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Bruno M. Castro,* Rodrigo F. M. de Aimeida,*' Liana C. Silva,* Alexander Fedorov,* and Manuel Prieto*

*Centro de Quimica-Fisica Molecular, Instituto Superior Técnico, Lisbon, Portugal; and fDepartamento de Quimica e Bioquimica, Faculdade
de Ciéncias da Universidade de Lisboa, Lisbon, Portugal

ABSTRACT To better understand how ceramide modulates the biophysical properties of the membrane, the interactions be-
tween palmitoyl-ceramide (PCer) and palmitoyl-sphingomyelin (PSM) were studied in the presence of the fluid phospholipid
palmitoyl-oleoyl-phosphatidylcholine (POPC) in membrane model systems. The use of two fluorescent membrane probes dis-
tinctly sensitive to lipid phases allowed a thorough biophysical characterization of the ternary system. In these mixtures, PCer
recruits POPC and PSM in the fluid phase to form extremely ordered and compact gel domains. Gel domain formation by low PCer
mol fraction (up to 12 mol %) is enhanced by physiological PSM levels (~20-30 mol % total lipid). For higher PSM content, a three-
phase situation, consisting of fluid (POPC-rich)/gel (PSM-rich)/gel (PCer-rich) coexistence, is clearly shown. To determine the
fraction of each phase a quantitative method was developed. This allowed establishing the complete ternary phase diagram,

which helps to predict PCer-rich gel domain formation and explains its enhancement through PSM/PCer interactions.

INTRODUCTION

Sphingolipids (SL) are important plasma membrane lipids
that play an essential role in membrane-mediated processes
such as cell signaling, senescence, growth, and differentiation
(1,2). It is well known that SL are able to laterally segregate
from glycerophospholipids in the membrane. This leads to
the formation of membrane domains, which are involved in
the activation/inhibition of those biological processes (1,3).
Although these lateral assemblies can arise solely due to lipid-
lipid interactions, in cell membranes lipid-protein and protein-
protein interactions also play an important role in the formation
and function of these domains (4,5).

Over the past two decades, the discovery of SL signaling
pathways has stimulated research on the biochemistry and
biophysics of these molecules (reviewed in the literature (6,7)).
Sphingosine, sphingosine-1-phosphate and especially cer-
amide (Cer) are examples of SL that have emerged as second
messengers or metabolic signals (8—10). In resting cells, the
level of Cer in the plasma membrane is very low. However, it
can rise severalfolds after a wide variety of stress stimuli (11),
reaching up to 10 mol % of total membrane lipid in cells un-
dergoing apoptosis (12). Sphingomyelin (SM) hydrolysis by
sphingomyelinase (SMase) is the main process responsible
for increasing Cer plasma membrane levels, and it has been
proposed that SL/Cholesterol (Chol)-enriched membrane
domains are the primary site for action of this enzyme (13).
The mechanisms by which Cer plays its biological roles are
still unknown. It has been proposed that Cer formation would
lead to alterations of membrane biophysical properties, e.g.,
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inducing the formation of large platforms. These platforms
would be responsible for the clustering of receptors and pro-
teins, and for the initiation of signal transduction (reviewed
in the literature (8,13)). However, recent studies have shown
that the size of Cer-rich domains is highly dependent on the
lipid composition of the membrane (14—17). A thorough char-
acterization of Cer interactions with other membrane lipid spe-
cies, namely SM, is required to understand how Cer modulates
both membrane biophysical properties and biological pro-
cesses.

Direct cause-effect relationships are often difficult to estab-
lish in membrane related phenomena, especially when bio-
physical changes are involved, as in the case of Cer. Hence,
it is necessary to know the relation between the extent of
membrane alterations induced by a particular lipid and the
concentration of that lipid, in a system where the global lipid
composition is controlled and known, as in the case of model
membranes. This type of system is suitable for systematic
studies that mimic the membrane biophysical alterations that
take place after Cer formation in the plasma membrane. In
model membranes, Cer is able to increase the molecular or-
der of the bilayer and to induce the formation of gel domains
(18-23). Additionally, these studies show that Cer-induced
alterations are dependent on membrane lipid composition: i),
in phosphatidylcholine (PC)/Cer and (SM)/Cer binary mix-
tures, Cer-rich and Cer-poor domains are formed (18,21,23,
24); ii), in more complex mixtures containing SM, Cer/SM
gel domains are reported (14,19,22). Recently, we observed
that physiological amounts of N-palmitoyl-ceramide (PCer)
are able to induce the formation of a highly ordered PCer/
N-palmitoyl-sphingomyelin (PSM) gel in 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC)/Chol/PSM mixtures
(15), which was abolished with the increase of Chol content.

To better understand the formation of Cer/SM gel domains,
the characterization of Cer/SM interactions in the presence of
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a fluid phospholipid representative of the plasma membrane
outer leaflet, such as POPC (25), is required. The phase be-
havior and properties of the binary systems POPC/PSM and
POPC/PCer are well characterized (23,26). The representa-
tion of a phase diagram at fixed temperature in two-di-
mensions describing the relation between Cer levels and the
phase behavior of the system is only possible for mixtures
with up to three components. Thus, the system of choice for
this study was POPC/PSM/PCer. The previous characteriza-
tion of the probes’ photophysical properties in POPC/PSM
and POPC/PCer mixtures (23,26), allowed the use of a meth-
odology in which the screening of all lipid mixtures with up
to 12 mol % of PCer gave a complete description of the
POPC/PSM/PCer ternary system.

MATERIALS AND METHODS
Materials

POPC, PSM, and PCer were obtained from Avanti Polar Lipids (Alabaster,
AL). 1,6-diphenyl-1,3,5-hexatriene (DPH) and trans-parinaric acid (+-PnA)
were from Molecular Probes (Leiden, The Netherlands). All organic sol-
vents were UVASOL grade from Merck (Darmstadt, Germany).

Liposome preparation

Multilamellar vesicles (MLV) (total lipid concentration 0.1 mM) containing
the adequate lipids and DPH were prepared by standard procedures (e.g.,
Mateo et al. (27)). The suspension medium was sodium phosphate 10 mM,
NaCl 150 mM, EDTA 0.1 mM buffer (pH 7.4). The samples were reequil-
ibrated by freeze-thaw cycles and incubation at T > 90°C. For studies with
t-PnA, samples were slowly brought to room temperature and the probe was
then added from an ethanol stock solution. The samples were reequilibrated
again by freeze-thaw cycles and subsequently kept overnight at 4°C. Before
the measurements, the samples were slowly brought to room temperature and
maintained at this temperature at least for 1 h. The probe/lipid ratios used
were 1:200 for DPH and 1:500 for -PnA. The total SL mol fraction (Xs;. =
PSM mol fraction (Xpsy) + PCer mol fraction (Xpce;)) Was kept constant.

