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ABSTRACT The kinetics of carboxyfluorescein efflux induced by the amphipathic peptide §-lysin from vesicles of porcine
brain sphingomyelin (BSM), 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), and cholesterol (Chol) were investigated as a
function of temperature and composition. Sphingomyelin (SM)/Chol mixtures form a liquid-ordered (L) phase whereas POPC
exists in the liquid-disordered (Lq) phase at ambient temperature. 8-Lysin binds strongly to Ly and poorly to L, phase. In BSM/
Chol/POPC vesicles the rate of carboxyfluorescein efflux induced by §-lysin increases as the POPC content decreases. This is
explained by the increase of §-lysin concentration in Ly domains, which enhances membrane perturbation by the peptide.
Phase separations in the micrometer scale have been observed by fluorescence microscopy in SM/Chol/POPC mixtures for
some SM, though not for BSM. Thus, 6-lysin must detect heterogeneities (domains) in BSM/Chol/POPC on a much smaller
scale. Advantage was taken of the inverse variation of the efflux rate with the Ly content of BSM/Chol/POPC vesicles to
estimate the L4 fraction in those mixtures. These results were combined with differential scanning calorimetry to obtain the BSM/

Chol/POPC phase diagram as a function of temperature.

INTRODUCTION

Over the past few years we have been examining the kinetics
of carboxyfluorescein (CF) release from lipid vesicles in-
duced by 6-lysin, a hemolytic, a-helical, amphipathic pep-
tide secreted by Staphylococcus aureus. We have studied in
detail the kinetics of the interaction of o-lysin with large
unilamellar vesicles (LUV) of 1-palmitoyl-2-oleoyl-phos-
phatidylcholine (POPC) and found that dye efflux from
liquid-disordered (Lq4) vesicles of pure POPC is caused by a
rapid and transient translocation of a small peptide aggregate
across the membrane (1,2). More recently, we examined the
kinetics of CF release induced by 6-lysin from LUVs com-
posed of ternary mixtures of sphingomyelin (SM), POPC,
and cholesterol (Chol) at ambient temperature (3). That work
led us to hypothesize that the rate of 8-lysin activity is dom-
inated by the phase behavior of the membrane. Here, we
examine the validity of this hypothesis by significantly
extending the previous investigation to a broader range of
lipid compositions and, especially, by including the effect of
temperature (7) from 14 to 50°C. Ternary mixtures of SM,
POPC, and Chol constitute a simple model of the outer leaflet
of eukaryotic cell membranes. These mixtures have recently
drawn a lot of attention because they also seem to embody
the essential features of the lipid component of raft-con-
taining membranes (4-8). An important finding regarding
the interaction of &-lysin with SM/Chol/POPC mixed ves-
icles at ambient temperature (3) is that the peptide shows a
strong preferential partitioning (by a factor of ~10?) into the
L4 phase (POPC) relative to the liquid-ordered (L,) phase
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(SM/Chol 1:1). Therefore, in a mixed SM/Chol/POPC bi-
layer containing L4 and L, domains, d-lysin interacts almost
exclusively with the Ly domains, and the smaller the amount
of Ly domains present, the faster the efflux (3). This occurs
because with a smaller area of Ly domains, hence a higher
peptide concentration therein, local membrane perturbation
increases and peptide self-association is promoted (2). The
observed rate of dye efflux is thus sensitive to the fraction of
L4 phase present (3) and varies inversely with that fraction.
Therefore, as will be shown here, information about the
fractions of the Ly and L, phases in the coexistence region
can be directly obtained. Furthermore, because the domains
must be large enough to be detected by the peptide, they are
likely to be of order > 10 nm. This figure, however, is still
much smaller than the resolution of fluorescence microscopy
(order > 100 nm). Therefore, these experiments allow de-
tection of domains on a different length scale, complemen-
tary to light-based microscopy. They also yield an estimate
of the amounts of the two coexisting types of domains or
phases, Lq and L,

Thus, o-lysin can be used to probe the phase composition
of SM/Chol/POPC bilayer membranes. Knowing the frac-
tions of the L4 and L, phases, the boundaries of the phase dia-
gram can be estimated. The determination of phase diagrams
of SM/Chol/POPC ternary systems has been a topic of great
interest as they appear to contain regions of coexistence of
two liquid phases believed to be relevant for the state
of eukaryotic cell membranes, and also for the so-called lipid
rafts (6,7,9-12). Coexistence of Lq and L, phases was first
proposed in theoretical work on binary mixtures of phos-
phatidylcholines (PC) and Chol (13,14). Subsequently, it
was corroborated by several lines of experiments in binary
(15-19) or ternary mixtures of two phospholipids and
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Chol (8,11,20-23). Lipid rafts (24,25) are thought to be
protein/lipid domains rich in SM, Chol, glycosphingolipids,
glycosylphosphatidylinositol-linked proteins, nonreceptor
tyrosine kinases, and G-proteins (24-27). Rafts have been
implicated in a number of cellular functions, including the
facilitation of reactions between proteins and lipids that par-
tition preferentially into the rafts, and sorting of components
between different cell membranes (24). The current under-
standing of lipid rafts, liquid-ordered domains, or condensed
complexes in biological and model membranes was the sub-
ject of several recent reviews (27-29). Initial evidence for the
presence of rafts was obtained with classical detergent extrac-
tion, using Triton X-100 insolubility as a criterion (4,25,30).
There is a correlation between formation of raftlike, liquid-
ordered phases and detergent insolubility (4,30). Also, de-
tergent extraction and fluorescence microscopy yield similar
values for the partition coefficient of hydrophobic peptides
between L, and L4 phases (31,32). However, the question of
the impact of detergent extraction on raft nature and com-
position still remains and it has been argued that the very
process of detergent extraction may induce separation of raft
lipids (33,34). Therefore, intense work has been dedicated to
ascertain the existence of rafts in cell membranes. In par-
ticular, the determination of raft size and their visualization
has received much attention (5,35). A difficulty in this re-
gard is that lipid rafts are probably very dynamic structures
(27,36,37).

In principle, phase diagrams can be determined using
breaks in spectroscopic parameters of incorporated fluores-
cent probes or spin-labels. However, this may yield the phase
boundaries but not the tie-lines, which, in a ternary system,
have to be established independently to estimate the amounts
of the coexisting phases. A phase diagram for palmitoyl-SM
(PSM)/Chol/POPC has been published (6,38), with the
suggestion of one tie-line. More recently, for dipalmitoyl-
phosphatidylcholine  (DPPC)/dioleoylphosphatidylcholine
(DOPC)/Chol, tie-lines were obtained by a combination of
fluorescence microscopy and “H-NMR spectroscopy (21),
and a new method has been developed, using the DPPC/
dilauroylphosphatidylcholine (DLPC)/Chol system, which
allows for the determination of tie-lines using electron
spin resonance (ESR) (22,23). In addition, phase diagrams
for PSM/Chol/POPC and PSM/Chol/DOPC ternary systems
have been proposed based on fluorescence microscopy (7),
which include some indication of the tie-lines. However,
significant disagreement exists between results from differ-
ent groups (6,7), even in the placement of phase boundaries
(see, for example, Fig. 2). This could be due, in part, to
differences intrinsic to the methods used. For example, for
domains to be visible by fluorescence microscopy, their size
must be larger than the wavelength of the light used. In fact,
fluorescence resonance energy transfer has indicated the
existence of (small) domains that are not detected by fluo-
rescence microscopy (8,38,39). Given these uncertainties
and the relevance of the SM/Chol/POPC system for bio-
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logical membranes, it is important to study the same sys-
tem by different methods (21). This conclusion was also
reached upon analysis of the state of knowledge of mem-
brane microdomains (40). Here, we propose a phase diagram
for SM/Chol/POPC as a function of temperature determined
by an entirely different and novel approach. We hope that
this will contribute to a better understanding of the matter at
hand.

