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Abstract

To understand the formation and properties of ceramide-enriched domains in cell membranes, the biophysical properties of
the binary system palmitoyloleoylphosphatidylcholine (POPC)/palmitoylceramide were thoroughly characterized. Diverse
fluorescent probes and parameters were necessary to unravel the complexity of this apparently simple system. For the first
time, a complete phase diagram is reported, characterizing the lamellar phases of these mixtures, and providing a
quantitative framework integrating biophysical and biological studies. The diagram suggests that in resting cells no ceramide
domains exist, but upon apoptotic stimuli, platforms may form. Moreover, our data show that 2 mol% of Cer strongly
affects the POPC fluid matrix, suggesting that a small increase in Cer levels can significantly affect cell membrane
properties. In this work, we also show that Cer domains, formed in conditions similar to physiological, are extremely
ordered and rigid. The domains composition is estimated from the phase diagram and their large size was concluded from
fluorescence resonance energy transfer. Dynamic light scattering and electron microscopy were used to characterize the
system morphology, which is highly dependent on ceramide content and includes vesiculation and tubular structure
formation.

Keywords: Apoprosis, ceramide domains, ceramide/phosphatidylcholine phase diagram, membrane morphology, signaling
platforms

not clear. However, evidences is emerging for an
indirect action of Cer, resulting from the altera-
tions of the biophysical properties of the plasma
membrane [5,6]. Increase in Cer levels has also been
implicated in the modulation of endocytic pathways,
vesicle aggregation, membrane vesiculation, fusion/
fission, membrane permeabilization and vesicular
trafficking [6,7]. Recently it was shown that hydro-
lysis of SM in lipid monolayers drives spontaneous

Introduction

In the last decade Ceramide (Cer) has emerged as an
important signaling molecule in the regulation of
several cellular processes such as differentiation,
senescence, proliferation, cell cycle arrest and apop-
tosis. Numerous studies show that Cer production in
response to external stress stimuli is a nearly uni-
versal feature of programmed cell death (for reviews
see [1,2]). This lipid can be generated within a cell

either by de novo synthesis pathway (slow process
for Cer production) or by hydrolysis of sphingomye-
lin (SM) in the cell surface, leading to rapid
accumulation of Cer in the membrane. Both path-
ways were shown to be involved in Cer generation in
response to stress stimuli [3]. Several targets for Cer
action as a second messenger have been identified,
namely Cer-activated protein kinase, cathepsin D
and protein phosphatases [4]. The mechanisms of
stress-signaling cascades activation by Cer are still

nucleation and circular growth of Cer-enriched
domains [8]. It was also suggested that SM hydro-
lysis within lipid rafts leads to the fusion of small
rafts into large platforms. Membrane rafts and Cer
platforms were shown to have a key role in the
internalization of virus and parasites and to induce
apoptosis of the host cell upon infection (reviewed
by [9]). Stress signaling cascades are probably
modulated indirectly by Cer-enriched platforms,
which would serve as sorting devices that lead
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to the aggregation and/or exclusion of receptors,
proteins or other signaling molecules into/from the
rafts [9].

To understand the role of Cer in signal initiation
and lipid second-messenger formation from rafts, it is
necessary to systematically characterize the changes
that occur at the plasma membrane upon increase in
Cer level. Relevant aspects, such as minimum Cer
concentration needed to form microdomains and/or
platforms, rigidity/order of the membrane and size of
the domains, are not yet elucidated. The under-
standing of how the properties of a fluid membrane
change upon Cer incorporation is crucial for the
interpretation of data arising from both biological
and biophysical studies. Furthermore, establishing a
relation between physiological Cer levels and a
measurable structuring effect on the membrane
(e.g., order parameters) will help clarifying whether
cellular events are dependent or not on this lipid.

In order to address these aspects, we selected a
binary system and systematically studied the effect
of increasing amounts of palmitoylceramide on
the properties of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocoline (POPC) bilayers, an unsaturated
phospholipid common in many natural membranes
[10]. This methodology is the only one that allows
the correct interpretation of the complex thermo-
tropic behavior of Cer and is the basis for the
understanding of more complex systems involving
these lipids. The complete description of the
POPC/Cer lamellar phases was possible because
a multi-probe, multi-parameter approach was
applied, progressively unraveling the complexity of
the system, by exploiting the temperature and
composition dependence of fluorescence spectra,
anisotropy and fluorescence lifetime of trans-
parinaric acid (t-PnA), diphenylhexatriene (DPH)
and N-nitrobenz-2-oxadiazo-4-yl-dioleoylphospha-
tidylethanolamine (NBD). Using complementary
biophysical techniques (dynamic light scattering
(DLS), fluorescence resonance energy transfer
(FRET) and transmission electron microscopy
(TEM)), a global picture of the effects (macro
and microscopic) that Cer exerts on a fluid
membrane was drawn for the first time. Our data
clearly show that an increase in Cer content leads
to extensive alterations in the biophysical properties
of the whole membrane and among other effects
may drive the formation of large Cer platforms.