The concentration of POPC, PSM, and PCer stock solutions was deter-
mined gravimetrically with a high precision balance (Mettler Toledo UMT?2).
Probe concentration was determined spectrophotometrically using g(DPH,
355 nm, chloroform) = 80.6 X 10° M~ 'em ™' (28) and &(-PnA, 299.4 nm,
ethanol) = 89 X10° M~'em™" (29).

Absorption and fluorescence measurements

All measurements were performed in 0.5 cm X 0.5 cm quartz cuvettes and
under magnetic stirring. The absorption and steady-state instrumentation was
previously described (30). Fluorescence steady-state measurements were car-
ried out in a SLM-Aminco 8110 Series 2 spectrofluorometer. The steady-state
fluorescence anisotropy, (r), was calculated through the expression (e.g.,
Lakowicz (31))

(= ([VV_GX[VH)/<IVV+2><GX[VH)7 (1)

in which the different intensities (blank subtracted) are the steady-state ver-
tical and horizontal components of the fluorescence emission with excitation
vertical (Iyy and Ivy, respectively) and horizontal (/v and Iy, respec-
tively) to the emission axis. The latter pair of components is used to calculate
the G factor (G = Iyv/Iun). The excitation (Aexc) / emission (Aey,) Wave-
lengths were 358 / 430 nm for DPH and 303 / 405 nm for #-PnA. The
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temperature (24°C) (£0.2°C within replicates) was maintained by a Julabo
F25 circulating water bath and controlled with 0.1°C precision directly in-
side the cuvette with a type-K thermocouple (Electrical Electronic, Taipei,
Taiwan).

The fluorescence decay measurements were obtained by the single photon-
timing technique with laser pulse excitation (e.g., Birch and Imhof (32)).
Measurements with -PnA (Aexe = 295 nm and A, = 405 nm) were per-
formed using a secondary laser of Rhodamine 6G (26). For DPH measure-
ments (Aexe = 360 nm and A, = 430 nm) a Ti-Sapphire laser (33) was used.
The fitting curves to the experimental decays were obtained by a nonlinear
least squares iterative reconvolution method based on the Marquardt algo-
rithm (e.g., Birch and Imhof (32)). For a fluorescence decay described by a
sum of exponentials, where «; is the normalized preexponential (or am-
plitude) and 7; is the lifetime of the decay component i, the lifetime-weighted
quantum yield and the mean fluorescence lifetime are respectively given by:

T=) o, 2)
and

(1) = Zaﬂ'iz/ ZaiTi- 3)

Determination of +-PnA phase behavior and gel
phase fraction in POPC/PSM/PCer mixtures

The partition coefficient of -PnA between gel and fluid phases, Kg/ r, in
POPC/PSM binary mixtures was determined from the variation of the
photophysical parameters of this probe with the mol fraction of the fluid (f),
X, and the gel phase (g), X, respectively. The composition of the mixtures
and the mol fraction of each phase (X;) were taken from the tie-line at 24°C
of the respective phase diagram (26). The partition coefficient is an equil-
ibrium constant that quantifies the partition of the probe between the two
distinct phases present in these binary mixtures (f and g), and consequently is
independent of the particular composition of the mixtures.

The partition coefficient is calculated according to the following expres-
sions (15/26): 1), from mean fluorescence lifetime, (7),

_ <T>ngXg + 'T'f/'?g<7'>fo

n= KX, +7 /7% @

and ii), from steady-state fluorescence anisotropy with the absence of sig-
nificant spectral shifts, {r),

<r> _ <r>ngXg + ?f/?g(")fo
KX, +7/7.X;

(&)

where X; is the phase mol fraction, {7);, 7;, and (r); are the mean fluorescence
lifetime, the lifetime-weighted quantum yield, and steady-state fluorescence
anisotropy of the probe in phase i, respectively. K, is obtained by fitting the
equations to the data as a function of X;. Conversely, these equations can be
used to determine X; in a given sample if the K, and the parameter in
question for the pure coexisting phases are known. The molar absorption
coeffcient of the probes is considered phase independent.

RESULTS

tPnA prefers the PSM-rich gel phase in POPC/PSM
gel/fluid mixtures

To investigate the changes induced by PCer in the binary
system POPC/PSM two fluorescent membrane probes were
used, DPH and #-PnA. To retrieve information from the
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comparison of the photophysical parameters of these probes,
it is necessary to know how they distribute between the dif-
ferent phases present. In previous studies it was shown that: 1),
in the binary mixture POPC/PSM, DPH presents an ap-
proximately equal partition between gel and fluid phases
([(ﬁ/ fe 1) (26), and ii), this probe is excluded from the PCer-
enriched gel domains, whereas iii), #-PnA presents a high
preference for PCer-rich gel phase (Kf;/ F - 4.5) (23) in
relation to the fluid POPC-rich phase. The KI%/ " of +-PnA in
POPC/PSM mixtures was determined from the steady-state
fluorescence anisotropy variation (Eq. 5; Fig. 1). The
composition of each phase was taken from the tie-line at
24°C of the POPC/PSM phase diagram (26). The Kg/ !
obtained (1.88 = 0.14) shows that in these binary mixtures
t-PnA has a preferential partition (thought not strong) toward
the PSM-rich gel phase, again, a behavior clearly distinct
from that of DPH.

PCer changes the gel-fluid coexistence region in
POPC/PSM mixtures

The fluorescence anisotropy of a probe gives information
about the rotational speed and freedom of the fluorophore,
reflecting the rigidity of its environment. For the probes
t-PnA and DPH, the fluorophores are located in the hydro-
phobic region of the bilayer, being thus reporters of the lipid
acyl chains. In addition, by combining the fluorescence an-
isotropy of the two probes with the knowledge of their lipid
phase behavior, it is possible to detect and quantify the frac-
tion of membrane regions that present distinct biophysical
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FIGURE 1 Determination of #-PnA partition coefficient (K,) between
PSM-rich gel and POPC-rich fluid phase in POPC/PSM binary mixtures.
The steady-state fluorescence anisotropy of 7-PnA is represented as a func-
tion of the gel phase fraction in POPC/PSM mixtures. The gel phase mol
fraction (X,;) was taken from the tie-line at 24°C of the POPC/PSM binary
phase diagram (26). The line represents the nonlinear fit of Eq. 5 to the ex-
perimental data with K&/ = 1.88 +0.14.
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properties. The variation of the steady-state fluorescence aniso-
tropy of +-PnA and DPH as a function of sphingolipid mol
fraction (X1, = Xpsym + Xpcep) for different POPC/PSM/PCer
mixtures is represented in Fig. 2. In the absence of PCer (open
circles), the anisotropy of both probes undergoes a sharp in-
crease with the Xpgy, reflecting the formation of the PSM-
rich gel phase (26). DPH anisotropy increases linearly with
PSM content (Fig. 2 B), reflecting the probe’s Kg/ "~ 1and
similar quantum yield in the gel and fluid phases (26). By
contrast, +-PnA anisotropy has a more pronounced increase
due to its higher partition to—and quantum yield in—the
PSM-rich gel phase. In the presence of PCer, t-PnA aniso-
tropy values increase relatively to the POPC/PSM binary
mixtures. This effect is higher for the low Xg; regime. Ac-
cordingly, the increase in the anisotropy values with Xg is
successively attenuated with the increase in the mol fraction
of PCer. This result shows that PCer is ordering the lipid
bilayer, probably through the formation of a PCer-rich gel
phase (23). Note that for mixtures where only gel phase is
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FIGURE 2 Effect of PCer in POPC/PSM mixtures. (A) -PnA and (B)
DPH steady-state fluorescence anisotropy as a function of total sphingolipids
mol fraction (Xs;. = Xpsm + Xpcer), in POPC/PSM mixtures containing 0
(©), 2 (), 4 (), 8 (A), and 12 (*) mol % PCer. The dashed lines are
merely a guide to the eye. The error bars are within the size of the symbol
and correspond to at least three independent samples.
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present (Xpsy > 0.70), the exchange of PSM by PCer does
not affect -PnA anisotropy. Conversely, DPH anisotropy
changes are much less notable (Fig. 2 B). However, for high
Xpcers DPH anisotropy values indeed present a small but yet
significant decrease, as shown in Fig. 3 (with data collected
from Fig. 2 B). This result suggests that PCer is inducing the
formation of an extremely ordered gel phase that is able to
exclude DPH, as previously shown for other lipid mixtures
containing PCer (15,23).