POPC was used as the unsaturated phospholipid because it
seems the most biologically relevant choice (12). Porcine
brain sphingomyelin (BSM) was used partly because it is
more affordable than a pure SM. Of the available biological
mixtures, this contains the largest amount of stearoyl (18:0)
acyl chains (=50%) and also a large fraction of nervonoyl
(24:1) chains (=20%). In general, the drawback of using a
mixture as a pseudo-component in a mixed system is that
further complexity can arise and the system is less pleasing
from a pure physical chemical viewpoint. In its favor we
should say that the sphingomyelin mixtures found in bio-
logical membranes may have unique properties not present
in pure component sphingomyelins. This is inferred from
differential scanning calorimetry (DSC) experiments that
showed that a 1:1:1 mixture of 16:0-SM/18:0-SM/ligno-
ceroyl(24:0)-SM exhibits a very cooperative melting behav-
ior, with a transition width much narrower than expected
from the individual heat capacity functions of the three
separate components, and with a melting temperature (7,,,)
lower than any of the three (41). In fact, the mixture used
in this article appears to follow the same trend, as shown
below.

Finally, we place a word of caution on the use of ter-
minology regarding the nature of inhomogeneities observed
in these systems. Terms such as phases, domains, rafts, and
condensed complexes have been used to describe regions of
the membrane rich in ordered states of the phospholipids in
mixtures with Chol (42). We will use the term ‘‘phase’ in a
generalized sense, to indicate that inhomogeneities are ob-
served at some scale, macro- or microscopic. In some cases,
when we feel the use of ‘‘phase’ is least appropriate, the
term ‘‘domain’’ will be preferred. But by using the terms
domain or phase, we do not wish to imply any preconceived
bias as to whether these heterogeneities are better described
as phases, domains, or condensed complexes. This is simply
a convenient way to refer to the inhomogeneity of these sys-
tems and, for consistency, we shall use the Ly/L, terminol-
ogy. If these domains were not phases in the thermodynamic
limit, the use of phase diagrams (or of the term) may be
legitimately questioned (7,9). However, a phase diagram can
be simply viewed as a way of representing the different types
of states present, such as different types of domains, which
can still be treated in a rigorous manner by thermodynamics
(and certainly by statistical mechanics) even if they are small
(43). It is true, however, that small domains are subject to
less strict thermodynamic constraints than macroscopic
phases (9,43).
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METHODS
Chemicals

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), in chloroform
solution; porcine brain sphingomyelin (BSM), (2S,3R,4E)-2-acylamino-
octadec-4-ene-3-hydroxy-1-phosphocholine, as powder or in chloroform
solution; and cholesterol, as powder, were purchased from Avanti Polar
Lipids (Alabaster, AL). The fatty acid chain composition of porcine brain
sphingomyelin, specified by the vendor, is the following: 16:0 (2%), 18:0
(49%), 20:0 (5%), 22:0 (8%), 24:0 (6%), 24:1 (20%), and other chains
(10%). Carboxyfluorescein (99% pure) was purchased from ACROS
(Morris Plains, NJ). Organic solvents p.A. were purchased from Burdick
& Jackson (Muskegon, MI). Lipids and probes were tested by TLC and used
without further purification.

o-Lysin

Formyl-NH-Met-Ala-GIn-Asp-Ile-Ile-Ser-Thr-Ile-Gly-Asp-Leu-Val-Lys-Trp-
Ile-Tle-Asp-Thr-Val-Asn-Lys-Phe-Thr-Lys-Lys-COOH (5-Lysin) was a gift
from Dr. Birkbeck (University of Glasgow, Scotland). Its purification was
described previously (1,44). For the dye efflux kinetics measurements,
lyophilized 8-lysin was dissolved in distilled water acidified to pH ~ 3, to a
final concentration of 200 uM as described before (3). Just before the kinetic
experiments 8-lysin was diluted into 0.10 M KCI, pH 3.0. The low pH imparts
the peptide with a net positive charge, which minimizes its aggregation.

Carboxyfluorescein efflux experiments

LUVs for CF efflux kinetics measurements were prepared by mixing the
appropriate lipid amounts in 4:1 chloroform/methanol in a round bottom
flask. The solvent was rapidly evaporated using a rotary evaporator (Biichi
R-3000, Flawil, Switzerland) at 60-70°C. The lipid film was then placed
under vacuum for 5-8 h and hydrated by the addition of buffer (20 mM
MOPS pH 7.5, 0.1 mM EGTA, and 0.02% NaN3, 50 mM CF) to give a final
lipid concentration of 10 mM. The suspension of multilamellar vesicles was
subjected to five freeze-thaw cycles to increase the degree of CF en-
capsulation. The suspension was then extruded 10 times through two stacked
Nucleopore polycarbonate filters (Whatman, Florham, NJ) of 0.1-um pore
size, using a water-jacketed high pressure extruder from Lipex Biomembranes
(Van couver, Canada) at 70°C. After extrusion, fluorophore-containing LUVs
were passed through a Sephadex-G25 column (Sigma-Aldrich, St. Louis, MO)
to separate the dye in the external buffer from the vesicles. The suspension was
diluted in buffer to the desired lipid concentration and used for fluorescence
measurements. The buffer used was 20 mM MOPS pH 7.5, containing 100 mM
KCl, 0.1 mM EGTA, and 0.02% NaN3, which has the same osmolarity as
the CF-containing buffer. Lipid concentrations were assayed by the Bartlett
phosphate method (45), modified as previously described (1), with the
absorbance read at 580 nm. The kinetics of carboxyfluorescein efflux were
recorded in a SLM-Aminco 8100 spectrofluorimeter (SLM-Aminco, Urbana,
IL), adapted with a RX2000 rapid kinetics spectrometer accessory (Applied
Photophysics, Leatherhead, UK), equipped with a RX pneumatic drive
accessory (Applied Photophysics). The temperature was controlled to +0.1°C
using a thermostated, circulating water bath (Thermo NESLAB, Newington,
NH). CF efflux was measured by the relief of self-quenching of fluorescence,
measured by excitation at 470 nm and emission at 520 nm. The peptide
concentration was 0.5 uM in all experiments and the lipid concentration was
200 M in all experiments, except for the data shown in Fig. 9.

