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Abstract

Using lipid-specific fluorescent probes, we studied the effects of amphipathic helical, membrane active peptides of the A-
and L-type on membrane domain organization. In zwitterionic binary systems composed of mixtures of phosphatidylcholine
and phosphatidylethanolamine, both types of peptides associated with the fluid phase. While binding with high affinity to
fluid membranes, peptides were unable to penetrate into the lipid membrane in the gel state. If trapped kinetically by
cooling from the fluid phase, peptides dissociated from the gel membrane on the time scale of several hours. While the
geometrical shape of the a-helical peptides determines their interactions with membranes with non-bilayer phase propensity,
the shape complementarity mechanism by itself is unable to induce lateral phase separation in a fluid membrane.
Charge–charge interactions are capable of inducing lateral domain formation in fluid membranes. Both peptides had affinity
for anionic lipids which resulted in about 30% enrichment of acidic lipids within several nanometers of the peptide’s
tryptophan, but there was no long-range order in peptide-induced lipid demixing. Peptide insertion in fluid acidic
membranes was accompanied by only a small increase in bilayer surface and a decrease in polarity in the membrane core.
Peptide–lipid charge–charge interactions were also capable of modulating existing domain composition in the course of the
main phase transition in mixtures of anionic phosphatidylglycerol with zwitterionic phosphatidylcholine. q 1997 Elsevier
Science B.V.
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1. Introduction

There have been many studies on the lipid domain
organization of biological membranes and there is
accumulating evidence of its biological importance
w x1–3 . The domains arise over a large range of time-
and length-scales, from dynamic organization on the

w xnanometer scale 4,5 to the domains of micron scale,
w xpresenting fractions of the entire cell surface 6 .

However, the factors inducing such an organization
are not yet completely understood. It is often sup-
posed that lateral organization can be induced by
membrane proteins or peptides. The greatest attention
has been drawn to the possibility of domain forma-
tion by transmembrane hydrophobic a-helical seg-

w xments via the hydrophobic mismatch mechanism 7,8 .
Less is known about peptides inserting parallel to the
surface of the membrane which is often the case for
amphipathic a-helical peptides, that is peptides which
can potentially form a helix with opposing hy-
drophilic and hydrophobic faces oriented along its
long axis. This structural feature is widely found in
naturally occurring protein and peptides sequences
w x9 . In this paper, we report the effects on the mem-
brane lateral organization of two amphipathic pep-
tides, 18L and Ac-18A-NH , which feature the2

archetype sequences of the L- and A-type amphi-
w xpathic a-helix according to a classification 10 based

on the size and charge distribution of peptide hy-
drophilic domains. Because of their effect on the
L –H phase transition, Ac-18A-NH and 18L have

a II 2

been designated as bilayer stabilizer and destabilizer,
respectively. This property is attributed to the differ-
ence in the geometric shapes of peptide molecules,
that is, to the difference in the membrane location
and size of the hydrophilic and hydrophobic domains

w xin the membrane-active a-helical conformation 11 .
18L has a narrow, positively charged hydrophilic
region and a large hydrophobic volume, contrary to
Ac-18A-NH with a narrower hydrophobic region2

and a wide surface of positively and negatively
charged amino acid residues. Ac-18A-NH and 18L2

peptides were shown to associate with membranes as
monomers, presumably in the a-helical conformation

w xparallel to the surface of the membrane 11–13 , at
least at low peptide–lipid molar ratios. Activities of
these peptides are affected by membrane composi-
tion, namely by the presence of acidic or non-bilayer

forming lipids. While acidic lipids similarly increase
activities of both peptides, the presence of non-bi-
layer forming lipids enhances the lytic activities of

w x18L and decreases those of Ac-18A-NH 12 . These2

properties, taken together with high membrane affin-
ity, make these peptides an interesting choice for
examining general peptide effects on the lateral orga-
nization of lipid membranes.

The use of semi-synthetic phospholipids carrying a
fluorophore at the end of one of the hydrocarbon
chains is becoming increasingly popular for studies

w xof membrane structure and dynamics 14,32 . If the
fluorophore is non-polar and not bulky, such probes
may be expected to behave in multicomponent sys-
tems similar to their unlabeled counterparts. The

Ž .9-anthrylvinyl fluorophore AV has been found to
conform to these requirements. AV has an excitation
maximum at 360 nm which makes it possible for use
as a resonance energy transfer acceptor from trypto-
phan. Its fluorescence lifetime of ;9 ns makes the
fluorescence anisotropy of this probe sensitive to the

w xphase state of the lipid 15,16 . Perylenoyl-labeled
lipids had been synthesized as an acceptor for the

w xanthrylvinyl excitation energy 17 . Perylenoyl fluo-
rescence was found to be sensitive to the polarity of
the environment and this was used to estimate the

w xpenetration of water into the lipid bilayer 18 . Taken
together, these two lines of lipid-specific probes are
very suitable for the studies of lipid–lipid and pep-
tide–lipid interactions.

In this paper, using anthrylvinyl- and perylenoyl-
labeled lipid-specific fluorescent probes, we studied
the effects of the membrane active peptides, Ac-18A-
NH and 18L, on the lateral segregation of lipids in2

model binary lipid systems. We found that charge–
charge interactions between the peptide and the lipid
were capable of inducing lateral separation of lipid
components. The geometric shape compensation
mechanism on its own was unable to explain domain
formation. We studied peptide effects on lipid mixing
in a miscible fluid phase as well as peptide effects on
pre-existing domain structure and peptide effects on
the gel-to-liquid phase transition. In zwitterionic
membranes, both types of peptides tended to partition
into the fluid phase rather than the gel phase. How-
ever, these peptides could be kinetically trapped in
the gel phase, dissociating on a time scale of hours.
When the membranes contained acidic lipids, associa-
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tion of both types of peptides with acidic lipids was
stronger than the peptide preference for the fluid
phase. That is, peptides preferentially partitioned into
either the gel or fluid phase, depending on whether
the acidic lipid-rich component was the high or low
melting one. As determined from fluorescence energy
transfer, peptide incorporation into the fluid phase
was accompanied by little surface area increase, but
was accompanied by an increase in the hydrophobic-
ity of the membrane interior. We discuss peptide
effects on lateral membrane organization in the gen-
eral context of peptide membrane interactions.