Materials and methods
Chemicals

POPC, palmitoylceramide (Cer) and NBD were
obtained from Avanti Polar Lipids (Alabaster, AL).

DPH and t-PnA were from Molecular Probes
(Leiden, The Netherlands). All organic solvents
were UVASOL grade from Merck.

Liposome preparation

Unless otherwise stated, multilamellar vesicles
(MLV) (total lipid concentration 0.1 mM) were
used. MLV containing the adequate lipids and
DPH and NBD when used were prepared by
standard procedures [11]. The suspension medium
was sodium phosphate 10mM, NaCl 150mM,
EDTA 0.1mM buffer (pH 7.4). The samples were
re-equilibrated 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 (final
ethanol volume always less than 1%, preventing
bilayer destabilization [12]). The samples were
re-equilibrated again by freeze-thaw cycles and
subsequently kept overnight at 4°C. Before starting
the measurements, the samples were slowly heated
to the required temperature and incubated for 1 h.
The probe/lipid ratios used were 1:200 for DPH,
1:500 for t-PnA and 1:1000 for NBD.

Concentration of the POPC and Cer stock solu-
tions was determined gravimetrically with a high
precision balance (Mettler Toledo UMT2). POPC
concentration was also checked by phosphorus
analysis [13] and the results agreed with the previous
method. Probe concentrations were determined
spectrophotometrically using &(t-PnA, 299.4 nm,
ethanol) =89 x10° M~ 'cm ™! [14], e(DPH,
355 nm, chloroform) =80.6 x10° M~ 'cm ™! [15],
e(NBD, 458 nm, chloroform) =21 x10° M~ 'cm !
[16].

Absorprion and fluorescence

All measurements were performed in 0.5 cm X
0.5 cm quartz cuvettes and under magnetic stirring.
The absorption and steady-state fluorescence in-
strumentation was previously described [17]. The
absorption spectra were corrected for turbidity. For
steady-state fluorescence measurements the excita-
tion and emission wavelengths were: A =358 nm
and Aey, =430nm for DPH, Ay.=303nm and
Aem =405 nm for t-PnA and Ao =465nm and
Aem =536 nm for NBD. The temperature was
achieved by a Julabo F25 circulating water bath
and controlled with 0.1°C precision directly inside
the cuvette with a PT100. For measurements
performed at different temperatures, the heating
rate was always below 0.2°C/min.

The time-resolved fluorescence measurements
with DPH were performed using 340 nm as the



excitation wavelength (secondary laser of DCM) and
collecting the emission at 430 nm; for t-PnA the
excitation and emission wavelengths were 295 nm
(laser of Rhodamine 6G) and 405 nm, respectively
[18]. NBD was excited at 428 nm (Ti-Sapphire
laser, [19]) and the emission was collected at
536 nm. The data was analyzed as previously
described [17].

Dynamic light-scattering

For DLS measurements, a standard multiangle
laser light scattering apparatus from Brookhaven
Instruments Inc. (USA), model 2030AT was used.
Data analysis was carried out as previously
described; all the material used in the experiments
was treated to remove dust particles [20]. The
samples were prepared with buffer previously filtered
through 0.2 pum cellulose nitrate membranes (MFS,
Dublin, CA).

Transmission electron microscopy

TEM was carried out using a Jeol (Tokyo, Japan)
Electron Microscope 100SX, operated at 60 kV.
Samples were placed over copper grids, covered
with carbon membrane. Negative staining was
performed with uranyl acetate 1% in water. Total
lipid concentration of the mixtures was varied
(ranging from 0.1 mM to 0.5 mM) giving essentially
the same results.

FRET experiments

To avoid multilayer geometry, FRET experiments
were carried out in large unilamellar vesicles (LUV)
(I mM total lipid concentration), obtained from
MLV by the extrusion technique [11]. t-PnA and
NBD were used as donor-acceptor pair at a probe to
lipid ratio of 1/1000 and 1/130, respectively. Data
analysis was carried out as described by [19] (see
Appendix for detailed information on the model).
Because t-PnA cromophore is located near the
bilayer centre and NBD in the membrane surface,
only out-of-plane energy transfer occurs. The equa-
tion describing donor decay in the presence of
acceptor is similar to Eq A6 in [19], but considering
out-of-plane transfer for two leaflets, instead of
in-plane and out-of-plane transfer.