Differential scanning calorimetry

Multilamellar vesicles (MLV) of lipid mixtures for DSC were prepared by
aliquoting stock solutions of lipid in chloroform into borosilicate culture
tubes using gas-tight syringes (Hamilton Company, Reno, NV). Phospho-
lipid stock concentrations in chloroform were determined by phosphorus
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analysis (46). Samples were dried to a thin film under a stream of argon and
placed on a high vacuum line overnight in the dark. Alternatively, the sam-
ples were lyophilized by briefly placing samples under vacuum to form a thin
film of lipid, vented to argon upon removal from the vacuum, then dissolved
in benzene/methanol (19:1, v/v), frozen in liquid N, and placed back under
vacuum overnight, in the dark. Both types of samples were hydrated well
above their transition temperature under argon in 20 mM MOPS pH 7.5,
100 mM KCl, 0.1 mM EGTA. The samples were slowly temperature-cycled
through the main transition region of the SM twice, in the dark, before gently
dispersing into a uniform suspension (to minimize introduction of oxygen).
Samples were stored in the dark under argon and heated above the melting
temperature of SM before being loaded into the calorimeter. Excess heat
capacity functions of 10 mM MLYV suspensions were obtained by heating at
a scan rate of 10°C/h using MicroCal MC-2 and MicroCal VP-DSC in-
struments (Northampton, MA). Both sample preparation methods and calo-
rimeters yielded the same melting and mixing behaviors as detected by DSC.
The onset and completion temperatures of the gel-to-liquid crystalline phase
transition were estimated as the two temperatures at which 5% and 95%,
respectively, of the integral of the heat capacity curve are reached (47).

Preparation of red blood cell ghosts with
encapsulated carboxyfluorescein

Red blood cell ghosts were prepared by the method of Dodge et al. (48).
Briefly, the blood from a healthy donor was washed three times by cen-
trifugation (at 600 X g for 15 min) and resuspended in isosmotic buffer
(150 mM KCI, 10 mM MOPS, 0.1 mM EGTA, pH 7.5), at 4°C. CF was
incorporated into the erythrocyte ghosts by hyposmotic shock with a large
excess volume to yield a solution with the final composition of 10 mM CF,
20 mM KCI, 10 mM MOPS, pH 7.5. After the hyposmotic shock, the ghosts
reseal entrapping CF. The dye left in the external medium was removed by
gel filtration as described above.

Calculation of average relaxation times

The curves of carboxyfluorescein release as a function of time were char-
acterized by a mean relaxation time (7), as described before (3). Briefly, the
mean relaxation time is obtained from the integral (49,50),

_ I o (t)dt

I W

where

f0) == 2)
is the time-derivative of F(¢), which is the experimental curve of normalized
fluorescence increase as a function of time. This curve increases as CF is
released, until it essentially reaches a plateau (see Fig. 1). The time-
derivative of F (1), f(f), behaves as the probability density function (49,50).
For example, for a multiexponential decay, 7 is the weighted average of the
relaxation times of each exponential function. Before numerical differen-
tiation the curves were smoothened as described before (3), to avoid errors
due to experimental noise.

RESULTS

Effect of POPC content on dye efflux from L4—L,,
mixed-phase vesicles of BSM/Chol/POPC at a
constant temperature

The release of CF induced by 6-lysin is almost complete
from pure POPC, L, vesicles (Fig. 1, curve A), but very minor
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FIGURE 1 Carboxyfluorescein (CF) efflux induced by &-lysin from lipid

vesicles with the encapsulated dye at 38°C for various lipid compositions:
(A) POPC; (B) BSM/Chol/POPC 10:10:80; (C) 15:15:70; (D) 30:30:40; (E)
40:40:20; and (F) BSM/Chol 50:50. In all experiments the peptide
concentration was 0.5 uM and the lipid concentration was 200 uM.

from BSM/Chol 1:1, L, vesicles (Fig. 1, curve F), at physi-
ological temperature (38°C), at the same lipid and peptide
concentrations, as shown before at ambient temperature (3).
The small amount of CF efflux from BSM/Chol 1:1 is prob-
ably due to a small fraction of short or unsaturated chains
present in this porcine brain sphingomyelin (BSM). Other
authors have observed a residual disorder in bovine brain
SM, which has similarly been attributed to a small fraction
of low-melting chains (51). At ambient temperature (22°C),
6-lysin binds to the Ly phase (POPC) approximately three
orders-of-magnitude better than to the L, phase (SM/Chol
1:1) (3). In addition, the mean relaxation time, 7 (defined by
Eq. 1), for dye release increases with the POPC concentra-
tion in mixtures of BSM/Chol/POPC that exhibit nearly
complete release. This is seen in the series of curves labeled
A, B, C, and D in Fig. 1, where the POPC concentration is
varied while keeping a constant, equimolar ratio of SM and
Chol.

The combination of poor binding to and poor efflux across
the L, phase indicates that, in vesicles with L4q—L, coexis-
tence, dye efflux arises almost exclusively from peptides as-
sociated with the Ly domains. Furthermore, concentration of
the peptide in L4 domains promotes the formation of 5-lysin
aggregates, which are required for peptide translocation
across the membrane, with concomitant CF efflux from the
vesicle lumen (1,2). This is why, as the BSM/Chol content
increases in BSM/Chol/POPC vesicles, CF-efflux time (1)
decreases (the rate increases) (Fig. 1), although the peptide
does not bind strongly to, or release dye efficiently from
BSM/Chol vesicles. That is, the smaller the amount of Ly
phase present (POPC), the more efficient 6-lysin becomes in
inducing CF efflux (3). In addition, at infinite time, close to
80% or more of the CF content of the vesicles is released as
long as the amount of Chol is not too large (<40 mol %). But
for BSM/Chol/POPC 4:4:2, the fraction of CF released drops,
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on average, to =50-60%, and for BSM/Chol 1:1, it is only
~20%.

Temperature dependence of dye efflux from
BSM/Chol/POPC vesicles

The kinetics of CF release from lipid vesicles, induced by
6-lysin, were measured as a function of temperature for: 1),
pure POPC; 2), mixtures with equimolar ratios of BSM and
Chol, with variable PC content, BSM/Chol/POPC 10:10:80,
15:15:70, 20:20:60, 25:25:50, 30:30:40, 40:40:20, and 50:50:0;
and 3), BSM/Chol/POPC 10:30:60, 20:40:40, and 30:10:60.
For easy reference, a Gibbs triangle indicating all the mix-
tures examined is shown in Fig. 2 (circles represent mixtures
for which o-lysin-induced efflux was measured; squares
refer to calorimetric experiments). Also shown is the Ly—L,
coexistence region for PSM/Chol/POPC, as proposed by de
Almeida et al. (6) (solid line) and Veatch and Keller (7)
(dashed line). The phase diagram for BSM/Chol/POPC was
not previously available, though some compositions were
examined by Veatch and Keller (11), who did not detect
macroscopic phase separation by fluorescence microscopy.
In our work, the temperature was varied from 14 to 50°C.
Table 1 shows the temperature-dependence of the mean
relaxation time (7, given by Eq. 1) of CF release curves for
the mixtures that exhibit nearly complete dye release. The
temperature-dependence is complex. Arrhenius plots corre-
sponding to POPC vesicles and to two ternary mixtures are
shown in Fig. 3. It is clear that CF efflux does not follow
simple Arrhenius behavior, which would result in a straight
line with negative slope in Fig. 3. At lower temperatures, 7 is
almost constant with temperature. At higher temperatures,
the longer 7-values are probably a consequence of impaired