2. Materials and methods

2.1. Materials

DOPC, DMPC, DPPC, DOPE, DMPE, DMPG,
and DPPG were purchased from Avanti Polar Lipids
Ž .Alabaster, AL and were used without further purifi-

w Ž .cation. 1-Acyl-2- trans-12- 9-anthryl -11-dode-
x Ž .cenoyl -sn-glycero-3-phosphocholine APC , 1-acyl-

w Ž . x2- trans-12- 9-anthryl -11-dodecenoyl -sn-glycero-3-
Ž . w Žphosphoethanolamine APE , 1-acyl-2- trans-12- 9-

. xanthryl -11-dodecenoyl -sn-glycero-3-phosphoglycer-
Ž . w Ž . xol APG and 1-acyl-2- 9- 3-perylenoyl nonanoyl -

Ž .sn-glycero-3-phosphocholine PPC were synthesized
w xas previously reported 19–22 . Details of the synthe-

sis and characterization of the peptides have been
w xdescribed elsewhere 11,13 . The following peptides

were used in the work: 18L, GIKKFLGSIWK-
w xFIKAFVG 11 ; Ac-18A-NH , N-acetyl-DWLKA-2

Ž w x.FYDKVAEKLKEAF-amide see 13 . All other
reagents were of analytical grade. Buffers were pre-
pared in double-distilled deionized water.

2.2. Liposome preparation

Ž .Multilamellar vesicles MLV were made from
vacuum-dried lipid films by suspending them in an

Žappropriate buffer 20 mM Tris-HCl, 1 mM EDTA,
.0.02% NaN , pH 7.4, unless otherwise stated at a3

temperature at least 10EC above the temperature of
the main phase transition of the corresponding lipid,
followed by shaking and less than 20 seconds of low

Ž .power sonication. Large unilamellar vesicles LUV
were made by multiple extrusion of MLV through

two stacked 100-nm pore polycarbonate filters
Ž .Nucleopore Corp., Pleasanton, CA . Lipid concentra-

w xtion was determined using a phosphate assay 23 .
Ž .For experiments with MLV anisotropy , to ensure

equilibration between various lipid bilayers, peptides
w ere added to the lip id so lu tion in
chloroformrmethanol, before solvent evaporation. In
LUV experiments, peptide addition to vesicle suspen-
sions was accompanied with vigorous mixing to en-
sure equilibrium peptide distribution among vesicles.

Since many properties of lipid membranes are
history dependent, a standard procedure was used for
temperature-scanning experiments. Unless otherwise
stated, before data acquisition, vesicles were cycled
through the phase transition and kept at 48C for 30
min, prior to use. Heating was usually performed at
0.58Crmin. Cooling was performed at the same rate
immediately after completion of the heating scan.

2.3. Fluorescence measurements

Fluorescence experiments were done on an SLM
Ž .AB-2 fluorometer Urbana, IL . Unless otherwise

stated, measurements were done in thermostated 3-ml
quartz cuvettes with stirring at a lipid concentration
of 100 mM. The temperature of the sample was
usually monitored by a thermistor probe inserted in
the cuvette.

Anisotropy of the fluorescence of the APC, APE
and APG probes was measured in the L-format with
excitation at 365 nm and emission at 435 nm. Cut-off
filters have been placed in both the excitation and the
emission paths to reduce light-scattering artifacts.
The positions of the polarizers were changed auto-
matically using the AB-2 SLM Aminco software.
MLVs labeled with 0.2% of the anthrylvinyl probe
were used for anisotropy measurements.

Tryptophan fluorescence emission spectra were
recorded in the range from 310 to 480 nm, using an
excitation wavelength of 280 nm. Anthrylvinyl fluo-
rescence was excited at 365 nm and recorded from
390 to 480 nm. Perylenoyl fluorescence was excited
at 435 nm and recorded from 470 to 600 nm. Back-
ground was routinely subtracted. A more complex
correction of spectra was unnecessary since the lipid
concentrations used in the experiments were below
0.2 mM in order to reduce scattering artifacts.

Ž .Fluorescence resonance energy transfer FRET
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from peptide tryptophan to the anthrylvinyl probe
Ž .APC, APE, or APG was monitored either by mea-
suring the fluorescence intensity with the excitation
at 280 nm and emission at 435 nm, using 4 nm
monochromator slits, or was calculated from consecu-
tive fluorescence emission spectra recorded in the
range from 310 nm to 480 nm also using excitation at
280 nm.

Fluorescence resonance energy transfer from the
anthrylvinyl probe to the perylenoyl probe was moni-
tored either by measuring fluorescence intensities
with excitation at 365 nm and emission at 510 nm
and 435 nm using 4-nm monochromator slits or was
calculated from fluorescence emission spectra
recorded in the range from 390 to 600 nm using 365
nm excitation. Background due to scattering and
emission resulting from direct excitation of the
perylenoyl probe were routinely subtracted. Vesicles
were labeled with 2 molar % of the anthrylvinyl
probe and 1 molar % of the perylenoyl probe.

2.4. FRET efficiency calculations

The conventional method of presenting data on
fluorescence resonance energy transfer is via calculat-

Ž .ing the transfer efficiency E . According to Lakow-
w x Ž .icz 24 , Es I y I rI , where I is the fluores-o o o

cence intensity of donor in the absence of acceptor
and I is the intensity in the presence of acceptor.
This formula can be applied directly, if it is possible
to measure the fluorescence intensity of the donor in
the absence of the acceptor. This approach was used
for the calculation of the efficiency of FRET from
anthrylvinyl- to perylenoyl-labeled phospholipid in
the peptide titration experiments. To eliminate FRET,
we added the detergent Triton X-100 to dilute the
phospholipids. Control experiments show that solubi-
lization with Triton X-100 does not significantly
change the integral intensity of the unquenched an-
thrylvinyl-labeled fluorophore. Intensity was usually
measured within the range of 400–450 nm.

The approach described above was not suitable for
the studies of FRET from peptide tryptophan to the

Ž .anthrylvinyl probe APC, APE, or APG as trypto-
phan fluorescence is more sensitive to the polarity of
the environment and also at 280 nm, commercially
available detergents have a high background fluores-
cence andror absorption. To calculate fluorescence

resonance energy transfer efficiency from the peptide
to the anthrylvinyl probe, the fluorescence emission
spectra were fitted with the sum of peptide and probe
fluorescence components. The transfer efficiency was

Ž . Ž .then calculated as Es I rQ r I q I rQ , wherea a t a a

I is the integral intensity of anthrylvinyl fluores-a

cence, Q is the quantum yield of anthrylvinyl fluo-a

rescence and I is the integral intensity of peptidet

fluorescence. The quantum yield of anthrylvinyl fluo-
w xrescence is ;0.59 as previously reported 25 .

