schematically illustrated. €850 °C: There is no extensive lateral phase separation for all
peptide concentrations assaye@d\/\K(positively charged) is only able to cluster-3 negatively charged DPPS molecules. At the higher peptide
concentrations used, a stacked multilayer structure is formed, in which adjacent bilayers are bridged roplcules. The picture is not drawn

to scale.

One should keep in mind that, in this phase-separated system, This work stresses the power of model analysis of time-
peptide binding should occur preferentially in the DPPS-rich resolved data over steady-state fluorescence data (or, equiva-
gel domains rather than in the DPPC-rich fluid phase regions, lently, data resulting from integration of fluorescence decays,
where both the donor and the acceptor are predominantlyas shown in Figure 3). Although the latter is much more
partitioned. Therefore, at this temperature, peptide-mediatedimmediate (it does not require deconvolution analysis, which
aggregation of vesicles should be accomplished by the prefer-is far from trivial for complex kinetics such as the FRET models
ential joining of two vesicles through their gel phase regions. used), it often leads to an incomplete recovery of information
In this situation, there would be molecular contact between the regarding the topography and topology of the system under
vesicles through their respective large gel domains, but moststudy. This is particularly valid for the FRET interaction. The
molecules in the fluid phase region of one vesicle are separatedsingle data point available from each sample is clearly insuf-
from similar regions in the other vesicles present in the aggregateficient for any detailed conclusion. Careful time-resolved
by a distance too large for FRET to occur efficiently. If this is analysis (based on adequate kinetic models) is much more
the case, then the FRET decays would probably report a bilayerpowerful, because each sample is associated with a curve of
geometry, because most donor and acceptor probe molecules-10° data points. Different kinetic models (based on distinct
are located in the fluid phase and would not sense the probestopological arrangements) frequently lead to different decay
located in other vesicles (Figure 5A). At 8GQ, there is no phase  curve shapes, which may or may not fit the experimental curve
separation, and the peptide molecules are dispersed throughoufor physically meaningful values of the parameters. This
the whole bilayer, although preferentially sequestering the produces severe restrictions on model acceptability for a given
anionic phospholipids. Therefore, there are no preferential set of samples, and a satisfactory (both statistically and
adhesion sites between different vesicles. Aggregation occursphysically) model can often be identified. From this model's
not by joining together two or more vesicles through specific parameters (e.g., concentrations, distances) a molecular picture
regions but in an arrangement that involves the entire bilayer. of the system is possible.

In the new geometry, the donor probes are sensitive to acceptors
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