t-PnA time-resolved fluorescence reports the
formation of PCer-rich gel domains

The fluorescence intensity decay of #-PnA in the POPC/
PSM/PCer system was obtained. The mean fluorescence life-
time (calculated from Eq. 3) is represented in Fig. 4. The varia-
tions observed are consequence of alterations of the nonradiative
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FIGURE 3 Formation of a gel phase that excludes DPH: effect of PCer on
DPH steady-state fluorescence anisotropy in POPC/PSM mixtures contain-
ing (A) 0 (O) and 8 (A) mol % PCer, and (B) 0 (O) and 12 (*) mol % PCer as
a function of total sphingolipids molar fraction (Xs;. = Xpsm + Xpcer). The
data present were taken from Fig. 2 B. The dashed lines are merely a guide to
the eye. The error bars are within the size of the symbol and correspond to at
least three independent samples.
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FIGURE 4 Effect of PCer on -PnA’s mean fluorescence lifetime ((7)) in
POPC/PSM mixtures containing 0 (O), 2 (), 4 (<), 8 (A), and 12 (*) mol
% PCer, as a function of total sphingolipids mol fraction (Xs;. = Xpsm +
Xpcer)- The dashed lines are merely a guide to the eye.

rate constant, giving complementary information to the fluo-
rescence anisotropy. In the case of studies in lipid bilayers,
the presence of a long fluorescence lifetime component is a
fingerprint for gel phase (27,29,30), and allows the distinc-
tion between two different situations where the order of the
lipid bilayer is similarly increased: i), less disordered bulk
fluid phase; ii), the presence of small amounts of gel phase.
In addition, time-resolved measurements should always be
performed in this type of studies, because according to the
Perrin equation a decrease in the probe’s fluorescence life-
time could lead to an increase in its steady-state fluorescence
anisotropy (see, e.g., Lakowicz (31)). -PnA mean fluores-
cence lifetime (Fig. 4) presents a behavior similar to the one
observed for its fluorescence anisotropy (Fig. 2 A). In the
absence of PCer there is a sharp increase with Xg; , which is
successively attenuated for higher Xpce,. It should be em-
phasized that the longer mean fluorescence lifetime values
are typical of a gel phase (29), reporting the compact envi-
ronment surrounding the fluorophore. This result is similar
to the one obtained for -PnA in POPC/PCer mixtures (23).
t-PnA mean fluorescence lifetime was shown to be extremely
sensitive to the PCer-rich gel phase due to the presence of a
long lifetime component (>30 ns) in its fluorescence decay
(23). Analogously, the high fluorescence anisotropy and mean
fluorescence lifetime values for #-PnA obtained in POPC/
PSM/PCer mixtures constitute strong evidence for the for-
mation of a PCer-rich gel phase. It further shows that the gel
domains are exceptionally ordered, because the increase in
anisotropy is due to an increase of the rotational correlation
time and hindered rotation, compensating for the raise of fluo-
rescence lifetime of the probe (23,31). The long lifetime com-
ponent of #-PnA fluorescence decay is always high (>30 ns)
(Fig. 5), clearly showing that a gel phase is present in all mix-
tures studied. According to the binary phase diagram POPC/
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FIGURE 5 Fluorescence lifetime of the long component of -PnA fluo-
rescence decay, in POPC/PSM mixtures containing 0 (O), 2 (O), 4 (), 8
(A), and 12 (*) mol % PCer, as a function of total sphingolipids mol fraction
(XsL = Xpsm t Xpcer)- The dashed lines are merely a guide to the eye.

PCer (23), 4 mol % PCer is the minimal fraction required to
induce gel-fluid phase coexistence at 24°C. On the other
hand, in more complex mixtures containing SM, Cer is able
to associate with SM to form gel domains (14,15). Therefore,
without additional calculations it is not possible to conclude
about the composition of the gel domains (see Discussion).

Unlike -PnA, DPH fluorescence lifetime increases slightly
with Xg; and is almost invariant in the presence of PCer (data
not shown). DPH has a similar quantum yield in gel and fluid
phases, and the mean fluorescence lifetime of this probe does
not present pronounced dependence on the lipid phase (28).

DISCUSSION

DPH and #PnA provide
complementary information

In this work two probes that present different phase parti-
tioning behavior were used, DPH and #-PnA. In general, it is
considered that DPH distributes indistinctly between gel and
fluid phases (Kg/ fe 1) (35) (as in the case of POPC/PSM bi-
nary mixtures (26)). However, in PCer containing mixtures
this probe is excluded from the PCer-rich gel phase, report-
ing the biophysical properties of PCer-poor phases (15,23).
On the other hand, -PnA presents a high preference for PCer-
rich gel phase (Kg/ f - 4.5) (23), and therefore is an excep-
tional reporter of this gel phase. Consequently, by combining
these two membrane probes complementary information is
obtained. In addition, the quantum yield of the probes behaves
differently, i.e., whereas the DPH quantum yield is weakly
sensitive to the lipid phase, #-PnA presents quantum yield
values and fluorescence lifetime components that are typical
of each phase. The fact that for both probes the fluorescence