23°C

FIGURE 2 Gibbs triangle showing the compositions examined in this
work by &-lysin-induced dye release (circles) and DSC (squares). Also
shown are the Ly—L, coexistence regions from the phase diagram of PSM/
Chol/POPC proposed by de Almeida et al. (6) (solid lines) and Veatch and
Keller (7) (dashed lines), both at 23°C.
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TABLE 1 Average relaxation time (7) for the release of CF from vesicles of BSM/Chol/POPC

Average relaxation time, 7 (s)

SM/Chol/POPC mixtures

POPC/Chol mixtures

T (°C) 10:10:80 15:15:70 20:20:60 25:25:50 30:30:40 10:30:60 30:10:60 80:20 70:30 60:40
14.0 17.1 £ 2.0 135 03 9002 69*06 9902 162 £02 256 =20 27 =1 23 £ 2 44 = 4
18.0 193 £ 09 141 £22 7203 59*x05 61x04 119 £ 04 143 £ 038 63 =6 202 333
22.0 20.7 £ 0.7 14.1 £ 2.6 6.9 £ 0.1 5304 56=*07 126 £ 1.7 109 £ 0.5 87 £9 28 =2 42 x5
26.0 26.6 = 1.0 146 =35 65*+02 49*x04 41=*0.1 104 = 0.2 84 = 0.1 83 x 2 26 =2 33 x4
30.0 265 £ 29 195 £ 3.0 68 04 4403 38x04 9202 87 x04 132 = 10 67 =8 109 = 8
34.0 26.8 £ 39 174 £ 22 7506 43*x03 34%x0.1 9.6 £ 0.1 89 £05 243 =17 168 = 3 139 = 12
38.0 34729 240 =*20 92*04 55*x02 33%x03 7.8 £0.2 11302 27715 320=* 11 165 = 8
42.0 53+7 238 £ 44 149 = 1.1 19*5 3203 140 £ 0.2 17*5 279 =25 274 = 18 135 £ 4
46.0 141 = 37 49 +9 38.0 = 3.1 34 =10 48 £ 04 19=*1 45 = 17 254 = 29 148 = 14 129 = 16
50.0 173 £ 12 563 = 0.8 48 = 6 67 = 17 75 %16 74 =9 72*9 231 £22 268 = 39 128 = 17

The data represent average 7-values from, typically, three experimental dye efflux curves for each composition and temperature. The error bars are the

corresponding standard deviations.

peptide binding due to partial unfolding, with loss of
a-helical content and, consequently, amphipathicity. For all
temperatures, the extent of CF release drops sharply at ~40
mol % Chol, and becomes very small (=20%) at 50 mol %
Chol. We interpret this to mean that, at 40 mol % Chol, the
amount of Ly phase present has become negligible or its
domains are too small to be effectively detected by the pep-
tide. Because the meaning of 7 is not the same for mixtures
that exhibit nearly complete release and for those that yield
only limited dye release, T-values were not calculated for the
latter.

Dye efflux in POPC/Chol binary mixtures

We have also examined &-lysin-induced efflux in three
binary mixtures of POPC and Chol, with 20, 30, and 40 mol
% Chol (Table 1, last three columns). At low temperatures,

-In(z/s)
IS o ) o
T T T
1 1 1

'
)}
T
1

6 1 . 1 . 1 . 1
0.0031 0.0032 0.0033 0.0034

1T K™

0.0035

FIGURE 3 Arrhenius plot of the average relaxation time for dye efflux (7)
as a function of 1/T. Simple Arrhenius behavior in this plot would yield a
straight line with a negative slope. Data are shown for pure POPC (solid
circles), and BSM/Chol/POPC 15:15:70 (open circles) and 25:25:50 (solid
triangles). If not apparent, the error bars are inside the symbols. The lines are
drawn only to guide the eye.

Biophysical Journal 91(6) 2184-2197

these measurements show that efflux from these POPC/Chol
mixtures is very similar (if anything, slower) to efflux from
pure POPC vesicles (Table 2, last column). This is in contrast
to what is observed in BSM/Chol/POPC, where efflux is
much faster than from pure POPC. This indicates that 5-lysin
does not detect domains in POPC/Chol mixtures. Thus, we
conclude that there is no coexistence region of Ly and L,
phases in the POPC/Chol binary system. However, small mi-
crodomains or fluctuations leading to appearance of L, clus-
ters cannot be excluded.

Ly and L, fractions in BSM/Chol/POPC mixtures

It became apparent to us that the data shown in Table 1 could
be used to obtain an estimate of the fractions of Ly and L,
domains coexisting in a BSM/Chol/POPC vesicle, provided
a suitable calibration of the values of T were available. To
obtain such a calibration, the rates of dye efflux were mea-
sured in macroscopic mixtures of BSM/Chol (L,) empty ves-
icles and POPC (Ly) vesicles loaded with CF, combined in
proportions to span the range of the fractions of the two
phases covered by the BSM/Chol/POPC mixtures examined,
in the same temperature range (14-50°C). We refer to the 7
of CF release in macroscopic mixtures of vesicles as a func-
tion of temperature as a calibration curve (Table 2). The idea
is that 7 for the macroscopic mixtures of vesicles should be
the same as for the mixed-phase vesicles (co-lyophilized
mixtures) if the fractions of L4 and L, phases were the same
in both. Therefore, given a certain average relaxation time 7
for efflux in a mixed vesicle of BSM/Chol/POPC, the frac-
tion of the L4 phase can be obtained from a comparison with
a macroscopic mixture that gives that same 7. For example,
at 30°C the mixture SM/Chol/POPC 15:15:70 yields a 7 ~
20 s (Table 1). Using the calibration curve for this tem-
perature (Fig. 4), we would estimate the amount of L4 phase
in SM/Chol/POPC 15:15:70 to be 85%. The percentages of
Ly phase calculated in this manner are shown in Table 3,
which represents combined data using two independent
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TABLE 2 Average relaxation time (7) for the release of CF from macroscopic mixtures of BSM/Chol 1:1 vesicles and POPC vesicles

Average relaxation time, 7 (S)

% POPC in mixtures of SM/Chol 1:1 vesicles with POPC vesicles

T (°C) 10% 20% 40% 60% 80% 100%
14.0 6.0 £ 1.6 72 = 1.7 9.5 £ 36 143 =28 18 =6 34 £ 11
22.0 39 £09 48 =04 6.9 =09 121 = 14 21 =3 31 =8
30.0 27 04 32 £0.6 54 £ 1.1 9.7 £34 17 = 4 32 +8
38.0 2.6 =08 2.6 £0.7 52 07 83+ 40 25 = 16 52 =23
46.0 1.4 04 23 £ 1.1 52 % 185 £ 5.4 57 =28 86 = 49
50.0 1203 2204 57 %10 26 = 8 87 £ 29 153 = 56

The data points represent average 7-values from typically six experimental dye efflux curves on two independent samples at each composition and

temperature. The error bars are the corresponding standard deviations.