The temperature dependence of peptide induced
lateral organization was calculated from the effi-
ciency of APLrPPC FRET in the experiments which
simultaneously monitored the intensities of fluores-
cence at 435 and 510 nm using 365 nm excitation.

Ž . ŽEfficiency was determined as Es I rQ r I qp p a
.I rQ , where I is the intensity of anthrylvinylp p a

Ž .fluorescence 435 nm , Q is the quantum yield ofp
Žperylenoyl fluorescence ; 0.65, according to

w x.Molotkovsky et al. 17 , and I is the intensity ofp
Ž .perylenoyl fluorescence 510 nm .

2.5. Surface area increase

w xAs had been shown by Fung and Stryer 26 , in the
case of randomly distributed donor and acceptor in
one plane, FRET efficiency is defined as:

` `1 yt
Es1y P exp Pexp ysH Haž /t t �0 ao o

=

6
t Ro

1yexp y 2p rdr dtž /ž /ž /t r 0o

where R is the Foerster radius for the donorraccep-o

tor pair, s is the surface density of the acceptor, ta o

is the fluorescence lifetime of the donor in the ab-
sence of the acceptor. The second exponent in the
equation is the energy transfer term. Integration is
performed over the whole range of possible distances

Ž .between donor and acceptor r , starting with a the
distance of the closest approach of the donor and
acceptor. Efficiency is independent of the surface
density of the donor, and it is not very sensitive to a.

w xQuantitative integration 26 shows that for a Foerster
˚Ž .radius R within 20–60 A, up to E;0.4, theo

efficiency is approximately proportional to the sur-
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Ž .face density of the acceptor s , that is È s . Thisa a

also can be shown more rigorously. Taking into
account following relationships:

s s n rn rs DSss =p S ss = lŽ .a a l l p o l

where s is the surface area of one lipid molecule, sl p

is the surface increase due to membrane incorpora-
tion of one peptide molecule, n rn is the molara l

fraction of acceptor molecules in the membrane, DS
Ž .is the change in membrane surface S , p is peptideo

concentration, l is lipid concentration, DE is the
Ž .change in FRET efficiency E . We have at linearo

approximation:

DErE syDSrS sys rs =prlo o p l

that is, the slope of the initial linear part of the plot of
DErE vs. prl will give the ratio of the surfaceo

increase due to one peptide compared to that pro-
duced by one lipid molecule.

3. Results

3.1. Metastability of peptide association with gel
state membranes

In water, the 18L and Ac-18A-NH peptides exist2
w xas monomers 12 . Binding of peptides to membranes

has been characterized from a blue shift of trypto-
phan fluorescence emission. The model of dynamic
membrane partitioning of monomers successfully de-
scribed both the equilibrium and kinetics of peptide
membrane binding. For fluid lipid membranes, bind-
ing constants of Ac-18A-NH and 18L were within2

4 7 y1 w x10 –10 M 12 . Knowledge of binding constants
makes it possible to choose experimental conditions
such that the peptide is essentially all bound to the
membrane and thus the total peptiderlipid ratio is the
same as the bound peptiderlipid ratio.

We found that while both peptides bind with high
affinity to fluid lipid membranes, peptides were un-
able to penetrate into the membrane in the gel state.
Fig. 1A shows the temperature dependence of the
fluorescence energy transfer from peptide tryptophan
to an anthrylvinyl fluorophore attached to the acyl

Ž .chain of a phospholipid APC . Fluorescence was
Ž .excited at 295 nm peptide and measured at 435 nm

Ž .probe . Fluorescence intensity is dependent on the

Fig. 1. A: temperature dependence of energy transfer from pep-
Ž .tide to probe. Fluorescence was excited at 295 nm peptide and

Ž Ž ..measured at 435 nm anthrylvinyl probe APC . Ac-18A-NH2
Ž .peptide 5 mM was added at 68C to gel state DMPCrDMPE

Ž . Ž .1:1 LUV 50 mM labeled with 1% APC. The sample was
heated up to 598C. Increase in fluorescence at around 20–308C is
due to peptide insertion into the bilayer. The main phase transi-
tion is accompanied by a reversible decrease in the fluorescence
intensity due to increased water permeability of the bilayer and
temperature-dependent quenching of the probe. Upon cooling, the
peptide is kinetically trapped in the gel phase. Fluorescence
intensity returned to the initial values after overnight storage of
the sample at 48C. Both heating and cooling was at a constant

Ž .rate of 0.58Crmin. B: tryptophan fluorescence of 18L 5 mM in
Ž .water dashed line , after the addition of 50 mM of DMPCrDMPE

Ž . Ž . Ž1:1 LUV at 88C solid line , after heating to 428C short-dashed
. Ž .line and after cooling to 48C dash-dotted line . Spectrum of the

sample stored overnight at 48C was the same as after lipid
Ž .addition solid line . All spectra were scaled to the same integral

intensity.
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average distance between the peptide tryptophan and
the fluorophore embedded in the bilayer. Ac-18A-

Ž . Ž .NH 1 mM was added to DMPCrDMPE 1:12
Ž .MLV 10 mM in the gel state at 68C. The sample

was heated to 598C. An increase in fluorescence at
around 20–308C is due to peptide insertion into the
bilayer at the beginning of gel phase melting. The
main phase transition is accompanied by a reversible
decrease in the fluorescence intensity. In control ex-

Ž .periments data not shown , peptide tryptophan fluo-
rescence in unlabeled vesicles monotonously de-
creased with increasing temperature, but without
abrupt changes in the region of the main phase
transition. With the other control, labeled vesicles,
but no peptide added, probe fluorescence decreased
monotonicly with rising temperature and with a
steeper slope in the region of the phase transition.
The intensity of the emission from direct probe exci-
tation was much lower than that due to the fluo-
rescensce resonance energy transfer from peptide
tryptophan. Taking into account the controls, we
ascribe the reversible change in fluorescence around
the main phase transition to increased temperature
quenching of the probe and lateral expansion of the
bilayer increasing the average distance between pep-
tides and probes. Upon cooling, peptides stayed in
the membrane; however, this peptide entrapment was
kinetic, rather than thermodynamic, as peptides disso-
ciated from the membranes on a time scale of hours.
Fluorescence intensity returned to the initial values
after overnight storage of the sample at 48C. Decrease
in energy transfer from peptide to probe can also be
due to probe segregation into a separate phase. How-
ever, this should be accompanied by probe self-
quenching, which was not observed.