1643

anisotropy is high in the gel and low in the fluid, together
with the previously mentioned differences, allows for a de-
tailed characterization of the lipid phases that are formed in
the ternary system under investigation. In this study, the gel-
fluid partition coefficient of +-PnA was determined for POPC/
PSM binary mixtures (Fig. 1). It has been described that in
mixtures presenting gel-fluid coexistence, #-PnA has a prefe-
rential partition toward the gel phase (29). Indeed, a KE/ > 1,
as determined here, is in accordance with that description.
This equilibrium constant allows for the determination of
-PnA gel-gel partition coefficient (Kg/ £) in PSM/PCer mix-
tures, which is given by the ratio of the gel-fluid partition co-
efficient of this probe in POPC/PCer (~4.5) (23) and in POPC/
PSM binary mixtures (~1.88). The value obtained (Kg/ 8 =
2.4) shows that in mixtures presenting PSM-rich and PCer-
rich gel-gel separation, -PnA will preferentially report the
biophysical properties of the gel phase rich in PCer. In this
very specific case, a stepwise methodology (15,23) proved to
be quite complex. The PSM/PCer binary system presents
several experimental difficulties. These are due, in part, to
the fact that gel/gel phase separation occurs in this system.
For example, both -PnA and DPH photophysical parameters
present only slight variations in PSM/PCer mixtures. There-
fore, the phase partitioning behavior of the probes in this
binary system is difficult to determine. On the other hand,
-PnA gel-fluid partition coefficient in POPC/PSM and POPC/
PCer (23) mixtures allowed the determination of the phase
partition of this probe in PSM/PCer binary mixtures. This cal-
culation is essential for the characterization of PCer/PSM in-
teractions, helping to understand the nature of the gel phase
induced by PCer that is formed in the ternary mixtures of this
work. Additionally, this equilibrium constant will be required
for the resolution of the PSM/PCer binary phase diagram (cur-
rently being investigated).

Quantifying PCer/PSM association in the
presence of POPC

In this work, #-PnA fluorescence lifetime values (Figs. 4 and
5) show that 2 mol % PCer is enough to induce gel phase
formation in fluid POPC/PSM mixtures (Xpsy < 0.28 (26)).
The same mol fraction of PCer in POPC mixtures has only an
ordering effect on the fluid membrane, but does not induce
the formation of a gel phase (23). Thus, it is concluded that
in POPC/PSM/PCer mixtures the ability of PCer to form gel
domains is enhanced by PSM, probably forming a PCer/PSM-
rich gel phase in a similar way as in POPC/Chol/PSM/PCer
mixtures (15). In this study, we have calculated the gel frac-
tion formed by PCer in POPC/PSM mixtures for which only
a fluid phase would be present (Table 1). This was carried
through Eq. 4, using the variation of #-PnA mean fluores-
cence lifetime (Fig. 4), and its photophysical parameters in
pure gel and fluid phases taken from Silva et al. (23).
Although in mixtures containing 10 mol % SL, gel-fluid
phase coexistence occurs for lower amounts of PCer than for

Biophysical Journal 93(5) 1639-1650
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TABLE 1 Gel phase mol fraction (X;) formed in POPC/PSM/
PCer mixtures (total sphingolipid mol fraction,
XsL = Xpsm + Xpcer)

XPCer
Xs1 0 0.02 0.04 0.08 0.12
Xpcer * * * 0.05 0.10
0.10 * 0.01 0.03 0.05 t
0.20 * 0.04 (0.55) 0.09 (0.54) 0.12 (0.35) 0.15 (0.19)

The gel fraction was calculated from 7-PnA mean fluorescence lifetime (Eq.
2-4) and the photophysical parameters in pure gel and fluid phases were
taken from (23). The values in brackets are indicative calculations of the
mol fraction of PSM in the PCer-rich gel phase, assuming that no POPC is
present in this phase. For comparison, the values of X, obtained in binary
POPC/PCer mixtures at 24°C (23) are presented in the first row.

*No gel phase occurs for these mixtures (23,26).

tFor this Xpcer only mixtures containing Xg; > 0.12 are possible.

the binary system POPC/PCer, where gel-fluid coexistence
starts with 4 mol % PCer (23), the X,, values are similar in
both systems. This result clearly shows that the solubility of
PCer in the POPC/PSM fluid is lower than in the POPC fluid,
even though PCer/PSM association in the gel phase is not hap-
pening. In mixtures containing 20 mol % SL, the gel fraction
is higher than the mol fraction of PCer present in the mix-
tures. Thus, to respect conservation of the total gel fraction
(mass balance), PSM molecules must exist in this gel phase.
As a consequence, the gel domains induced by PCer in these
mixtures result from the association of this lipid with the
PSM previously in the fluid phase. Note that PCer/PSM gel
domains formation is observed for physiological levels of
PSM (~20-30% of total lipid of the external leaflet of plasma
membrane (36)), indicating that this association may occur in
biological membranes.

For the mixtures where PCer/PSM gel domains are formed
(XsL = 0.2), a first estimation of the composition of the PCer-
rich gel phase (Table 1) was determined from the gel frac-
tions previously calculated, assuming that all PCer and no
POPC is participating in the formation of this phase. For low
amounts of PCer (2 and 4 mol %) ~50% of the PCer-rich gel

Castro et al.

phase is composed of PSM, whereas for higher amounts of
PCer, the PSM fraction present in this phase becomes suc-
cessively smaller. This result is in accordance with a pre-
vious study of POPC/PSM/PCer mixtures, where the authors
observed that PCer-enriched microdomains formation was
higher in these ternary mixtures than in POPC/PCer binary
mixtures, due to a preferential interaction of PSM with PCer
(19). Although previous studies have shown that in SM/Cer
binary system there is immiscibility of the two lipid species
in the gel phase (22,24), in the case of more complex mix-
tures, there is evidence suggesting the association of these
lipids (14,15,19,22).

Another evidence for PCer/PSM gel phase formation comes
from DPH fluorescence anisotropy values. Fig. 3 shows that
DPH anisotropy values are lower in mixtures containing PCer
than in POPC/PSM mixtures. Studies carried out in different
Cer-containing lipid mixtures have shown that DPH is ex-
cluded from the Cer-rich (gel) phase (15,23,37), which ap-
parently is a characteristic of this phase. In this work, the
substitution of PSM by PCer lowers the gel phase fraction
that DPH is able to report (i.e., POPC/PSM gel). Thus, in
POPC/PSM/PCer mixtures where PCer- and/or PCer/PSM-
rich gel phase is formed, DPH presents lower fluorescence
anisotropy values than in POPC/PSM binary mixtures.

To confirm that DPH is excluded from the PCer/PSM gel
domains, the predicted anisotropy values of DPH for the gel
fractions previously obtained (Table 1) were calculated, as-
suming that DPH distribution is equal between gel and fluid
phases (Kg/ F= 1) (38) and using Eq. 5. The values are given
in Table 2 (the following DPH photophysical parameters
were used: (), = 0.34, {r)y = 0.13, 7, = 8ns, 7y = 6ns (15)).
The predicted values are systematically higher than the ex-
perimental ones, showing quantitatively the formation of a
gel phase that is able to exclude DPH. Once that DPH is able
to report the PSM-rich gel phase in POPC/PSM binary mix-
tures (26), the gel phase formed in POPC/PSM/PCer ternary
mixtures must be extremely ordered and compact. This is in
agreement with -PnA fluorescence lifetime and anisotropy
high values. The exclusion of DPH is in accordance with a

TABLE 2 DPH exclusion from the PCer-rich gel phase: experimental and predicted DPH steady-state fluorescence anisotropy in
POPC/PSM/PCer mixtures containing 0.10 and 0.20 as total mol fraction of sphingolipid (Xs. = Xpsm + Xpcer) (Table 1)