calibration curves. The percentage of L4 phase depends only
weakly on temperature for most mixtures and increases with
the POPC content, as expected. This is especially apparent in
Fig. 5, where % L4 phase is plotted against the POPC content
for that set of mixtures, for the various temperatures (in-
dicated on Fig. 5). The % L4 phase increases almost linearly
with POPC content for T < 38°C (open symbols). For T =
42°C (solid symbols), there is a sharp increase to ~75% Lq
phase at 50 mol % POPC, which stays level until 70 mol %
POPC. Interestingly, 38°C (hatched symbols), which seems
to be the transition between the two regimes, is approxi-
mately the T;,, of BSM (Fig. 6). For the mixtures without equi-
molar amounts of SM and Chol, BSM/Chol/POPC 10:30:60
and 30:10:60, the % L4 phase remains in the vicinity of 60%
(Table 3). Finally, the data for BSM/Chol/POPC 40:40:20
and 20:40:40 must be interpreted with caution because the
final release is very incomplete (=50% in both cases com-
pared to =80% for the other mixtures). Therefore, we be-
lieve they correspond to regions of very small amount or
very small domains of L4 phase. The estimates of the phase
fractions thus obtained allow for some conclusions regarding

Average T (s)

0 . ! . I . ! . 1 .
0 20 40 60 80 100

% POPC vesicles (% L i phase)

FIGURE 4 Example of the use of the calibration curve for a mixture of
BSM/Chol/POPC 15:15:70 at 30°C. The measured 7 ~ 20 s, which leads to
an estimate of 85% L4 phase present in this mixture. The data is from Table
2, 30°C line.

the phase diagram of BSM/Chol/POPC. In addition, as de-
scribed in the next sections, calorimetry was used to map the
regions containing solid phase.

DSC of BSM/POPC binary system

DSC was used to obtain the phase diagram for the BSM/
POPC binary system. The DSC scans obtained for BSM and
for BSM/POPC mixtures in the molar proportions of 8:2,
6:4, 4:6, 2:8, and 1:9 (squares in Fig. 2) are shown in Fig. 6
(in that order, from top to bottom). The main components of
this BSM are acylated with stearoyl (18:0, 49%) or nervonoyl
(24:1A15°, 20%) chains. Other long saturated chains (20:0,
22:0, and 24:0) together account for ~20%. Stearoyl-SM has
a melting temperature of 44°C from a nonannealed gel (52);
nervonoyl-SM has a melting temperature of 27°C (53); the
longer chain SM have similar melting temperatures: 45°C for
22:0-SM (53) and 49°C for 24:0-SM (41). The melting
behavior of the BSM used here might therefore be expected
to extend over a large temperature range. However, the
experimental result reveals a significantly sharper melting,
clustered at ~37°C (Fig. 6, top curve). This behavior is
reminiscent of mixtures of 16:0-, 18:0-, and 24:0-SM, which
exhibit a much more cooperative behavior than would be
expected from the individual components (41), making it
behave much more like a pure component than could be
predicted a priori. The phase diagram for the BSM/POPC
binary system, shown in Fig. 7, was generated from the DSC
scans by assigning the onset and completion temperatures of
the transitions to the points where the integral of the heat
capacity curve reaches 5% and 95%, respectively, of the total
integral (47). The approach of the DSC curves toward the
baseline is asymptotic. In addition, there is always a certain
amount of uncertainty in the baseline. Thus, particularly if
the transition is broad, some uncertainty is always present in
the assignment of the temperatures that mark the onset and
completion of the phase transition. There are several
standard methods commonly used, none of which is perfect:
simulating the phase diagrams with regular solution theory;
extrapolating linearly from the wings to the tails of the
transition and taking the intersections as the onset and
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TABLE 3 Percentage of Ly phase in vesicles of BSM/Chol/POPC as a function of temperature

Pokorny et al.

% L4 phase

SM/Chol/POPC mixtures

T (°C) 10:10:80 15:15:70 20:20:60 25:25:50 30:30:40 10:30:60 30:10:60
14.0 74 £ 20 63 = 27 37 £ 18 26 = 23 41 = 20 74 £ 19 90 * 14
18.0 78 +9 65 =7 36 = 12 25+ 14 29 =13 579 66 = 8
22.0 80 =0 63 4 40 x5 27 = 10 30 £8 62+ 2 57*5
26.0 90 £ 5 67 £9 45 =7 309 257 57 =10 50 £8
30.0 94 +9 8 =7 45 =7 329 27*9 59 =13 5713
34.0 93 £ 10 81 =9 500 34*6 26 =9 56 = 11 61 = 11
38.0 90 = 15 82 = 17 62 = 12 42 x5 27*9 58 + 14 70 = 14
42.0 94 *£9 76 £ 12 65 £ 7 71 = 10 28 = 8 64 £ 7 69 £ 9
46.0 100 = 0 85 = 21 78 = 17 76 = 15 37 £ 12 61 =7 85 22
50.0 100 = 0 75 *£9 69 * 2 79 £ 10 43 =2 82 = 11 81 * 10

The determination of % L4 phase was done separately for the two independent calibration curves and the estimated error is the standard deviation from the

two estimates.

completion points; using some high order derivatives of the
curve; or, as we have done, leaving out a small part of the
curve integral on each side. We feel that our method is
the most straightforward, makes the least assumptions, and
immediately indicates the error involved—which is small. If
90% or 98% of the curve integral had been used instead of
95%, the onset and completion points would be very similar.
We have used this approach several times in the past to
obtain the onset and completion temperatures of the
transition (47,54). The onset temperatures for mixtures
with =40 mol % BSM were estimated to coincide with those
of pure POPC.
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FIGURE 5 Percentage of Ly phase present in vesicles of BSM/Chol/
POPC as a function of POPC content for the temperatures examined, which
are indicated (in °C) on the figure. The open symbols are for T < T, of
BSM, the hatched symbols are for 38°C ~ T, and the solid symbols are for
T > T,, of BSM. The lines represent the average trend through each of the
three types of points (open, hatched, and solid) and are drawn to guide the
eye to the general behavior. The data are the same as in Table 3, but this plot
emphasizes the close-to-linear dependence of the % L4 phase on POPC
content for T = T,,,, which is difficult to discern in Table 3.
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DSC of BSM/Chol/POPC mixtures

DSC was used to further characterize the state of the BSM/
Chol/POPC mixtures examined for CF efflux, as a means to
detecting the presence of solid phase. Mixtures of BSM/
Chol/POPC with the following molar ratios were examined:
1:1:0, 4:4:2, 3:3:4, 2:2:6, 8:1:1, 6:3:1, 6:1:3, and 3:1:6 (in-
dicated by squares in Fig. 2). Most interesting, for the
mixtures containing equimolar amounts of BSM and Chol no
transition was observed between 3 and 80°C, independently
of POPC content (not shown). This could be a consequence
of a small heat and a very broad Lg4/L, transition preventing
detection by DSC; or it could indicate that 1:1 may be a
critical SM/Chol ratio. For the other mixtures, the DSC scans,
shown in Fig. 8, reveal a complex heat capacity profile.
Perhaps the most striking feature is that melting of these
mixtures extends to higher temperatures than in BSM/POPC

Heat Capacity (a.u.)