Tryptophan fluorescence supports the energy trans-
fer data. Addition of gel state liposomes to a peptide
solution resulted in a limited blue shift of the trypto-
phan fluorescence. Melting the gel state results in a
significant blue shift of the tryptophan fluorescence.
Cooling below the main phase transition results in a
small red shift, and subsequent overnight storage in
the cold results in a further red shift of the spectra to
one equivalent to that observed upon addition of gel
state liposomes to peptide solution. An example of
this sequence of events is illustrated for the case of

Žthe 18L peptide and DMPCrDMPE liposomes Fig.
.1B . In principle, the change in the position of trypto-

phan fluorescence maximum can be due to both an
altered membrane bound state of the peptide or to an
altered peptide partitioning between membrane and
water. However, when corrected for the background,
the position of tryptophan fluorescence maximum

Žwas constant over a wide range of lipid 20–500
. Ž .mM concentrations data not shown . This is indica-

tive that in this range of lipid concentrations, as with
w xfluid membranes 12 , 18L peptide was essentially all

membrane bound. This means that the change in the
position of maximum corresponds to an altered mem-
brane-bound state, a change in the extent of peptide
insertion into the membrane.

Metastability of peptide interactions with gel phase
w xlipids had been reported previously 28,29 . Our data

show that this metastability is observed even at low
peptiderlipid ratios, not accompanied by vesicle dis-
ruption. Similar behavior was observed for both 18L

Žand Ac-18A-NH for several lipid systems DMPC,2
. Ž .DMPE, DMPCrDPPE data not shown . This sug-

gests that such metastability may be a general feature
of membrane–amphipathic peptide interactions. In
single-component lipid systems, the main phase tran-
sition occurs over a narrower temperature range than
in lipid mixtures. This was also reflected by the
temperature dependence of peptide incorporation. The
fluorescence increase coincides not with the comple-
tion, but rather was close to the onset, of the phase
transition. This can be explained by taking into ac-
count the high affinity of 18L and Ac-18A-NH2

w xpeptides for membranes in the fluid phase 12 as
well as the presence of phase boundary defects in the
mixed phase region. The exact temperature at which
incorporation is complete depended, as expected, on
the peptiderlipid ratio and the peptide-fluid mem-
brane binding constant.

3.2. Peptide effects on the lateral organization of the
fluid phase

When the membrane consists of several molecular
species, one can imagine that interaction of peptides
with such a membrane occurs not with the membrane
as a whole, but rather via association of peptides with

Ž .particular lipid species. Geometric Shape factors
were previously found to modulate many aspects of

w x18L and Ac-18A-NH membrane interactions 11,12 .2

Correlation between the shape and the activities of
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Fig. 2. Tentative mechanisms of peptide induced lateral lipid
segregation. A: shape complementarity mechanism. Peptides are
depicted in the projection along the axis of the a-helix. B:
charge–charge interactions. Vicinity of cationic amino acid
residues is suggested to be enriched with anionic lipids relative to
the rest of the membrane.

peptides was especially pronounced for lipid systems
with a propensity for non-bilayer phase formation,
such as Me-DOPErDOPC and DOPCrDOPE mix-
tures. Non-bilayer phase propensity is defined as the
existence of high negative intrinsic monolayer curva-
ture stress – a parameter defined for the membrane as
a whole. In lipid mixtures where the possibility of
lateral phase separation exists, there might exist a
difference between the global and a local monolayer
curvature. Thus a description only in terms of curva-
ture stress, valid for single lipid systems, might be an
oversimplification for lipid mixtures. We decided to
test if the geometric shape of peptide molecules can
induce lateral separation of membrane lipids. This
hypothetical ‘shape complementarity’ mechanism of
induction of lateral phase separation is illustrated in
Fig. 2A. Another tentative motif for lateral phase
organization is illustrated on Fig. 2B. Charge–charge
interactions have been shown previously to affect

w x18L and Ac-18A-NH membrane interactions 122

and it is natural to suppose that charge–charge inter-
actions between acidic lipids and basic amino acid
residues can lead to lateral separation of lipids. As an

approach to the investigation of peptide-induced lat-
eral organization of the membranes, we used energy
transfer from membrane bound peptide tryptophan to
the anthrylvinyl fluorophore of a lipid-specific probe.
It was shown that deviation of the concentration
dependence of energy transfer efficiency can be used
as an indication of the non-random distribution of

w xprobe molecules 26 . It has been shown that distribu-
tion of anthrylvinyl-labeled lipid-specific probes in
the plane of the membrane corresponds to that of

w xtheir unlabeled counterparts 16,30 . Comparing the
efficiency of resonance energy transfer for different
types of lipid probes, one can detect preferential
association of peptides with particular lipid species.

Ž .The DMPCrDMPG 1:1 mixture had been stud-
ied as an example of an acidic lipid-containing mem-
brane. 18L is cationic and Ac-18A-NH has positive2

charges at the peptide–lipid interface, although over-
all it is zwitterionic. For both peptides, the efficiency
of transfer to APG was significantly higher than to

Ž . Ž .Fig. 3. DMPCrDMPG 1:1 LUV, fluid state 378C ,
peptiderlipid molar ratio, 1:10. Dependence of the efficiency of
peptide to probe fluorescence energy transfer on the molar frac-
tion of probe in the membrane. ), 18L peptide, membranes
labeled with APG; I, 18L peptide, membranes labeled with
APC; B, Ac-18A-NH peptide, membranes labeled with APG;2

q, Ac-18A-NH peptide, membranes labeled with APC. FRET2

efficiency is calculated as described in Section 2: Materials and
methods. Experimental errors are within the size of the symbols.
Higher efficiency of energy transfer to the APG probe is indica-
tive of the preferential association of both types of peptides with
acidic lipids. Higher efficiencies observed for 18L are indicative
of its deeper penetration into the bilayer.
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APC, which is an indication of the preferential asso-
Ž .ciation of both peptides with acidic lipids Fig. 3 .