Results

Formation of Cer rich gel domains and ordering of the
flurd bilayer

Figure 1A shows the fluorescence anisotropy of
t-PnA, DPH and NBD as a function of Cer mole
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Figure 1. Cer effects on a fluid membrane detected by different
probes. (A) Steady-state fluorescence anisotropy of t-PnA (@),
DPH (>) and NBD (a) as a function of membrane composition
at 24°C. (B) Effect of temperature on t-PnA anisotropy as a
function of composition: 24°C (@), 37°C (O) and 65°C (Q).
Dotted lines are only guides to the eye.

fraction (Xc.,) at 24°C. t-PnA anisotropy presents a
sharp increase with Xc.., reaching a plateau for
Xcer >0.20. The high anisotropy values show that
the probe is strongly immobilized, evidencing the
formation of a gel phase. For Xc., >80mol%, t-PnA
anisotropy strongly decreases indicating that the
probe is in a disordered environment. As will be
clear later, this is due to an exclusion of t-PnA from
the lipid phase, which becomes even more rigid, and
not due to a decrease of the average order of the
bilayer.

In contrast to t-PnA, DPH shows only a slight
increase in the anisotropy with Cer content (up to
30% Cer). The measured values are not typical of a
gel-phase (e.g., 0.3 in POPC/SM, [18]), showing
that this probe is excluded from Cer gel phase, as
previously suggested in the literature [21]. For very
high Cer content it was not possible to measure
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DPH anisotropy due to the low fluorescence signal,
leading to high variability between measurements.
This probably results from DPH segregation into the
aqueous environment. Considering that DPH is only
reporting the properties of the POPC rich fluid
phase, the slight increase in anisotropy upon Cer
incorporation, reflects the ability of this lipid to
enhance the acyl chain packing of POPC, in agree-
ment with the suggestion by Hsueh et al. [22]. It is
important to note that a trend of variation of the
parameters with clearly distinct regimes and abrupt
changes in slope (as observed for t-PnA) is necessary
to assure that phase separation is occurring and not
just a change in the global order of the bilayer
without phase coexistence/domain formation.

A different behavior was observed for NBD, which
senses only the changes undergone on the bilayer
surface, being unable to report the increase in the
order of POPC acyl chains. As a result, NBD
anisotropy remains very low for all Cer contents.

From the different behavior observed for each of
the three probes, it is shown that t-PnA is suitable to
report the properties of the Cer enriched phase,
since its anisotropy is very sensitive to the presence
of this lipid, even in small amounts (note that
2 mol% of Cer is already able to induce a significant
increase in the probe anisotropy).

As would be expected, the formation of Cer gel
domains is dependent not only on the lipid content,
but also on the temperature (Figure 1B). At 37°C,
the raise in t-PnA anisotropy is also very steep, and
the values are again typical of gel, clearly showing
that Cer is inducing phase separation. At higher
temperatures (65°C; Figure 1B), t-PnA anisotropy is
much less dependent on Cer content, suggesting
that both Cer and POPC are in the fluid phase, and
no gel domains are formed.

It was also observed that, the mean fluorescence
lifetime of t-PnA sharply increases with Xce,
(Figure 2), confirming the formation of Cer rich
gel domains. This data further indicates that the
domains are so rigid that the increase in anisotropy
due to an increase of the rotational correlation times
compensates for the raise in the probe fluorescence
lifetime [see e.g., 23].

It should also be stressed that the longer mean
fluorescence lifetimes obtained for t-PnA are typical
of gel phase [24]. It can be concluded that, in
addition to the ability of t-PnA to incorporate the
Cer-rich gel phase, the probe strongly prefers that
phase, as reported for its interaction with other gel-
containing lipid systems [24]. In fact, a partition
coefficient, K, of 1 would lead to an approximately
linear variation of the fluorescence parameters
with X, a preference for the Cer poor phase to a
downward curvature, and a preference for the

.0 0.2 04 0.6 0.8 1.0
XCer

Figure 2. Mean fluorescence lifetime of the probes as a function
of Cer mole fraction.t-PnA (@), DPH () and NBD (a), at
24°C; and DPH (@) at 37°C. Dotted lines are merely guides to
the eye.

Cer-rich phase to an upward curvature; the steeper
the curvature, the stronger the preference [18]. The
photophysical parameters of t-PnA as a function of
Xcer display a strong upward curvature, showing
unequivocally the strong preference of this probe for
the Cer-rich phase. For very high Cer content, the
mean fluorescence lifetime strongly decreases,
reflecting again a transition in which the probe
changes from a highly ordered to a highly disordered
environment (see discussion).

On the other hand, the mean fluorescence lifetime
of both DPH and NBD are independent of Xc., and
similar to the one obtained for t-PnA in the fluid
phase (Figure 2). These results confirm the hypoth-
esis that DPH is excluded from the Cer rich gel
phase, reporting only the properties of the fluid.