\¥

. ] ) 1 R
0 20 40 60

Temperature (OC)

FIGURE 6 DSC scans of porcine brain sphingomyelin (BSM) and BSM/
POPC MLVs (~100 mM lipid). (Top to bottom) BSM, and BSM/POPC
80:20, 60:40, 40:60, 20:80, and 10:90.
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FIGURE 7 Phase diagram of BSM/POPC obtained from the DSC scans of
Fig. 6. The onset and completion temperatures, defined as those points at
which the integral of the heat capacity curve reaches 5 and 95% of its total
value, are plotted against the mole fraction of BSM (Xsy,). The regions of
liquid-disordered (Lg), solid (s), and Lg—s coexistence are indicated.

mixtures and higher than BSM alone (Fig. 6), a feature that
has been observed before (55).

Phase composition of human erythrocytes

Finally, as an illustration, 6-lysin was used to probe the L4
content of red blood cell membranes. Erythrocyte ghosts con-
taining encapsulated CF were prepared by hyposmotic shock
into a CF solution. Addition of d-lysin revealed a low dye
release (<50%), a pattern similar to mixtures with very low
L4 content (Fig. 9). The CF-containing ghosts released CF
similarly to the BSM/Chol/POPC 40:40:20 mixture. CF-
release curves for BSM/Chol/POPC 40:40:20 with a con-
centration similar to that of the ghosts (10-20 wM) are also

Heat Capacity (a.u.)

) 1 ) ] : 1 )
0 20 40 60 80

Temperature (OC)

FIGURE 8 DSC scans of BSM/Chol/POPC mixtures with the molar com-
positions (from top to bottom): 60:30:10, 80:10:10, 60:10:30, and 30:10:60.
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FIGURE 9 Carboxyfluorescein efflux from erythrocyte ghosts which
were previously loaded with the dye by hyposmotic shock (solid points).
The concentration of erythrocytes is estimated to be equivalent to 10-20 uM
lipid LUVs. CF efflux curves from BSM/Chol/POPC 40:40:20 at lipid
concentrations of 10 uM (top, dashed curve) and 25 uM (bottom, solid
curve) are shown for comparison. The erythrocyte ghost efflux curve appears
very similar to the 25 uM curve of BSM/Chol/POPC 40:40:20, both
regarding the relaxation time and the total release of encapsulated dye. The
S-lysin concentration is 0.5 uM in all cases. The experiments were
performed at room temperature.

shown in Fig. 9. The similarities suggest that the red blood
cell membrane is mainly in the L, phase at ambient tem-
perature. However, this result should be viewed more as an
illustration because proteins in the ghost membrane could
influence the observed behavior. This issue will be discussed
in detail below.

DISCUSSION

The main conclusion reached in this investigation is that the
activity of the hemolytic, amphipathic, a-helical peptide
S-lysin is determined to a large extent by the phase behavior
of the BSM/Chol/POPC ternary mixture, corroborating the
initial hypothesis. However, the interpretation that is made
here of the kinetics of dye efflux from mixed-phase vesicles
induced by &-lysin rests on a few important assumptions.
Therefore, before discussing the results and using them to
construct a phase diagram for the BSM/Chol/POPC ternary
system as a function of temperature, it is important that those
assumptions be made clear and their plausibility assessed.
The three essential assumptions are that:

1. 6-Lysin partitions almost exclusively to the Ly phase in
mixtures with L4—L, coexistence, regardless of temper-
ature and composition.

2. The perturbation (which culminates with dye efflux)
induced by the peptide on the L4 phase of two-phase,
Ly4/L,, vesicles is similar, in a first-order approximation,
to the perturbation induced on pure Ly (POPC) vesicles,
if the peptide concentration in the L4 phase is the same in
both cases.
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3. L4/L, interfaces do not have a major effect on the kinetics.

In addition to these assumptions, it is important to keep in
mind the fact that the extent of dye efflux is very small
(=20%) from SM/Chol 1:1 at any temperature and, as a
consequence, dye release occurs mostly across bilayer
regions in the L, state.

Assumption 1 is probably the easiest to justify. In fact, at
room temperature, we have determined that the partition
coefficient of 6-lysin is approximately three orders-of-
magnitude in favor of the Ly phase when comparing SM/
Chol 1:1 (L,) with POPC (Ly) (3). It appears very unlikely
that the change in temperature would alter the partition co-
efficient enough to render this assumption invalid, particu-
larly if we take into account that the kinetics of CF efflux are
only weakly dependent on temperature for a good part of the
range spanned (Fig. 3 and Tables 1 and 2). Furthermore,
preferential binding to the L4 phase appears to be a general
feature of amphipathic peptides (56-58).

With regard to Assumption 2, it can be argued that be-
cause 8-lysin interacts with the system, as any probe does, it
will alter that system. In this case, because the peptide par-
titions preferentially into the L4 phase it is expected to itself
induce growth of the Ly at the expense of the L, phase. This
is certainly true as the system approaches equilibrium. How-
ever, it is reasonable to expect that the contribution of the
initial state of the vesicles to the kinetics is dominated by the
amount of L4 phase present and this parallels the contribution
of the POPC vesicles in the macroscopic mixtures. The val-
ues of 7 are not being interpreted here in an absolute manner,
but used only in comparison with the macroscopic mixtures
of vesicles and between the various vesicle compositions.
Thus, this assumption appears safe because an erratic varia-
tion of the peptide behavior with composition is very un-
likely. In addition, because the two phases, Ly and L,, differ
so much in their POPC content, there is not much room for
increase of the Ly phase by extracting POPC from the L,
phase, where its amount is quite small. It is true that a probe
(in this case, the peptide) always perturbs the system to some
extent, but this is also true of lipid probes incorporated in the
lipid membrane to begin with—and it has not prevented their
extensive use in the determination of phase diagrams. It
should also be noted that the amount of peptide used in our
experiments is always very small, with a peptide/lipid ratio
of 1:400. An advantage of the present method is that the ini-
tial state of the system is truly unperturbed by any probes.

Finally, with regard to Assumption 3, we have addressed
this question before (3). It could be argued that L4/L, inter-
faces are defect lines, which could increase the rate of dye re-
lease. This is unlikely for three reasons. First, if defect lines
existed, they should render mixed vesicles leaky even in the
absence of peptide, but we do not observe this. Second, we
have experimentally addressed the question of the role of
interfaces in another system with Ly—L, phase coexistence,
dimyristoyl phosphatidylcholine/Chol (59). The rate of in-
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sertion of a small lipid amphiphile into vesicles with Ly—L,
coexistence was described exactly by additive contribu-
tions from insertion into L4 and L, areas, without any increase
in the rate due to the presence of interfaces (59). Third, if
interfaces existed that increased the rate of §-lysin-induced
efflux this should be apparent as a minimum in 7 as a function
of increasing POPC content (increasing L4 phase) for each
series of mixtures of BSM/Chol/POPC containing equimolar
amounts of SM and Chol because the extent of interface
should be maximal close to the point where the vesicles
contain 50% of each phase. A pronounced maximum in the
rate (minimum in 7) is the classical signature of the effect of
interfaces in membrane permeability (60-62). However, as
seen in the first five data columns of Table 1, no such min-
imum exists within experimental error, for any temperature
with the possible exception of 14°C. Rather, 7 decreases
essentially monotonically with increasing POPC content at
all temperatures. Therefore, if well-defined L4/L,, interfaces
exist, they are smooth, not defect lines. This observation may
be of important biological significance.