XPCer
XL 0.02 0.04 0.08 0.12
0.10 0.119 = 0.002 0.113 = 0.004 0.12 = 0.01 * {Mexperimental
0.13 0.14 0.14 * <r>predicled
0.20 0.119 = 0.003 0.118 = 0.009 0.11 = 0.01 0.117 = 0.004 (Pexperimental
0.14 0.15 0.16 0.17 (P predicted

The predicted values were calculated from Eq. 5. The PCer-rich gel phase fraction formed in these mixtures was obtained from #-PnA mean fluorescence
lifetime (Table 1). For the calculations it was assumed that DPH had an equal partition between gel and fluid phases (Kg/t~1) (38), and the probe’s
photophysical parameters in pure gel and fluid phases were taken from Silva et al. (23). The error of the experimental DPH anisotropy values is the standard

deviation of at least three independent samples.
*For this Xpce, only mixtures containing Xg; > 0.12 are possible.
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previous study, which reports that PCer associates with PSM
forming a very tightly packed gel that excludes a pyrene-
labeled Cer analog (19). Note that the increase in DPH an-
isotropy values with Xpgy is only reporting the formation of
a PSM-rich gel phase from a POPC-rich fluid phase (26).

It seems that the enhancement of the Cer-rich (gel) domains
is specific for SM, arising due to a stable hydrogen bonding
network and van der Waals interactions between these SL
(8,19). In model membranes containing Cer and 1,2-dipalmitoyl-
sn-glycerol-3-phosphocholine, which is the glycerophospho-
lipid corresponding to PSM (both present the same acyl chain
and gel-fluid melting temperature (39,40)), the extent of Cer-
rich (gel) phase formed in these mixtures is lower than in
mixtures containing SM (19,22). These results rule out the
possibility that Cer-rich domains enhancement results solely
from the association of Cer with high temperature melting
lipid, showing that SM/Cer interactions play a critical role in
the formation of the Cer-rich gel phase.

Quantifying three lipid phases in coexistence

The combined use of -PnA and DPH allowed the study of a
complex three-phase situation, where a PCer/PSM gel, a PSM-
rich gel, and a POPC-rich fluid phase coexistence was pres-
ent. To our knowledge, few studies have shown three-phase
coexistence in membranes containing Cer (14—16). This is not
only related to inherent difficulties in studies with Cer, namely
hydration problems (e.g., (21,24,41)), but because the coex-
istence of three lipid phases is extremely difficult to establish
experimentally.

For the three-phase coexistence situation, the strategy em-
ployed to determine the gel fraction induced by PCer (Table 1)
could not be used, because two distinct gel phases are pres-
ent. Therefore, a novel approach was developed, which is based
on the fluorescence parameters and partition coefficients of
both probes between the three pairwise combination of the
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phases present. This methodology allowed the quantification
of the mol fraction of each phase present in the ternary
mixtures under study (Appendix I). The results obtained are
summarized in Table 3.

In these mixtures, two distinct regimes are apparent: the
low, and the high Xpce,. In the low Xpce, (2 and 4 mol %) re-
gime, gel phase formation induced by PCer is enhanced for
low Xgp (0.3 and 0.4). For higher SL amounts, the total gel
phase fraction is similar to the one that is formed in the POPC/
PSM binary system. Nonetheless, in mixtures containing PCer,
the PSM-rich gel phase is slightly lower than in POPC/PSM
mixtures, emphasizing PCer ability to recruit PSM molecules.
Increasing Xpc.,, PCer-rich gel phase enhancement by PSM
increases successively, until 50 mol % SL with 8 mol % PCer
are reached. For the mixtures containing 12 mol % PCer, it
was only possible to accurately calculate the phase mol frac-
tions for mixtures containing 30 and 40 mol % SL. This hap-
pened because the method is based on the variation of -PnA
photophysical parameters and phase behavior for the ternary
mixtures (Appendix I). #-PnA presents an unfavorable par-
tition coefficient for the fluid as well as a smaller quantum
yield in this phase. Therefore, in a situation where the fluid
phase fraction is low and PCer-rich gel phase fraction is high,
-PnA will present fluorescence properties indistinguishable
between a system in the gel phase, and a system containing
10% or less of fluid phase. This is the case for the mixtures
containing 12 mol % PCer and high Xg; (>0.40).

For mixtures containing 30 mol % SL with 8 or 12 mol %
PCer, and 40 mol % SL with 12 mol % PCer, the PSM-rich
gel phase is negligible and the PSM fraction in PCer-rich gel
phase is high. These results show the remarkable PCer ability
to recruit PSM molecules to induce the formation of a gel
phase in model membranes, as recently observed in analo-
gous systems containing Chol (14—16). Overall, these studies
suggest that in cellular membrane where SM levels are high
(1,26), Cer/SM gel domains may occur.

TABLE 3 Mol fraction of PSM-rich and PCer-rich gel phases (X§S™ and X, respectively) in POPC/PSM/PCer ternary mixtures

XPCcr
0 0.02 0.04 0.08 0.12

XSL XPSM XPSM XPCsr XPSM XPCer XPSM XPCer XPSM XPCer

g g g g g g g g g
0.30 0.05% 0.05 0.04 0.04 0.12 0 0.14 0 0.25
0.40 0.26* 0.24 0.06 0.23 0.13 0.12 0.18 0 0.34
0.50 0.47% 0.44 0.06 0.44 0.06 0.28 0.30 t t
0.60 0.68* 0.65 0.05 0.66 0.03 0.42 0.25 t ¥
0.70 0.89% 0.84 0.06 0.84 0.06 0.66 0.18 t f

The total SL mol fraction (Xsp. = Xpsm + Xpcer) that was spanned corresponds to the gel-fluid coexistence range of the POPC/PSM binary system at 24°C,
e, 0.28 = X5 = 0.75, without the Mabrey and Sturtevant correction (26). The gel phase mol fractions were obtained from #-PnA mean fluorescence

lifetimes (Fig. 4), using the equations described in Appendix 1.

*Values taken from the tie-line at 24°C of the POPC/PSM binary phase diagram (26).
tFor these mixtures the fluid phase fraction is always low. In this situation, -PnA fluorescence properties, in which the quantitative method developed is
based, are indistinguishable from those in a system entirely in the gel phase, because the probe presents an unfavorable partition coefficient and a small

quantum yield in the fluid phase.