Thermotropic behavior of POPC/Cer mixtures

To investigate the thermotropic properties of the
binary POPC/Cer mixtures (ranging from pure
POPC to pure Cer), the anisotropy of the probes
was measured as a function of temperature. For
pure POPC (Figure 3A) the trend of variation
and the anisotropy values were similar for all probes.
The main-transition temperature (7,,) of POPC is
(—2.9+1.3)°C [25], so the observed anisotropy
decrease is not reporting a phase transition, but
only a gradual increase of membrane fluidity with
temperature, once the membrane is fluid at all temp-
eratures. For all the mixtures studied, the trend of
variation of DPH anisotropy was similar to the one
obtained with pure POPC, as exemplified in Figure
3B and C for 20 and 50 mol% of Cer respectively,
thus also reporting only changes in fluid phase.
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Figure 3. Thermotropic behavior of POPC/Cer mixtures. Steady-state fluorescence anisotropy of t-PnA (@), DPH ({>) and NBD (A ) asa
function of temperature in MLV composed of (A) pure POPC and pure Cer (A, using NBD as a probe); and POPC/Cer mixtures
containing (B) 20 and (C) 50 mol% Cer. (D) Determination of fluid +gel-to-fluid phase boundary. Steady-state fluorescence anisotropy of
t-PnA as a function of temperature in MLV composed of pure POPC (@) and POPC/Cer binary mixtures containing 2 (O), 8 (—), 12 ()

and 60 ( x) mol% of Cer. The lines are only guides to the eye.

t-PnA, a probe which was shown here to partition
preferentially to Cer domains, exhibited a comple-
tely different behavior (Figure 3B, C and D): while
in POPC (Figure 3A) t-PnA anisotropy decreased
with temperature without abrupt changes, for
POPC/Cer mixtures anisotropy variation clearly
indicates a phase transition. Below T, the aniso-
tropy is very high, after which a steep decrease
occurs towards a limiting value and identical to the
one observed for pure, fluid POPC. These results,
together with both the high 77, of Cer (~90-93°C,
[26,27]) and the photophysical properties of t-PnA
(mean fluorescence lifetime and anisotropy), reveal
that this transition corresponds to the conversion
from a gel to a fluid phase. Up to 50mol% of Cer T},
is shifted towards higher values, with increasing
Cer. For higher X, the transition occurs always
at ~60°C (as exemplified in Figure 3D for 60 mol%
of Cer). Also important are the significant changes
that 2mol% of Cer are able to induce in the
thermotropic behavior of the predominant fluid
POPC lipid matrix (Figure 3D). The properties of
the whole bilayer are affected by the presence of a
very small amount of Cer, close to the physiological
concentrations of this lipid [28].

It should also be noted that t-PnA and DPH
have the particularity of presenting identical mean
fluorescence lifetimes (Figure 2) and anisotropy
(Figure 1A) in POPC. Therefore, direct comparison
of the properties of the two probes is possible and
additional information regarding the nature of the
POPC/Cer mixtures can be obtained. In Figure 3B
and C, the anisotropy change with temperature for
DPH and t-PnA (as well as for NBD, see below) is
presented for POPC/Cer 80:20 and 50:50 mol%,
respectively. It is shown that below the phase
transition t-PnA anisotropy is high and only slightly
decreases, reporting a gel phase region, while DPH,
which is excluded from Cer domains, presents a
variation characteristic of the fluid POPC. Above the
transition, a drop in t-PnA anisotropy is observed
towards a limit value identical to DPH and thus,
characteristic of the POPC-rich fluid phase. These
observations are consistent for all the mixtures
studied.

Regarding NBD, for mixtures up to 50 mol% of
Cer (exemplified in Figure 3B for 20% Cer), the
anisotropy trend of variation and values are inde-
pendent of X, and equal to POPC (Figure 3A).
However, for higher Xc.., an increase in anisotropy
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is observed for temperatures above 55-65°C
(Figure 3A and C, for pure Cer and 50% Cer,
respectively). Shah et al. [26] previously reported
that fully hydrated Cer presents complex poly-
morphic phase behavior with a solid-solid transition
detected by the appearance of an exothermic peak
between 55-70°C in the DSC scan, which corre-
sponds to a transition from a gel- to a more ordered
gel-phase. Our results with NBD are also suggesting
that a transition to a more ordered gel phase, where
the probe in the headgroup is significantly affected,
is occurring in that range of temperatures for pure
Cer and mixtures with high Xc.,. When two fluid
phases (liquid disordered and liquid ordered) are
present, NBD prefers the more ordered phase [19]
due to the orientation of the dipole moment of the
NBD group [29]. By analogy, when the transition
occurs from a gel phase to a more ordered gel-phase,
NBD is able to partition into the latter one,
reporting its formation.