If those assumptions are accepted, the data reported herein
can be used to draw some important conclusions regarding
the phase diagram of BSM/Chol/POPC. One downside of the
method is its relatively low precision, which derives from the
variation in the behavior of different vesicle preparations
with regard to interaction with the peptide, leading to an
average relative error of ~=25% in the estimate of the fraction
of Ly phase (error bars in Table 3). However, the method has
an asset also: using fluorescence microscopy alone, for ex-
ample, domain structures below the limit of resolution ap-
pear as uniform. It has been pointed out that fluorescence
resonance energy transfer indicates the existence of micro-
domains (8,38,39) in the same mixtures where fluorescence
microscopy reveals uniform probe distributions. In addition,
in a ternary system the fractions of the phases cannot be ob-
tained from the phase boundaries without knowledge of the
tie-lines. In our method, it is the fractions of the coexisting
L4 and L, phases that are directly estimated from the CF
release data.

Use was made also of data on SM/Chol binary systems
available in the literature. SM/Chol systems have been stud-
ied by ESR (17,63) and NMR (51), leading to somewhat
different conclusions. ESR evidence clearly shows that SM/
Chol membranes with high Chol content have ESR spectra
typical of the L, phase and, furthermore, that at intermediate
Chol concentrations the ESR spectra are a superposition of
spectra from Ly and L, phases (63). In addition, measure-
ments of lateral diffusion coefficients (Dy) in the SM/Chol-
rich regions of SM/Chol/DOPC vesicles, yielded values of
DL =45%X10°cm?s ' (64)and D; =8 X 107 cm?s™!
(65). These values are typical of the L,-phase, not solid
phases, indicating that the SM/Chol regions are in the L,
state. The ESR data are consistent with a L4—L, coexistence
region above the T,,, of the SM, between ~10 and 25 mol %
Chol (17,63), whereas the NMR data place it between 15 and
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50 mol % Chol (51). We have relied mostly on the ESR data
to draw the phase boundaries in that part of the diagram, but
this does not have a large influence, on the whole, on the
ternary phase diagram proposed here.

The most important piece of information used was the
estimate of the fractions of Ly phase obtained from the
o-lysin-induced CF release experiments, as a function of tem-
perature (Table 3). The tie-lines were drawn in such a way as
to maximize the agreement with the data of Table 3. This was
combined with CF release data on POPC/Chol vesicles
(Table 1), DSC data on BSM/Chol (Figs. 6 and 7), and BSM/
Chol/POPC (Fig. 8), and literature data on SM/Chol system:s.
The general rules for the construction of ternary phase dia-
grams can be obtained from one of several standard refer-
ences (66—69). The conclusions regarding the ternary phase
diagram of BSM/Chol/POPC are summarized in Fig. 10 for
three different temperatures, 22, 34, and 46°C. The tie-lines
seem to run roughly parallel to a diagonal drawn from the
POPC cormer (bottom left) to the middle of the SM/Chol axis,
and show a slight convergence toward that point. A com-
parison of the percentage of Ly phase obtained from the dye
efflux experiments and calculated from the phase diagram
proposed here is shown in Table 4. The agreement between
experimental and calculated fractions is very good, consis-
tent with the diagonal being a tie-line and with the location of
the off-diagonal points, at compositions 10:30:60 and
30:10:60, both of which have ~60% L4 phase (Table 3).
These features of the Lg—L, region resemble those of a
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theoretical phase diagram recently proposed for this type of
system (70). The two ternary mixtures with compositions
that exhibited a low final release, BSM/Chol/POPC 4:4:2
and 2:4:4, fall close to the phase boundaries of the phase
diagram constructed using the other mixtures (Fig. 10). In
our extensive experience with efflux kinetics of 8-lysin from
POPC-based systems, with the lipid and peptide concentra-
tions used here, if a sufficiently large fraction of Ly phase
exists, CF release is always very close to complete (1-3) and
a sharp decrease occurs at a well-defined POPC content (3).
Therefore, we conjecture that mixtures with very incomplete
release (=50% or less) are likely to contain a negligible Ly
phase fraction or very small Ly domains so that the peptide
fails to detect them efficiently. In particular, the BSM/Chol/
POPC 20:40:40 mixture appears to be close to the proposed
location of a critical point (70).

The proposed phase diagram is qualitatively similar
to those for other ternary mixtures containing cholesterol,
SM/Chol/DOPC (7,10), and PSM/Chol/POPC (6,7), obtained
using fluorescence microscopy and probes incorporated into
those systems. It is also qualitatively similar to a recent ter-
nary phase diagram calculated from a microscopic model
(71). Quantitatively, however, our diagram is in better agree-
ment with that of de Almeida et al. (6) than with that of
Veatch and Keller (7) (compare Fig. 2 with the left panel of
Fig. 10). The main difference with respect to the diagram
of de Almeida et al. (6) is that those authors have included a
L4L, phase coexistence region for POPC/Chol binary

FIGURE 10 Ternary phase diagram of BSM/Chol/POPC at 22, 34, and 46°C constructed from CF efflux kinetics and DSC. Circles represent compositions
examined by 8-lysin-induced CF efflux. The solid circles are the reference compositions (POPC and SM/Chol 1:1); the light shaded circles are compositions for
which the L4 fractions were estimated from a comparison with macroscopic mixtures of the reference samples. Those Ly fractions are given in Table 4 (for the
three temperatures shown). The tie-lines proposed represent the best match to those fractions taken globally (see Table 4). The open circles correspond to
ternary mixtures that exhibited very incomplete CF release. The dark shaded circles represent mixtures of POPC/Chol examined, which showed no indication
of phase separation as judged by dye release kinetics. The open squares represent mixtures examined by DSC but which show no gel present at that
temperature. The shaded square represents a mixture for which we are uncertain regarding the existence of gel phase at 34°C. The solid squares represent
mixtures in which gel exists at the temperature indicated. Mixtures on the diagonal (indicated by open squares) with compositions BSM/Chol/POPC 20:20:60,
30:30:40, 40:40:20, and BSM/Chol 50:50 were also examined by DSC but showed no transition. In the Ly—L,, coexistence region shown, the domains must be
smaller than a few hundred nanometers because the compositions BSM/Chol/POPC 1:1:1, 1:1:2, and 2:1:2 do not exhibit macroscopic phase separation by
fluorescence microscopy (11).
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TABLE 4 Percentages of Ly phase in BSM/Chol/POPC mixtures obtained experimentally (Exp) and calculated (Calc) from