Biophysical Journal 93(5) 1639-1650



1646 Castro et al.

100 F oo e o] PCer .
Wl ey AN
B/

80 b

70 B \ 80 90 100PSM

FIGURE 6 POPC/PSM/PCer ternary phase diagram at 24°C determined from the photophysical and phase-related properties of the two complementary
fluorescent membrane probes t-PnA and DPH, together with quantification methodologies and an iterative procedure. (A) Ternary phase diagram highlighting
the seven distinct regions identified. The abbreviations correspond to: F;, POPC-rich fluid phase; G, PCer-rich gel, and G,, PSM-rich gel phase. The colors
correspond to the number of phases present in each region: light gray, one phase; white, two phases; dark gray, three phases. (B) Scaled POPC/PSM/PCer phase
diagram. The lines B|—Bg represent the phase boundaries between one-phase and two-phase regions. Each side of the tie-triangle is a phase boundary that
separates a two-phase region from a three-phase region. T,—T), are the tie-lines for the F; + G region that contain the ternary mixtures composed of Xg; = 0.2
and 2, 4, 8, and 12 mol % PCer (solid light gray circles), respectively. The open circles over B; and Bg are the edges of the tie-lines. The direction and length of
these tie-lines, together with points B and F allowed for the determination of Bg (see text for further details). The points A, B and C, D are experimental points
taken from the POPC/PCer (23) and the POPC/PSM (26) phase diagrams, respectively. H and I are illustrative for which three-phase coexistence was quantified
(Table 3). The lever rule was exemplified for these points (Appendix II). J and the dashed line FJ are presented for a better exemplification of the lever rule. The
full lines were experimentally determined. All the lines have strong experimental basis and are thermodynamically consistent. However, due to technical
limitations discussed in the text, B4 and Bs are still under definition, being represented by dashed lines. These boundaries are the best estimations based on our
own experimental data, thermodynamic principles (42), and calorimetric studies (24). All the remainder of the phase diagram was determined independently of
the exact position of B, and Bs.

POPC/PSM/PCer ternary phase diagram in excess were compensated by those for which those values
were given in default. The following information was used for
the phase diagram: i), experimental data and binary tie-lines at
24°C from POPC/PSM (26) and POPC/PCer (23) and the
expected ternary phase behavior from the binary phase
diagrams (42,43); ii), thermodynamic principles (the phase
rule, and limitations to the two-phase/one-phase boundaries
imposed by the Gibbs energy minimum principle (42)); and
iii), all the experimental data obtained for these mixtures (for
all the compositions scanned: number, type and compositions
of the phases present and the lever rule applied to these data).

The ternary phase diagram presents seven distinct regions

The quantitative method based on the complementary infor-
mation retrieved from each fluorescent probe allowed the
determination of the POPC/PSM/PCer ternary phase diagram
at 24°C (Fig. 6). The phase diagram was obtained by an
iterative method. In this method, different configurations for a
phase diagram of the type of Fig. 6 A were assayed, and the
phase fractions and compositions computed. These were com-
pared with the experimental values (Tables 1 and 3). Then,
configurations with minimal deviations between the two sets
of values were selected, and configurations close to those ones

were tried, and so on and so forth, until no further im-
provement in matching the experimental values to the values
calculated from the diagram was obtained. Best trial in an
iteration was the one for which the maximal difference be-
tween an experimental and a calculated value was smaller, and
also for which the deviations were more randomized, i.e., the
points for which a certain phase and/or component were given
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(Fig. 6 A): 1), a POPC-rich fluid phase (F,); ii), a POPC-rich
fluid/PCer-rich gel phase coexistence (F; + G,); iii), a POPC-
rich fluid/PSM-rich gel phase coexistence (F; + Gy); iv),
PCer-rich and v), PSM-rich gel phase (G, and G,, respec-
tively) regions; vi), a PSM-rich gel/PCer-rich gel phase co-
existence (G; + G,); and vii), a POPC-rich fluid/PCer-rich
gel/PSM-rich gel phase coexistence (F; + G; + G,) region.
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For the sake of clarity these abbreviations will be used when
referring to the different regions of the diagram. The main
features of the diagram are: i), a broad POPC-rich fluid/PCer-
rich gel coexistence region (F; + G;) that extends almost to
the right side of the diagram (toward PSM/PCer binary
mixtures), ii), a small PSM-rich/PCer-rich gel/gel coexistence
region (G; + Gj), and iii), the presence of the tie-triangle,
which defines a three-phase coexistence region where the
composition of each phase is given by the position of each
comer of the triangle and the lever rule is valid (for further
details see Appendix II).

The POPC-rich fluid region (F,) is a small region with low
PSM and PCer amounts defined by boundaries B; and B,
(Fig. 6). B; is the boundary between F; and the F; + G,
coexistence region. This line was determined from #-PnA fluo-
rescence lifetime measurements. Fig. 5 shows that 2 mol %
PCer is enough to induce gel phase in this PSM range (10-20
mol %). This result implies that the F{/(F; + G;) boundary
(B) lays very close to base of the diagram, toward the POPC/
PSM binary mixture. B, is the boundary between F; and the
F; + G, coexistence region. Due to thermodynamic restric-
tions and the negative curvature of B, the only possible
direction of B, is the one shown, since the two boundaries
must intersect at the left corner of the tie-triangle (point E, Fig.
6 B), B; crossing E toward the F; + G, region and B, toward
the F; + G, region.

The F; + G, coexistence region was determined from the
tie-lines for this region (T;, T,, T3, and T4, Fig. 6 B). The
direction and length of the tie-lines together with points B and
F defined the boundary Bg, between F; + G, and G, (PCer-
rich gel) region. Each tie-line presented in Fig. 6 B was
determined from the composition of the mixtures where F; +
G, coexistence was identified (Tables 1 and 3). For a two-
phase coexistence situation, the fraction of each phase is
given by the lever rule. In the present case, the PCer-rich gel
fraction is given by the ratio of the distance from the
boundary B, to the mixture (distance between the open dots
in B; and the solid dots in Ty, T, T3, and Ty, respectively),
total length of the tie-line connecting B; to B¢ (distance
between the open dots in B and in Bg) (Fig. 6 B). The length
and direction of each tie-line were determined through an
iterative method. The results that presented the smaller
deviations between the following limitations were chosen: i),
the tie-lines must start in B and pass through the mixtures;
ii), the ratio distance from B to the mixture/total length of the
tie-line must give the gel phase fraction for this particular
mixture; iii), due to thermodynamic restrictions two tie-lines
can never cross; and iv), the tie-lines should present a fanwise
trend from one lateral boundary to the other, in this case from
POPC/PCer binary to the EF side of the tie-triangle (Fig. 6 B).
With the exception of T, all the tie-lines (T, T, and T,) are
in well accordance with these limitations. T3 and T, are in a
region where the tie-lines’ direction is very close to the di-
rection of EF, and therefore presents small variations. In this
region an error of 1% on the composition of the mixtures may
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change the direction of the tie-line, resulting in divergences to
the fanwise trend. Although T; present a small deviation to
the fanwise trend, this tie-line is in respect to the remaining
restrictions, and the slope of T, is higher than T3 only in the
third significant digit.