Significant differences in the efficiency of energy
transfer were also observed between Ac-18A-NH2

and 18L, which we can attribute to the increased
depth of incorporation of 18L into membranes. Origi-
nally, peptides were added to the fluid membrane. If
cooled down below phase transition, these peptides
remained kinetically trapped in the membrane. En-
ergy transfer in the gel phase was larger than in the
fluid state and the difference between two types of
peptides and two types of probes was more pro-

Ž .nounced than in the fluid phase not shown .
We supposed that peptides might induce lateral

Ž .lipid separation in the DOPCrDOPE 1:1 system as
a consequence of a shape compensation mechanism.
However, coincidence of the efficiencies of transfer
from peptide to APC or APE is indicative of com-

Ž .plete mixing in this system Fig. 4 . Coincidence of
the curves measured for two types of peptides indi-

Ž .Fig. 4. DOPCrDOPE 1:1 LUV, peptiderlipid ratio, 1:10.
Dependence of the efficiency of fluorescence peptide to probe
energy transfer on the molar fraction of probe in the membrane.
), 18L peptide membranes labeled with APC; I, 18L peptide,
membranes labeled with APC; B, Ac-18A-NH peptide, mem-2

branes labeled with APE; q, Ac-18A-NH peptide, membranes2

labeled with APC. FRET efficiency is calculated as described in
Section 2: Materials and methods. Experimental errors are within
the size of the symbols. Coincidence of the efficiencies of
transfer from peptide to APC or APE is indicative of the com-
plete mixing in the system. Coincidence of the curves measured
for two types of peptides indicates the similar depth of penetra-
tion of peptide tryptophan into the bilayer.

cates the similar depth of penetration of peptide
tryptophan into the bilayer. This was also supported
by the coincidence of tryptophan fluorescence spectra

Ž .of both peptides associated with DOPCrDOPE 1:1
Ž .membranes not shown . Since we have seen no

evidence of preferential association of peptides with
lipids according to a shape compensation mechanism,
we conclude that effects of peptides on this mem-
brane are mediated via modulation of the physical
properties of the membrane as a whole, rather than
via membrane domain formation. A similar picture of
the complete coincidence of energy transfer depen-
dencies between APC or APE and 18L or Ac-18A-

ŽNH was also observed with DMPCrDMPE data2
.not shown .

To estimate the extent of demixing of lipid species
in the presence of peptides, we used fluorescence
energy transfer from anthrylvinyl-labeled to
perylenoyl-labeled phospholipid probes. Efficiency of
energy transfer is dependent on the average distance
between donor and acceptor and thus is sensitive to
deviations from a random distribution of probes. We

Ž .titrated DOPCrDOPG 1:1 membranes, containing
either APCrPPC or APGrPPC donorracceptor pairs,
with peptides and monitored the change in energy

Ž .transfer efficiencies in these systems Fig. 5A . We
found that for both peptides, the relative decrease of
transfer efficiency was the same for both pairs.
Transfer efficiency is primarily sensitive to the sur-

Ž .face density of acceptor PPC in this case , which
was the same for both donorracceptor pairs. How-
ever, transfer efficiency will be differently affected
by separation or accumulation of either donor or
acceptor in domains having sizes larger than the

Ž .Foerster radius R for this donorracceptor pair.o

Thus the coincidence of the relative decrease in
intensity suggests that there does not occur lateral
separation on a scale larger than R , which is on theo

˚order of 44 A for the anthrylvinylrperylenoyl
w xdonorracceptor pair 31 . A decrease in energy trans-

fer efficiency between two lipid probes upon increas-
ing of membrane peptide content can be used to
estimate the surface occupied by one membrane-in-

Žserted peptide molecule see Section 2 Materials and
.methods . The relative decrease in transfer efficiency

Ž .is plotted against the peptiderlipid ratio Fig. 5A .
This gives the ratio of the surfaces occupied by one
peptide vs. one lipid molecule. Both the APCrPPC
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Fig. 5. A: changes in the efficiency of the fluorescence energy
Ž . Ž . Ž .transfer from APC 2% to PPC 1% and from APG 2% to

Ž . Ž .PPC 1% upon titration of DOPCrDOPG 1:1 LUV with
amphipathic peptides. Decrease in efficiency is due to an increase
in surface area of the bilayer upon peptide insertion. Titration
with 18L: B, APCrPPC donorracceptor pair; q, APGrPPC
pair. Titration with Ac-18A-NH : ), APCrPPC donorracceptor2

pair; =, APGrPPC pair. Straight lines were derived by linear
regression, separately for 18L and for Ac-18A-NH . B: changes2

in the shape of PPC fluorescence spectra in the process of
Ž .titration of DOPCrDOPG 1:1 LUV with Ac-18A-NH peptide.2

Curves correspond to the following peptiderlipid ratios: solid, 0;
dashed, 1r60; dotted, 1r30; dash-dotted, 1r20; short-dashed,
1r15; short-dotted, 1r12; heavy solid, 1r6.7. These spectral
changes correspond to a decrease in polarity of the fluorophore
environment.

and the APGrPPC donorracceptor pairs report a
surface occupied by 18L, S s0.7=S and by18L l

Ac-18A-NH , S s1.05=S where S is the2 Ac-18A-NH2 l l

average surface per lipid molecule in this

Ž .DOPCrDOPG 1:1 membrane. Values of 70"4
˚2A rlipid have been reported for DOPC in the L a

w xphase 27 . There are no available data on the average
surface per molecule in a DOPG or a DOPCrDOPG
Ž .1:1 membrane. However, it is a reasonable estimate
that the surface per lipid molecule in DOPCrDOPG

˚2Ž .1:1 is close to 70 A , since the surface area of
various phosphatidylglycerols parallels their phos-

w xphatidylcholine analogs 40 .
An interesting related observation is that for both

18L and Ac-18A-NH , upon an increase of peptide2

content in the membrane, changes in PPC fluores-
cence spectra indicated a decrease in the polarity of
the environment of PPC. This is similar to the finding

w xthat had been previously 18 interpreted as a de-
crease of water permeability andror water content of
the bilayer. Changes in PPC spectra upon addition of
Ac-18A-NH to DOPCrDOPG 1:1 LUV are shown2

in Fig. 5B.