the phase diagram for the three temperatures shown in Fig. 10

22°C 34°C 46°C
SM/Chol/POPC Calc Exp Calc Exp Calc Exp

10:10:80 81 80 = 10 91 93 = 10 100 100 = 0
15:15:70 63 63 x4 75 81 £ 9 88 85 =21
20:20:60 48 40 x5 59 500 72 78 = 17
25:25:50 30 27 = 10 43 34*6 56 76 = 15
30:30:40 13 308 26 26 9 37 37 £ 12
10:30:60 62 62 =2 54 56 = 11 60 61 =7
30:10:60 62 57*5 66 61 = 11 81 85 =22

mixtures, based mainly on the observation of a multimodal
distribution of lifetimes of the incorporated probe trans-
parinaric acid and on a phase diagram proposed for POPC/
Chol based on those types of data (72). This Ly—L, phase
coexistence region is not consistent with our dye efflux
experiments in POPC/Chol mixtures for which 7 is not
smaller than from pure POPC (Tables 1 and 2). It is also not
compatible with the orientation of the tie-lines in the L4—L,
coexistence region (Fig. 10), which cannot intersect the
POPC-Chol axis (66—69). The L4—L, region must, therefore,
end before that. Drawing the tie-lines in a way that they
asymptotically become parallel to the POPC—Chol axis is not
consistent with the fractions of Lq and L, phases inferred
from CF efflux experiments (Table 3). It is possible that the
discrepancies observed arise from the use of different
sphingomyelins, BSM here and PSM in de Almeida et al.
(6). However, a more likely explanation is that the lifetime
distributions of trans-parinaric acid in POPC/Chol mixtures
are due to small lipid clusters or fluctuations that are slower
than the probe lifetime. This explanation is consistent with
our placement of the boundary of the L4—L, coexistence
region close to the POPC—Chol axis, suggesting that such
fluctuations may be detected in POPC/Chol mixtures. The
lack of Ly—L, phase separation in POPC/Chol mixtures is in
agreement with a recent study that used NMR and micro-
mechanical measurements to come to that same conclusion
(73). These authors also noted that fluctuations leading to the
appearance of L, microdomains cannot be excluded. It is also
interesting that the same type of study by some of the same
authors indicates the existence of phase separation in POPC/
ergosterol (74). The end of the L4—L, coexistence region
before the POPC—Chol axis is also a feature of the diagram
proposed by Veatch and Keller (7), who used the exact same
system as de Almeida et al. (6), but the extent of this region is
larger in our diagram, intermediate between the two, but
closer to de Almeida et al. (6) (compare Fig. 2 and Fig. 10,
22°C). This suggests that the differences observed in these
phase diagrams reside not so much in the different sphin-
gomyelins, but rather in the methods used. Thus, fluorescence
microscopy detects only the largest domains, lifetime mea-
surements detect also very small ones, and &-lysin detects
large and intermediate domains. In fact, Veatch and Keller
(11) examined some compositions of BSM/Chol/POPC by
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fluorescence microscopy and found that mixtures of BSM/
Chol/POPC 1:1:1, 1:1:2, and 2:1:2 do not exhibit phase
separation on the micrometer scale (11). Yet, those compo-
sitions fall in the L4—L, coexistence region of our phase
diagram (Fig. 10) at 34 and 46°C (at 22°C, the 1:1:1 and
2:1:2 mixtures are borderline). Again, we attribute this
discrepancy to the difference in the sizes of domains detected
by fluorescence microscopy (wm) and by &-lysin. The do-
main size detected by the peptide must therefore be smaller
than ~100 nm, though probably not much smaller than the
order of magnitude of peptide length, ~4 nm. Aussenac et al.
(77) have used solid-state NMR to examine BSM/Chol/
POPC mixtures. Based on the observation of a single
quadrupolar splitting for the deuterated Chol, they suggested
that Chol could be in fast exchange between two or more
types of domains on the NMR timescale. With diffusion
coefficients (D) of the order of 5 X 10~% cm?/s, and an NMR
time ¢t ~ 10 us, this corresponds to an upper domain size of
the order of v/4Dt =~ 10 nm, similar to our suggestion.

CONCLUSION

We conclude by returning to the peptide activity and the
relevance of the current results for biological membranes.
The activity of 8-lysin toward membranes of BSM/Chol/
POPC is largely determined by the phase behavior of the
lipid vesicles. The temperature-dependence of the efflux
kinetics does not follow Arrhenius behavior, but reflects the
effect of temperature on the phase diagram, in particular on
the amount of Ly phase present. As shown here, if the phase
diagram is taken into account, an entirely self-consistent
understanding of the kinetics of dye efflux is achieved. In the
presence of L4q—L, coexistence, 6-lysin partitions almost
exclusively into the Ly domains (3). In this regard, to the best
of our knowledge, it behaves similarly to all other amphi-
pathic peptides that have been examined (56-58). The same
is true in general for hydrophobic, transmembrane helices,
which also prefer the Ly phase (31,32,56,75,76). The ex-
periment reported here on efflux from erythrocyte ghosts sug-
gests that the membrane of those cells is mainly in the L,
phase at ambient temperature, although this experiment should
be regarded with some caution because of additional factors,
such as binding of the peptide to membrane proteins, which
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we cannot exclude. In fact, the composition of the outer
leaflet of the erythrocyte membrane is closer to SM/Chol/PC
35:30:35 (78,79) than to 40:40:20, which is the composition
that behaved similarly to the erythrocyte ghosts in the present
experiments. This difference probably arises from the effect
of proteins (=50% of the membrane by weight) on the phase
behavior of the erythrocyte ghost lipids or directly on
6-lysin. Nevertheless, the idea that mammalian plasma mem-
branes are predominantly in the L, phase was first suggested
by Thewalt and Bloom (80). More recently, this was also
suggested by Hao et al. (81), based on experimental evidence
for several cell membranes, and yet again by McMullen et al.
(12). If this is true, this study suggests that 6-lysin, which is a
hemolytic peptide, may take advantage of this fact for en-
hanced activity against red blood cells by concentrating in
the Ly phase. Of all mixtures examined here, BSM/Chol/
POPC 30:30:40 is the closest to the composition of the outer
leaflet of the erythrocyte membrane. It is interesting that this
is the mixture against which 8-lysin is most effective (Table
1), with the shortest efflux times (7), while still causing
almost complete dye release. As also shown, BSM/Chol/
POPC mixtures appear to be poised to change behavior close
to 37°C (Fig. 5), which is approximately the T,, of BSM.
This could represent a change in the connectivity of the Ly
and L, phases close to that temperature. Cells cannot, in gen-
eral, change the temperature of their environment (thought
the body can, in the case of fever, for example), but if they
are poised close to a very responsive state, a change in the
lipid or protein composition of their membrane may achieve
a similar result. As recently argued (42), we concur with Hao
et al. (81) and McMullen et al. (12) in that the current model
for lipid rafts might need to be inverted: that the cell mem-
brane is actually mainly in the L, phase; that proteins parti-
tion preferentially into Ly domains, which are disconnected;
that protein concentration in these domains may be important
for function, for example in the formation of signaling com-
plexes, just as originally proposed for rafts (24); and that,
in some conditions, the cell may invert the domain con-
nectivity (82). These ideas are largely speculative, but if
correct, they could be extremely important for cell mem-
brane function.
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