The region where a POPC-rich fluid, a PCer-rich gel, and a
PSM-rich gel coexist (F; + G; + Gy) is defined by the tie-
triangle EFG (Fig. 6 B). Applying an iterative methodology to
the composition of the mixtures that present three-phase
coexistence (Table 3), the tie-triangle was obtained (see
Appendix II for examples of the application of the lever rule to
the ternary mixtures): i), The left side of the tie-triangle (EF’,
Fig. 6 B) was based on the mixtures containing 2 and 4 mol %
PCerand Xg; = 0.3, in which three phases are present, and the
mixture containing 12 mol % PCer and Xg; = 0.4, in which
only two phases coexist. In this way, this side of the tie-
triangle must present a direction that allows for the first mix-
tures to be located inside the tie-triangle, whereas the latter
mixture to be located outside (in the F; + G, coexistence
region). Additionally, it has to be fanwise in relation to the
binary tie-lines of the F; + G region; ii), the base of the tie-
triangle (EG, Fig. 6 B) is defined once again by the mixtures
containing 2 and 4 mol % PCer and Xs; = 0.3 and 0.4, where
three phases coexist. The decrease in the PCer-rich gel
fraction for mixtures containing 4 mol % PCer and Xg; > 0.4
results in the slightly positive slope for this boundarys; iii), the
right side of the tie-triangle (FG, Fig. 6 B) was obtained
accounting for the phase mol fraction of the three phases in
each of the mixtures where it was identified (Table 3). To be in
agreement with the fraction of PCer-rich gel for the high PCer
content mixtures, the top of the tie-triangle (point ¥, Fig. 6 B)
must lie within the 31 mol % POPC line. Therefore, point F
and the boundary EG (base of the tie-triangle) define the
direction of the boundary FG, thereby completing the tie-
triangle EFG (Fig. 6 B).

After defining the tie-triangle, the POPC-rich fluid/PSM-
rich gel phase coexistence region (F; + G,) was defined.
This region is delimited by the fluid/gel coexistence region of
the POPC/PSM binary diagram (points C and D, Fig. 6 B)
(26) and the boundaries B,, EG and B;. Bj is the boundary
between the F; + G, and the PSM-rich gel region (G,), and
in a similar way as B,, due to thermodynamic restrictions it
must present a direction that allows it to cross the right corner
of the tie-triangle (point G, Fig. 6 B) toward the G; + G,
(PCer-rich/PSM-rich gel/gel) coexistence region.

The B4 and Bs boundaries were determined based on the
tie-triangle constructed, unpublished data, and calorimetric
studies in SM/Cer binary mixtures (24), in a similar procedure
as the one used in the study of giant unilamellar vesicles
composed of an unsaturated phosphatidylcholine/Chol/SM
(44). The boundary between G, and G; + G, coexistence, By,
has a direction that allows it to cross-point G toward the F; +
G, region (Fig. 6 B), to respect geometric constraints imposed
by the presence of a three-phase region. In fact, two-phase
boundaries crossing one point of the three-phase region must
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present similar curvature and must extend to the opposite two-
phase region where it originated, or extend both inside the three-
phase region (42). Bs is the boundary between the G; + G, and
the G, region, where only a PCer-rich gel phase is present. The
boundary B¢ and geometric restrictions derived from the Gibbs
minimal energy principle (42) determined Bs direction. Since
Bg crosses point F, expanding toward the three-phase region, B
must also cross F and consequently Bg, expanding inside the
three-phase region. Experimental determinations were made on
the right side of the ternary diagram. However, due to the
technical difficulties already discussed, B4 and Bs are still under
definition, and for that reason they are presented in Fig. 6 as
dashed lines. The remainder of the phase diagram, which con-
tains the physiological proportions of the components, is well
defined and is not affected by these boundaries.

From the tie-triangle it is possible to: i), retrieve the com-
position of each of the three phases in coexistence, in par-
ticular the composition of the PCer-rich gel phase (point F),
which is 31% POPC, 44% PSM, and 25% PCer (~1.8 PSM
and ~1.2 POPC molecules/PCer molecule); ii), the compo-
sition of the mixtures that could not be accurately determined
from the fluorescence parameters of the probes; and iii), it
helps to understand in which situations PCer-rich gel forms.
The PSM/PCer molar ratio for this gel phase is similar to the
one obtained in POPC/Chol/PSM mixtures containing low
PCer amounts (15). Additionally, the POPC/PSM/PCer ter-
nary phase diagram offers a rational explanation for PCer-gel
formation enhancement by physiological amounts of SM
(~20-30 mol %). In the diagram, horizontal lines give the
mol fraction of PCer. For the POPC-rich/PCer-rich fluid/gel
coexistence region (F; + Gj), the tie-lines become shorter
with the increase of PSM content, until it reaches the left side
of the tie-triangle (EF). Hence, in this region, for the same
PCer mol fraction (horizontal line), PCer-rich gel phase frac-
tion is higher for 20-22 mol % PSM, as given by the lever
rule. For instance, for 12 mol % PCer, PCer-rich gel fraction
is higher in mixtures containing 18 mol % PSM (~25%) than
in mixtures with 8 mol % PSM (~15%) (Tables 1 and 3). An-
other factor responsible for this effect is the POPC content
of the PCer-rich gel phase at 24°C. Whereas in POPC/PCer
mixtures this gel phase contains just 15% POPC (Fig. 6 B,
point B), in POPC/PSM/PCer ternary mixtures the fraction of
this unsaturated lipid increases up to two times (31%). Thus,
the SM/Cer interaction increases POPC solubility in the Cer-
rich gel, at the same time maintaining its rigidity, reflecting
the synergy between SM and Cer to induce the formation of a
highly ordered gel phase.

A study in POPC/PSM/PCer mixtures, has shown that PCer
is able to induce the formation of PCer enriched microdo-
mains and it was qualitatively observed an enhancement of
these microdomains by PSM (19). The POPC/PSM/PCer phase
diagram determined is in well accordance with this result,
since the F; + G region (Fig. 6 A), which is defined by By,
Bg, and EF (Fig. 6 B) accounts for this effect. As previously
explained, increasing Xpsy, the distance separating B from
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Bg decreases, and consequently the length of the tie-lines for
this coexistence region also decreases. As a result, in this
range of Xpsn, lower Xpce, is necessary to induce the same
X, formed by PCer at lower Xpgy (closer to the POPC/PCer
binary phase diagram). Studies in model membranes com-
posed of an unsaturated PC/Chol/SM/Cer have shown that
low amounts of Cer (<8 mol % total lipid) are able to form
Cer-rich gel domains for physiological levels of SM (14—16).
Thus, the POPC/PSM/PCer diagram agrees well with these
results. So, it seems feasible to conjecture that the SM frac-
tion in many mammalian plasma membranes can be tuned
to maximize Cer-rich gel formation, which would lead to a
stronger response to stress stimuli.

The ternary phase diagram was determined at 24°C. At
this temperature the system is well away from the T}, of any
component, and the photophysical parameters of the probes
in each phase are more distinct, therefore allowing for an
accurate determination of the phase diagram. Additionally, a
more precise KE/ " of +-PnA for the POPC/PSM system can be
obtained at this temperature, given that a broader gel/fluid
coexistence region occurs at 24°C than at 37°C for these bi-
nary mixtures (26). The number, type of phase, and principal
lipid in each phase are the same at 24 and 37°C and an ex-
pected general behavior of the ternary system at 37°C can be
obtained from the ternary phase diagram at 24°C.