Altogether, the data here presented allow the
determination of the complete binary phase diagram
POPC/Cer.

Cer-induced membrane morphological alterations

Cer is very apolar and thus weakly hydrated [6]. To
check if the changes in the fluorescence properties of
the probes are related to Cer crystal formation,
TEM experiments were performed. This technique
was chosen because sub mM total lipid concentra-
tion could be used and Cer-induced morphological
changes can be appreciated. In Figure 4 (and
Supplementary Figure S1) TEM micrographs are
shown for different POPC/Cer compositions. Up to
10 mol% of Cer, only vesicles with a mean diameter
of ~100 nm are observed. As Cer concentration is
increased, the vesicles increase in size, tend to
aggregate and show morphological alterations that
drive vesiculation. For Xc.. >50% cylindrical struc-
tures can be observed. These structures have round
extremities, and correspond to a membranous for-
mation. Crystalline structures are only observed
above 92%. While POPC is still present, crystals
present a large number of defects as compared to
those observed for pure Cer. From the point where
crystals are formed on (L7, Figure 4), the aqueous
milieu has to be taken into account, i.e., the total
lipid concentration is critical, and results from
different biophysical studies have to be compared
carefully.

The size and shape of the particles was also
monitored by DLS and further compared with
TEM results (Supplementary Figure S2). At room
temperature, the size only slightly increased with Cer
up to 10% (ranging from ~110 to 150nm), which is

in agreement with TEM data determination
(Figure 4 and Supplementary Figure S1A). For
mixtures up to 20% Cer, it was still possible to
estimate the size of the particles which are in the
range of 1-2 pum, as also observed by TEM. For
higher Cer concentration the polydispersity sharply
increased, preventing accurate size determination.
According to TEM, for higher Cer concentration,
vesicle aggregation and tubular structure formation
are taking place. These phenomena largely contri-
bute to polydispersity increase.

Cer-domain size

In order to estimate the size of Cer domains, FRET
experiments were carried out using donor and
acceptor probes with different lipid phase-prefer-
ences: t-PnA (donor) partitions to the gel, while
NBD (acceptor) partitions to fluid; FRET efficiency
is dependent on the separation distance between
donor and acceptor. As a result, it will decrease
when gel domains form and the extent of the
decrease is related to the size of the domains.
From Figure 5, where FRET efficiency is plotted
as a function of gel fraction, Xg, can be concluded
that big Cer platforms are being formed since FRET
efficiency drops almost to 0% when Xg is increased.

Discussion
POPC/Cer mixtures require a multi-probe approach

It is known that Cer is able to promote phase
separation in phosphatidylcholine (PC) bilayers,
namely in the unsaturated, fluid POPC [30,22].
Several approaches, including fluorescence experi-
ments using DPH anisotropy [30], were employed to
study the ability of Cer to induce domain formation.
However, a recent study [21] reported that DPH
might be in fact excluded from the Cer domains.
Such suggestion can render this probe unsuitable to
describe the properties of Cer rich domains. Regard-
ing this point, we employed three probes with
different lipid-phase related properties: t-PnA which
partitions preferentially to gel phases [24]; DPH,
which is expected to distribute equally between
phases [31]; and NBD, a phospholipid with unsatu-
rated acyl chains and the fluorescent label in the
headgroup, preferring fluid rather than gel lipid
phases [31]. This multi-probe approach enabled us
to gain more information on the system and select
the probes that best report the properties of each
phase. Comparing the behavior of the probes, we
can conclude that while t-PnA partitions to Cer-gel
domains and thus is able to follow Cer domain
formation and report its properties, DPH is ex-
cluded from these domains, in agreement with [21].
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Moreover, regarding that usually K, ~1 for DPH in
a typical gel-fluid separation, the Cer rich gel
domains should be highly ordered and compact, in
order to exclude the probe. As a consequence, DPH
reports only the properties of the fluid POPC phase,

and the increase in its anisotropy values are showing
that Cer is able to increase the order of the
phospholipid acyl chains. This is interesting from
the biological point of view since it means that the
localized formation of Cer in the membrane can also
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random distribution of donor and acceptor molecules in the pure
fluid phase. The gray dotted line is merely a guide to the eye.

affect the properties of the more fluid membrane
domains, suggesting a long range effect.