3.3. Peptide effects on the existing phase separation
( )gel–liquid crystal

We found that preferential association of peptides
with acidic lipids was capable of modulating a pre-
existing lateral organization of the membrane, that is,
in the course of the gel–liquid crystalline phase
transition both peptides stabilized or destabilized the

Ž .gel phase, depending on whether acidic lipids PG
Ž .were the low or the high melting component Fig. 6 .

Anisotropy of fluorescence of the C - attached12

anthrylvinyl fluorophore has long been known to be
sensitive to the phase state of the surrounding lipid
w x15,16 . PCrPG vesicles labeled with APC or APG
probes have been prepared. PCrPG systems are often
regarded as systems with almost ideal mixing. Thus
phase transitions as reported by both APC and APG
probes are essentially coincident. There was only a
minor shift between cooling and heating scans. Addi-
tion of peptide similarly changed the temperature
dependencies of the fluorescence anisotropy reported
by both probes, APC and APG. Ac-18A-NH addi-2

tion is shown in Fig. 6. Similar effects were observed
Ž .upon addition of 18L data not shown . These find-

ings suggest that peptide association with acidic lipids
does not cause complete lateral separation of PC and
PG.
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Fig. 6. Temperature dependencies of the anisotropy of fluores-
cence of probes APC and APG in PCrPG MLV in pure lipid

Žmembranes and in the presence of Ac-18A-NH peptiderlipid2
.molar ratio, 1:10 . Before the data acquisition, vesicles were

cycled through the main phase transition and then kept for 30
min in the cold. Heating scans are shown. Vesicles were labeled
with 0.2 molar % of corresponding probes. A: DMPCrDPPG
Ž .1:1 . B, vesicles labeled with APC; I, vesicles labeled with
APC in the presence of Ac-18A-NH ; ', vesicles labeled with2

APG; ^, vesicles labeled with APG in the presence of Ac-18A-
Ž .NH . B: DMPGrDPPC 1:1 . B, vesicles labeled with APC; I,2

vesicles labeled with APC in the presence of Ac-18A-NH ; ',2

vesicles labeled with APG; ^, vesicles labeled with APG in the
presence of Ac-18A-NH .2

In the case when acidic lipids were the low tem-
Žperature melting component DMPGrDPPC, Fig.

.6B , in the absence of peptide, both APC and APG
Ž .probes closed symbols reported a phase transition at

24.5–338C. Addition of peptide broadened the transi-
tion to about 24–368C. This pronounced upshift of
the temperature of completion of the phase transition,
can be explained as a result of the depletion of gel
phase from acidic lipids due to charge–charge pep-
tide–lipid interactions. Gel phase depleted of the low
melting component thus has the higher melting tem-
perature.

In the case when acidic lipids were the higher
Ž .melting component DMPCrDPPG, Fig. 6A peptide

addition also broadened the phase transition from
about 30–32.58C to 27–338C. The more pronounced
here was the downshift of the temperature of the
onset of the phase transition. The anisotropy of both
probes was lower in the presence of either peptide
through most of the main phase transition than in the
lipid only membranes. This illustrates that preferen-
tial association of peptides with acidic lipids can
decrease the stability of the gel phase. Naturally,
peptide insertion in the membrane at relatively high

Ž .peptiderlipid ratios 1:10, as in Fig. 6 is likely to
disrupt the stability of the gel phase, even without
any specific lateral peptide–lipid association. Pep-
tides also induced a downshift and broadening of the

Žmain phase transition in pure lipid systems DMPC
.or DMPG, not shown or when lipids had similar

Žphase transition temperatures DMPCrDMPG, not
.shown , but quantitatively the shift was less pro-

nounced.
We also studied peptide effects on the main phase

transition in zwitterionic membranes known for non-
Ž .ideal lipid mixing DMPCrDMPE, DMPCrDPPE

w x16,33,34 . A large hysteresis between heating and
Žcooling scans had been observed in this system not

.shown . In the absence of peptides in this system,
APC and APE probes report the phase transition
differently, with a shift of both the onset and comple-

Ž .tion temperatures Fig. 7, closed symbols . These
differences in anisotropy corresponds to markedly
different probe environments through the whole tem-
perature range of the phase transition, suggesting the
existence of some sort of lateral organization in the
plane of the bilayer, enrichment of fluid domains
with PC and gel with PE. Upon addition of peptide
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Fig. 7. Temperature dependencies of the anisotropy of fluores-
Ž .cence of probes APE and APC in DMPCrDMPE 1:1 MLV in
Žpure lipid membranes and in the presence 18L peptiderlipid

.molar ratio, 1:10 . Heat scans are shown. B, vesicles labeled
Ž . Žwith APE 0.2 molar % ; I, vesicles labeled with APE 0.2

.molar % in the presence of 18L; ', vesicles labeled with APC
Ž . Ž .0.2 molar % ; ^, vesicles labeled with APC 0.2 molar % in
the presence of 18L.

Ž .18L–DMPCrDMPE, 1:10, Fig. 7, open symbols
the anisotropy of the fluorescence of APC and APE
coincided in the mid-transition range. Anisotropy of
APE decreased while that of APC increased, suggest-
ing that the probe environments changed from being
distinctly different to being rather similar. Such a
change may be interpreted as an increase in the
miscibility of this system. This may not be as much a
change of domain composition as a reduction of the
domain size, so that the anisotropy is more averaged
throughout the membrane. Another indication on the
increase of miscibility in this system is the reduction
of hysteresis between heating and cooling scans in

Žthe presence of peptide. Addition of peptide 18L on
.Fig. 7, Ac-18A-NH , not shown also broadens the2

phase transition and decreases the anisotropy values
in the gel phase.

We tried to detect peptide-induced changes in APC
and APE fluorescence anisotropy directly by the pep-
tide titration experiments; however, the resolution
was found to be insufficient. There was a principal
problem of peptide equilibration between layers of
MLV at constant temperature, as well as interference

with other peptide-induced effects like membrane
fusion and vesicle aggregation. In addition, the ani-
sotropy in the range of the phase transition is suscep-
tible to large fluctuations and thus is strongly depen-
dent on the history of the sample. We also made
temperature scanning experiments with peptiderlipid
ratios other than 1:10. The results were qualitatively
the same. Further increase in peptide content resulted
in further shifts in transition temperatures and was
accompanied by further broadening of the transitions.
With a reduction of peptide content, anisotropy scans
were more like those for the pure lipid systems.