The procedures employed in this study are quite straight-
forward, and provide a thorough phase characterization of
the system. The quantitative methodology developed can, in
principle, be applied to more complex systems, by increasing
the number of probes with well-characterized lipid phase-
related properties, i.e., a multiprobe approach (15,23). The
POPC/PSM/PCer phase diagram obtained agrees well with
previous studies in similar lipid systems and explains all the
experimental results obtained here. It provides a quantitative
description of the ternary system studied, allowing for a bet-
ter understanding of the relation between Cer biophysical
and biological effects, e.g., it can be used to relate the lipid
composition of plasma membrane of different cell types with
the levels of Cer necessary to activate a stress response in
those cells. Additionally, the phase diagram allows for quan-
titative studies to be carried in this ternary system, e.g., quan-
titative Forster resonance energy transfer for determining the
size of PCer-rich gel domains, as carried out for other multi-
component lipid systems (15,33,45). The phase diagram pro-
vides also a solid base for theoretical studies, as previously
done for other ternary lipid mixtures (45,46).

The plasma membrane is a dynamic entity composed of both
lipids and proteins, where complex interactions between these
molecules give rise to and modulate membrane domains.
Therefore, the protein content of the plasma membrane should
also be taken into account (47). The ternary phase diagram
determined in this work provides a useful framework to
rationalize how membrane domains affect the distribution of a
membrane protein and vice-versa, as done, e.g., for N-Ras in
raft-containing POPC/PSM/Chol membranes (48).
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APPENDIX |

Determination of the fraction and composition of
each phase for a three-phase situation of the
POPC/PSM/PCer ternary system

The probe 7-PnA is able to incorporate in all the three phases that can exist in
the POPC/PSM/PCer ternary lipid system. Hence, the photophysical param-
eters for this probe were used as starting point.

From #-PnA mean fluorescence lifetime, the fraction of light emitted from
the PCer-rich gel phase, FLpce; Was calculated:

<T> = FLPCer<T>PCer + FLNonPCer<T>NonPCer7

where (7) is the mean fluorescence lifetime obtained for these mixtures,
(T)pcer is the probe mean fluorescence lifetime in a PCer-rich gel phase,
FLNonpcer = (1 — FLpcer) is the fraction of light emitted from the whole of
the PCer-poor phases, and {T)youpcer 1S the probe mean fluorescence lifetime
in PCer-poor phases. For this ternary system, the probe’s mean fluorescence
lifetime in the PCer-poor phases is the value obtained in the absence of PCer
(Fig. 4), and is given by (T)nonpcer:

<T>NonPCer = FL]”SM<T>PSM + FL;’OPC<T>POPC7

where FL'; and (7); are the fraction of light emitted and the probe’s mean
fluorescence lifetime, respectively, in a PSM-rich gel (i = PSM) and POPC-
rich fluid (i = POPC) phase. Note that the fraction of light emitted from each
phase in the absence of PCer is not the same as in POPC/PSM/PCer mix-
tures, because in this latter case the fraction is calculated for the PCer-poor
phases only. In the absence of PCer, the fraction of light emitted from the
PSM-rich and POPC-rich (1 — FL'psy) phases is given by Eq. A2. Knowing
the total fraction of light emitted from the PCer-poor phases, the true fraction
of light emitted from the PSM-rich and POPC-rich phases in ternary POPC/
PSM/PCer mixtures, FL;, is obtained by:

(AD)

(A2)

FL, =FL{(1 — FLc),
where i = PSM or POPC.
The partition coefficient between two phases, a and b, Kg/ ® s given by:

a/b _ xa/Xa
P Xb/Xb7

(A3)

(A4)

where x; is the fraction of probe in phase i = a or b, and X; is the total fraction
of phase i = a or b, respectively.

The ratio of emitted light fractions from two phases, a and b, is given by:

FLH ‘xﬂ T_a

F Lb a Xp ﬁ’

(A5)

assuming equal molar absorption coefficients in both phases, where FL; is
the fraction of emitted light from the phase i, x;, is the fraction of probe in
phase i, and, 75 is the probe lifetime-weighted quantum-yield in phase i (i =
a or b).

Solving Eq. A4 for the ratio of the probe fraction in each phase (x,/xp),
and replacing in Eq. A5, the following equation is obtained:

FLa _ Ka/b&E‘
FL, P X, Ty

(A6)

The mol fraction ratio of each phase, a and b, (X,/Xp) is calculated from
Eq. A6.

From the previous equation the Xpcer/Xpopc ratio is calculated. For
mixtures containing 2 and 4 mol % PCer, the Xpsm/Xpopc ratio was obtained
from the POPC/PSM binary phase diagram (26). For mixtures containing
those PCer amounts, DPH anisotropy values are identical to the values
obtained in the absence of PCer, showing that the Xpsp /Xpopc ratio remains
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unchanged for these mixtures. For mixtures containing 8 and 12 mol % PCer
the substitution of PSM by PCer causes a small, but yet noticeable decrease
in the PSM/POPC phase fraction ratio, which is sensed by DPH (Fig. 3). A
direct comparison of DPH anisotropy values in these mixtures with the
respective values obtained in the absence of PCer, allowed determining the
effective PSM-rich gel phase mol fraction in respect to POPC-rich fluid
phase (i.e., without interference of PCer-rich phase).

Knowing the Xpsm /Xpopc and Xpcer/Xpopc for the mixtures under study,
the POPC-rich phase fraction is obtained, because Xpsy + Xpcer + Xpopc = 1.
The PSM-rich and PCer-rich phase fractions are determined by multiplying
Xpsm/Xpopc and Xpcer /Xpopc by Xpopc.

APPENDIX 1I

Determination of the phase fractions within the
tie-triangle of the POPC/PSM/PCer phase diagram

As previously mentioned the tie-triangle defines a three-phase coexistence
region where the lever rule is valid. Here, the application of the lever rule is
illustrated for the points H and I (Fig. 6 B). For determining the composition
of each phase the planar lever EFG (tie-triangle) can be resolved into two
linear levers, by drawing a straight line from any corner of the tie-triangle
through point H or I to its intersection with the opposite side. For the case of
point H, the top corner of the tie-triangle (F) was chosen, and the linear
levers FHJ and EJG were obtained (Fig. 6 B). The fraction of G; (represented
in the tie-triangle by the letter F) in the mixture H is given by:

JH
F=—XI1 A
% G 00, (A7)
and
HF
J =—X100. A8
% TF (AB)

The composition J represents the mixture of E (representing F, in the tie-
triangle) and G (representing G, in the tie-triangle), so that

JG HF
= — X
TE = o X 100, (A9)
and
EJ HF
=——X100. A10
4G EG JF ( )

Hence, the mixture H is composed of 46% F;, 27% G,, and 27% G;.
Analogously, the mixture I is composed of 84.5% F1, 3.5% G, and 12% G;.
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