POPC/Cer binary phase diagram

Due to the strong preference of t-PnA for the gel-
phase, the anisotropy variation as a function of
temperature of this probe can not be used to
determine the solidus phase boundary of the dia-
gram, i.e., the gel-to-gel+fluid transition tempera-
ture. From those data the gel+fluid-to-fluid
transition (liquidus boundary, F+ G2-to-F) can be
taken. The corresponding points are represented in
Figure 4 (closed circles, line LL1). For POPC and
Cer the T,, was taken from [18] and [27], respec-
tively. Pure Cer further presents a solid-solid transi-
tion from gel to a highly ordered gel (G3, Figure 4)
[26], which was sensed by NBD anisotropy (Figure
3A). The experimental data were corrected for the
intrinsic transition width of the pure lipids [18,32].
For low Cer content, our data is in very good
agreement with the NMR study by [22]. The
transition detected by t-PnA for Xc.. >50%, occurs
always at ~60°C, giving rise to a horizontal line in
the diagram (IL1). Above this temperature and also
for Xcer >50%, NBD detects the solid-solid transi-
tion, i.e., the formation of G3. So, there should be a
line connecting liquidus line (I.1) at 50% Cer to the
main transition of pure Cer (L2, Figure 4). Bellow
this line there will be coexistence between fluid- and
the more ordered gel-phase of Cer (F+G3).

To draw the lower part of the diagram, t-PnA data
were again used. Both the anisotropy (Figure 1B) and

mean fluorescence lifetime (Figure 2) of the probe
strongly decreased for Xc.. >80%. The changes in
probe fluorescence are related to a phase change. For
thermodynamic consistency of the diagram, this
should be a single Cer-rich gel phase (G2). To
draw the line that separates the Cer gel (G2) from
the region of gel-fluid coexistence (F+G2) (L3), the
points at which the anisotropy and mean fluores-
cence lifetime of t-PnA start to decrease were used
(open circles). The line was drawn until interception
with the boundary that defines the coexistence (G1 +
G2) between POPC (-rich) gel (G1) and Cer (-rich)
gel (G2). This boundary was taken from [22], where
it is assumed that these two lipids are immiscible in
gel phase, a valid assumption for lipids with a large
difference between their T, values.

If a decrease in t-PnA fluorescence parameters is
associated with a transition to a Cer-gel phase, then
above 60°C and 80% Cer (Figure 1B shows a
decrease in t-PnA anisotropy in this conditions) it
should exist a transition to that phase. According to
the thermodynamic rules, both below and above a
horizontal line two-phases should be present. Con-
sequently, two areas of phase coexistence exist above
the horizontal line: (i) F+G3 coexistence (intro-
duced above) and, (ii) a small region of Cer-gel+
highly ordered-gel coexistence (G2+G3). These
regions are connected at only one point (80%
Cer), where the three phases are present, and
separated by a region where only highly ordered
gel (G3) exists. The binary phase diagram for
POPC/Cer mixtures is of the peritectic type [33]:
with an isothermal (peritectic) line (at ~60°C, L1
from 50 to 100% Cer) representing univariant
equilibrium, and a peritectic point (at 80% Cer,
point P) for 3-phase equilibrium. It should be
possible to determine the shape of the F+G3-to-F
boundary (L2). In fact, if G3 is detected by an
increase in the anisotropy of NBD, this boundary
should correspond to a temperature at which the
anisotropy ceases to increase. Due to experimental
limitations, it is not possible to draw the line with
very high accuracy (to draw attention to this fact, the
line is dashed), as it occurs at very high tempera-
tures. However, once that the ceasing in NBD
anisotropy increase was not observed, it can be
surely affirmed that the transition occurs at or above
the temperatures reached in the experiments, i.e.,
that the concavity of the curve is very pronounced.
Similarly, the boundary that separates F+G?3 from
G3 (L5) is also dashed because arises from thermo-
dynamic restrictions and is only an estimate. How-
ever, this part of the diagram is not so relevant
because it is very far from the physiological condi-
tions (very high T and Xc.;) and does not interfere
with the other regions of the diagram.



This diagram is the simplest that can be drawn
with our experimental data and in agreement
with the thermodynamic rules and data from the
literature.

Biophysical significance of the phase diagram

A thorough study of the properties of the probes as a
function of both composition and temperature was
undoubtedly required to determine the complete
POPC/Cer phase diagram. Only a partial phase
diagram for this mixture was presented in the
literature up to this moment [22]. The authors
were able to determine the diagram up to 15%
Cer, since higher Cer concentration led to the
appearance of a solid component on the NMR
spectra, in addition to the fluid and gel phases
already present.

Although the cellular level of Cer is usually very
low (1-2% [28]), in cells undergoing apoptosis its
level is increased, reaching as high as 10% of total
phospholipid [3]. Additionally, it is usually gener-
ated through SM hydrolysis, which is mostly located
at lipid rafts. Even though Cer presents a fast flip-
flop rate and lateral diffusion [34], its local concen-
trations can be very high. In this way, it is essential to
define which changes are occurring in the membrane
in the presence of higher amounts of Cer.