Besides anisotropy, as an approach to study the
temperature dependence of peptide effects on mem-
brane lateral organization, we used fluorescence en-
ergy transfer from APC or APG to PPC. The com-
plexity of this approach is that the fluorescence prop-
erties of probes are temperature dependent and this
dependence is also related to the phase state of the
membrane. Thus external standards, such as dilution
with detergent are not so useful. Calculation of en-
ergy transfer efficiency in this approach is also more
approximate because instead of deconvoluting spec-
tra, we only measured intensity at two particular

Ž .wavelengths, corresponding to anthryl 435 nm and
Ž .perylenoyl 510 nm fluorescence. We neglect the

dependence of quantum yield of perylenoyl fluores-
cence on temperature and medium polarity, which is
not strictly correct. To get an insight into the molecu-
lar organization of the membranes, we suggest com-
paring the temperature dependencies of FRET effi-
ciencies in the presence and in the absence of pep-

Ž .tides. In DMPCrDMPG 1:1 vesicles, in the ab-
sence of peptides, the temperature dependencies of
FRET efficiencies were similar for APCrPPC and

Ž .APGrPPC donorracceptor pairs Fig. 8 . However,
Ž .18L Fig. 8 addition changed these dependencies in

opposite ways. Upon heating without peptide, the
efficiency was increasing several degrees below the
main phase transition and decreasing with the onset
of the phase transition. This decrease was essentially
complete before the completion of the phase transi-
tion. After melting, the efficiency decreased slowly
over a wide range of temperatures. There was very
little hysteresis in this system, heating and cooling

Žscans were nearly superimposable only heating scans
.are shown in Fig. 8 . In the fluid phase, addition of

Ž .18L Fig. 8 decreased transfer efficiency due to the
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Fig. 8. Temperature dependencies of the efficiency of the fluores-
cence energy transfer between two types of lipid specific fluores-

Ž Ž . Ž . Ž .cent probes APC 2 molar % to PPC 1 molar % dotted lines
Ž . Ž . Ž ..or APG 2 molar % to PPC 1 molar % solid lines in the

Ž .course of the main phase transition of DMPCrDMPG 1:1
Ž .LUV, lipid only systems thin lines or with molar 5% of 18L

Ž .bold lines . Heating scans are shown.

increase in the surface area upon peptide incorpora-
tion, in accordance with Fig. 5A. However, increase
in transfer efficiency below the lipid phase transition
was smoothed out for APCrPPC, while it was en-
hanced for APGrPPC. The temperature of maximum
energy transfer also shifted in different directions:
from 17 to 18.58C for APGrPPC, and from 18 to
168C for APCrPPC. The difference between heating
and cooling scans became more pronounced for
APGrPPC, although it was shifted only 18C. Similar
changes were observed for the addition of Ac-18A-

Ž .NH not shown . These data are in agreement with2
Ž .anisotropy experiments Fig. 6A , which suggest that

in this system peptide serves as a nucleation site for
gel phase melting, and also with peptide-to-probe

Ž .FRET experiments Fig. 3 which suggest that the
peptide environment is enriched in acidic lipids. Pre-
viously, we found that the PPC probe has some

w xpreference for the fluid phase 16 . Thus, the begin-
ning of membrane melting in the presence of peptide,
for the APGrPPC pair, results in the increased accu-

Žmulation of both probes in the fluid phase peptide
.vicinity and consequently in the increase of energy

transfer, relative to that in the absence of peptide.
Contrary to that, peptide domain formation and PPC
preference for the fluid phase will contribute to the

demixing of donor and acceptor for the APCrPPC
pair and thus will result in smoothing of the tempera-
ture dependence of energy transfer efficiency.

4. Discussion

Several fluorescence approaches were used to show
that amphipathic peptides can induce lateral lipid
separation in membranes as well as modulate existing
lateral organization. Fluorescence detection is very
sensitive to domain formation in the sense that the
minimum domain lifetime to be detected is about the
lifetime of the fluorophore excited state, i.e., on the
scale of 10y8 s. Spacial resolution is about equal to

˚the Foerster radius, i.e., 24 A for the Trpranth-
˚rylvinyl pair and 44 A for the AVrperylenoyl pair.

This means that the fluorescence method is sensitive
to everything from membrane dynamic heterogeneity
to stable domain formation on the scale of parts of
the whole cell, although discrimination among the
possibilities would require imaging methods.

One can imagine three types of lateral organiza-
tion: segregated, random and regular. In binary lipid
mixtures, this approximately corresponds to prefer-
ences in like–like interactions, absence of preference,
or preference of dislike interactions. Naturally, situa-
tions intermediate between these extremes are of
biological relevance. Discussion of lateral organiza-
tion in PErPC systems usually centers around the
possibility of segregation due to like–like association
via the intermolecular hydrogen bond formation be-
tween PE headgroups. In the fluid phase of PErPC
mixtures we did not observe any evidence of this
type of association. Our data also rule out any hetero-

Žgeneity in DOPCrDOPE and DMPCrDMPE in L a

.phase mixtures in the presence of peptides. The
effects of L- and A-type amphipathic peptides on
biological membranes and on model membranes with
propensity for non-bilayer phase formation had been
shown to correlate with the peptide modulation of

Ž .intrinsic monolayer curvature IMC of the mem-
w xbrane 11,12 . Application of the IMC concept to a

multi-component system has to deal with the possible
Ž .difference between short range order local and long

Ž .range order global , due to lateral lipid domain
formation. Our data on the complete lipid miscibility
show that a description in terms of global IMC can
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be applied, not only for single-component systems
Ž .like Me-DOPE , but also for binary and possibly
multi-component zwitterionic membranes.