POPC/Cer diagram presents a liquidus line (L1)
with a shape similar to other gel/fluid binary lipid
phase diagrams [10], predicting that for example, at
37°C phase separation begins at Xc., ~8%, and that
this is the composition of the fluid phase in the
coexistence range at that temperature, whereas it is
of Xcer ~2% at 20°C. The solubility of Cer in the
fluid is thus higher at 37°C. As a consequence, Cer
has a stronger effect on the fluid phospholipid matrix
at the physiological temperature than at 20°C. This
interesting effect is reflected in the unusual behavior
of the probe DPH that presents a slightly longer
mean fluorescence lifetime at 37°C (Figure 2).

According to Shah et al. [26], fully hydrated Cer
exists in a highly ordered lamellar bilayer gel phase,
both above and bellow the solid-solid transition. The
bilayer periodicity and the chain packing are the
main differences between the solid phases. t-PnA
strongly prefers gel phases and its quantum yield
sharply increases when incorporated into them.
However, this is not the case for the highly ordered
gel (G3). Moreover, for very high Xc.., the strong
decrease of the photophysical parameters of t-PnA
cannot be due to the formation of a disordered
phase. In fact, when Xc., is increased in F+G2
region, i.e., along a tie-line, only the fraction of gel is
augmenting, while the composition of each phase
remains unchanged. When the solidus boundary is
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reached (L3, Figure 4), the single gel phase present
becomes more enriched in Cer (its composition is
the same as the lipid composition of the system).
Consequently, this gel phase is becoming more
ordered and compact, expelling t-PnA to the aqu-
eous medium. This suggestion is further corrobo-
rated by the strong alterations observed on the probe
excitation spectra when 100% of gel is attained: the
typical tetraene vibrational progression of t-PnA is
affected (Supplementary Figure S3) and a new band
appears at ca. 292 nm. The specific case where only
a single band at higher energies appears is evidencing
that the two dipoles are stacked side-by-side (H type
of aggregate), as expected for the fatty acid micelles
in water [24]. The order of the acyl chains inside the
micelle is low, thus the low fluorescence lifetime and
anisotropy.

To assure that the fluorescence parameters of the
probes were only reporting transitions between
lamellar phases, TEM experiments were performed.
Crystalline structures are only observed above 92%
Cer. However, crystal formation should not interfere
with the diagram since it occurs only after 100% gel
is attained. Nevertheless, the boundary separating
F+ G2 coexistence from G2 (L3, Figure 4) is close
to the appearance of Cer crystal (I.7), and this could
quantitatively compromise the accuracy of the soli-
dus line (L3). It should be stressed that this
boundary is essential to correctly determine fluid
and gel fractions. To test the quantitative accuracy of
L3, the lever rule was applied to the binary phase
diagram in order to determine the fraction of gel
(Xg) and fluid (Xg) phases for each mixture. This
calculation is necessary to determine K, values ([19]
for more details). For t-PnA a K;,=4.5+0.6 was
obtained. This value is in good agreement with the
one determined for this probe in other gel-fluid
systems (e.g., K, =4+1 in POPC/ PDPC mixture,
[24]), showing once again the strong preference for
the gel-phase. Moreover, the quantitative similarity
between the K, values suggests that the lamellar
phases are quantitatively characterized with good
accuracy in the phase diagram here presented.

It is often considered that Cer is able to drive the
formation of big domains/platforms [9]. However,
direct evidence of the size of the domains is still
missing. A suitable technique to accomplish this goal
is FRET, but to obtain information about the size of
lipid domains, it is necessary to have the phase
diagram previously determined, because FRET
efficiency, E, should be plotted as a function of
phase mole fraction [19]. The efficiency is depen-
dent on the separation distance between donor
(t-PnA) and acceptor (NBD). Since the probes
partition to different phases, E will decrease when
gel domains form and the extent of the decrease is
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related to the size of the domains. From Figure 5,
where FRET efficiency is plotted as a function of Xg
(G2), several conclusions arise: (i) for the situation
where only fluid phase is present (Xg =0, no gel-
fluid coexistence) donors and acceptors distribute
randomly in the membrane, resulting in an experi-
mental efficiency that agrees with the expected value
for a random situation (see appendix from [19] for
detailed information); (ii) increasing Xg, the effi-
ciency strongly decreases reporting that gel domains
are forming; (iii) the efficiency drops almost to 0%
showing that big platforms are being formed. For
this donor-acceptor pair, the critical distance for
energy transfer, Ry, in gel phase is ~31A. The
platforms are surely larger than ~20R, =60 nm,
i.e., they are at least larger than most of lipid rafts
estimates by methods not involving cross-linking or
detergent addition (see discussion in [19]); iv) for
very high X, the system is approaching the limit of
only one gel-phase. In this situation, donor and
acceptors will distribute through this phase, leading
to an increase in FRET efficiency.