Contrary to the case of zwitterionic PC:PE sys-
tems, in anionic PCrPG membranes both Ac-18A-
NH and 18L peptides affected membrane lateral2

organization. PCrPG membranes with identical or
similar hydrophobic chains are usually discussed in

w xterms of complete mixing 35,36 or regular lateral
w xorganization 37 . It should be noted that macroscopic

methods, like DSC, often used for analysis of lipid
phase behavior, do not easily discriminate between

w xthese two types of organization 3 . Electrostatic re-
pulsion between anionic PG headgroups is a natural
reason why these membranes may have a motif of
regular lateral membrane organization. Both Ac-18A-

Ž .NH and 18L have basic residues lysines . In the2

membrane associated state, electrostatic interactions
of peptide lysines with anionic lipids would result in
the accumulation of acidic lipids in the vicinity of the
peptide. The size of these domains enriched in acidic
lipids is not larger than the Foerster radius for the
anthrylvinylrperylenoyl donorracceptor pair, as we
had not seen significant lipid demixing in peptide
titration experiments. Enrichment of the vicinity of
the peptide with acidic lipids can be estimated from
the data in Fig. 3. The efficiency of FRET from
tryptophan to APL is primarily dependent on the
surface density of APL in the vicinity of the peptide

˚Ž .molecules, namely within R ;24 A distanceo

around the peptide tryptophan. Efs , is differentlocal

from s in the absence of peptide. As long as APLo

follows the distribution of the host PL, s ss Plocal o

c rc where c is the concentration of host lipid inl o l

the vicinity of the peptide and c is the host lipido

concentration in the absence of peptide. From this,
we can conclude that the ratio of the FRET efficien-
cies derived by different probes directly corresponds
to the ratio of two types of host lipids in the vici-

Ž .nity of the peptide: E rE s c rc rAPC APG l,PC o,PC
Ž .c rc sc rc since c sc in thisl,PG o,PG l,PC l,PG oPC oPG

Ž .DMPCrDMPG 1:1 system. Comparing the slopes
Ž . Ž .of E s dependencies Fig. 3 we get c rc sl,PC l,PG

0.75 for Ac-18A-NH and 0.7 for 18L. This estimate2

is only a minimum for the case in which the actual
domain arrangement is restricted to an area less than
the Foerster radius, that is, if the actual organization
is close to the stoichiometric association of acidic

lipids with cationic residues of the peptide. Indication
that peptide effects are pronounced at larger distances
comes from data on bilayer expansion upon peptide
insertion. In this case, relatively low enrichment of
acidic lipids suggests the dynamic character of this
lateral domain structure.

Low values of bilayer surface expansion upon
peptide insertion are indicative that peptide insertion
is accompanied by more dense packing of the bilayer.
In the absence of peptides, besides just steric consid-
erations, charge–charge repulsions between charged
lipid molecules affect the surface area per molecule.
Insertion of the peptide reduces lipid–lipid repulsion
in the vicinity of the peptide and thus reduces the
surface area per lipid molecule around the peptide.
This results in apparent reduction of the measured
surface occupied by one peptide molecule. More
dense packing of the bilayer is also reflected in the
spectra of the perylenoyl probe which corresponds to

Ž .a less polar environment Fig. 5B . Huang et al.,
recently reported that membrane insertion of amphi-
pathic peptides magainin 2 and alamethicin leads to

w xbilayer thinning 38,39 . This effect, was suggested to
be general for side inserting amphipathic peptides. If
we assume that it is pronounced for the peptides we
studied here, then bilayer thinning, taken together
with only a small surface increase upon peptide
insertion, will mean a reduction in membrane hy-
drophobic volume and thus an increase in the packing
density in the hydrophobic part of the bilayer.

The larger surface increase by Ac-18A-NH is2

predictable since its hydrophilic surface is larger than
that of 18L; there are 8 charged residues in this
peptide compared with 4 in 18L. Also, the zwitteri-
onic peptide Ac-18A-NH is less potent than cationic2

18L in screening anionic lipids. The small surface
area occupied by the peptide also confirms the

w x‘snorkel hypothesis’ of Mishra et al. 41 that the
long hydrophobic part of the lysine side chain con-
tributes to the insertion of the peptide.

Creation of domains is entropically unfavorable.
Strong interactions, such as charge–charge interac-
tions are required to cause preferential peptide–lipid
association. More pronounced peptide effects are ob-
served around the main phase transition of the bi-
layer, a state which is intrinsically susceptible to
large fluctuations because phase coexistence results
in less ordered packing of the lipids. Generally, pep-
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tide insertion reduces the cooperativity of the phase
transition. However, in other respects peptide effects
are dependent on the lipid system. In zwitterionic
PCrPE systems, known for non-ideality of mixing,
peptide addition reduces the difference in the PC and

Ž .PE probe’s environments Fig. 7 , that is, the peptide
increases mixing in these systems. Peptide preference
for the fluid phase is expected since peptides cannot

Ž .stably incorporate into the gel phase Fig. 1 . Along
with this general fluid phase preference, peptide–lipid
charge–charge interactions affected lateral membrane
organization in the course of the main phase transi-
tion. When acidic lipids were the low melting compo-
nent of the lipid mixture, peptide–acidic lipid interac-
tions resulted in the depletion of the low melting
component from the gel phase and thus shifting the
completion of the phase transition to the higher tem-
peratures. When acidic lipids were the high melting
component of the binary mixture, peptide addition
resulted in the broadening and shifting to lower tem-
peratures of the onset and T of the transition. Con-m

trary to the PCrPE system, in the PCrPG systems
anisotropy values of the APC and APG probes essen-
tially coincided, and there was only a very small
difference between heating and cooling scans. This
also indicates a high miscibility in this system. While
peptide affected the phase transition in these systems,
there was no detectable difference between the ani-
sotropy measured by APC and by APG. This also
indicates the nanoscopic scale of lateral organization,
that is, there were no separated domains big enough
to maintain different motional order.

Despite belonging to different classes of amphi-
pathic helices and opposing activities on biological or
model zwitterionic membranes, both 18L and Ac-
18A-NH peptides have similar effects on membrane2

lateral organization. The difference between peptide
effects was quantitative rather than qualitative, for
example, Ac-18A-NH has a 50% larger surface2

increase upon membrane incorporation than 18L. The
similarity of the effects of 18L and Ac-18A-NH2

peptides on membranes lateral organization suggests
the general character of the observed patterns.
Charge–charge peptide–lipid interactions are capable
of modulating lateral membrane organization both in
the fluid state and in the course of the main phase
transition. Contrary to electrostatic interactions, the
geometrical factors, the shape of peptide molecule,

were unable to induce demixing of lipid components
of fluid membranes. Peptides of different shape were
found to increase lipid mixing similarly in mem-
branes know n for m ixing non-ideality
Ž .DMPCrDMPE . The absence of complex peptide-
induced lateral organization in fluid zwitterionic lipid
mixtures supports the validity of a description of
peptide–membrane interactions in terms of affecting
parameters of the membrane as a whole, such as
intrinsic monolayer curvature modulation.
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