Biological implications and conclusions

Although physiological levels of Cer are relatively
low in cells, more and more studies are emerging in
the literature showing that Cer raises several-fold
upon an apoptotic stimulus [1,4]. Methodologies to
determine precisely Cer content and distribution are
still poorly developed and thus only qualitative and/
or relative variations can be appreciated. As a
consequence, relations between biological observa-
tions and biophysical membrane properties are
compromised and can only be interpreted recurring
to phase diagrams. Only the complete diagram
allows the characterization of the composition of
the system, and is crucial to understand how the
properties of the membranes are modulated by Cer.
Even for the low Cer concentration regime, the
extent, composition and properties of gel domains
can only be accurately described knowing the global
diagram.

The present study highlights the complexity of
Cer containing lipid systems, and the importance of
a full characterization of POPC/Cer behavior as a
step necessary towards the understanding of
more complex systems. Taking this binary mixture
as a starting point, future methodologies for char-
acterizing lipid composition in specific cellular
compartments avoiding current difficulties, like
contamination between organelles and activation of
lipases concomitant with cell disruption, might be
based on the measurement of different photophysi-
cal parameters of sets of probes with well character-
ized lipid-phase properties.

Several remarkable aspects emerged from this
study, namely the ability of low Cer amounts (in
the physiological range) to order the fluid lipids, the
high tendency to phase separate leading to platform
formation and the extreme rigidity of such plat-
forms. These characteristics have a probable role in
the modulation of several cellular processes, such as
activation of stress signaling cascades. Modification
in the conformation of proteins involved in stress
signaling can occur as a consequence of the extensive
alteration of membrane properties, leading either to
their activation or inhibition [2]. Furthermore, due
to its highly ordered nature, Cer gel domains might
be a key element in cellular sorting [35,36], promot-
ing the partition and/or exclusion of proteins and
other molecules involved in cellular processes from
these regions, as suggested by Gulbins et al. [9].

When Cer is originated locally, especially by
hydrolysis of SM in the rafts (e.g., as observed in
B-lymphoma cells [37]), particular caution should
be taken since high local concentrations can drive
vesiculation or the formation of tubular structures.
These morphological changes together with the
ability of Cer to rapidly diffuse between the two
membrane leaflets [34] can be on the basis of
budding/fusion processes; blebbing; and morpholo-
gical changes in the mitochondrial membrane.
Additionally, sorting mechanisms are highly depen-
dent on molecular shape [35] which in turn is
intimately related to lipid phase separation [38].
The tendency of Cer to form tubular structures
might be important in this context, since it is a
precursor of a variety of (glyco) sphingolipids and is
found in different organelles. Vesicular traffic is
essential for transport of apoptotic sphingolipids
from the plasma membrane to the mitochondria
[39]. Mitochondrial Cer levels are increased in
response to different apoptotic stimuli, and are
thought to activate the mitochondrial route of
apoptosis. A recent study is indicative of the lipid
restructuring ability of Cer to be on the basis of its
role in cytochrome ¢ (and apoptosis-inducing factor)
induced release from the intermembrane space of
mitochondria, because it is able to accomplish it
without affecting the membrane potential [40].

Biological membranes are composed of several
different lipids (with varying chain length and
saturation) and proteins that can strongly affect the
phase behavior and biophysical properties. More-
over, asymmetric lipid distribution, rapid diffusion
and translocation are all factors that should be taken
into account (for review, see [41]). Nevertheless,
simple model systems are required to the under-
standing of more complex systems, which in general
present phase-related properties.
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0.1 um

S1:. Cer-induced morphological alterations. Transmission electron microscopy images of POPC/Cer mixtures containing (A) 10, (B) 50,
(C,D) 90 and (E,F) 96 mol% of Cer. Up to 10% Cer, the vesicles present a mean diameter of 100 nm and are round-shaped. With
increasing amounts of Cer, vesicles tend to increase in size, aggregate and originate tubular structures. For very high Cer concentrations
(~92%) crystal formation starts to occur. Pure Cer crystals present a well defined crystalline structure, whereas the presence of POPC leads
to a greater occurrence of crystal imperfections.
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S2:. Estimation of particle size by dynamic light scattering. Up to
20% Cer, it was possible to determine the size of the vesicles by
DLS, which is in good agreement with TEM micrographs. For
higher Cer amounts, size estimation was not possible due to a
sharp increase in polydispersity. This is consequence of vesicle
aggregation and tubule formation, as observed by TEM.
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S3:. Excitation spectra of t-PnA for POPC/Cer binary mixtures
containing 50 (black), 80 (blue), 92 (green) and 100 (red) mol%
of Cer at (A) 24°C, (B) 37°C and (C) 65°C. t-PnA exciton
formation occurs at very high Cer content and reflects the
exclusion of the probe from the highly ordered domains.



