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ABSTRACT The effect of physiologically relevant ceramide concentrations (#4 mol %) in raft model membranes with a lipid
composition resembling that of cell membranes, i.e., composed of different molar ratios of an unsaturated glycerophospholipid,
sphingomyelin, and cholesterol (Chol) along a liquid-disordered-liquid-ordered tie line was explored. The application of a
fluorescence multiprobe and multiparameter approach, together with multiple fluorescence resonance energy transfer (FRET)
pairs, in the well-characterized palmitoyl-oleoyl-phosphocholine (POPC)/palmitoyl-sphingomyelin (PSM)/Chol ternary mixture,
revealed that low palmitoyl-ceramide (PCer) concentrations strongly changed both the biophysical properties and lipid lateral
organization of the ternary mixtures in the low-to-intermediate Chol/PSM-, small raft size range (,25 mol % Chol). For these
mixtures, PCer recruited up to three PSMmolecules for the formation of very small (;4 nm) and highly ordered gel domains, which
became surrounded by rafts (liquid-ordered phase) when Chol/PSM content increased. However, the size of these rafts did not
change, showing that PCer did not induce the formation of large platforms or the coalescence of small rafts. In the high Chol/PSM-,
large raft domains range (.33mol %Chol), Chol completely abolished the effect of PCer by competing for PSM association. Lipid
rafts govern the biophysical properties and lateral organization in these last mixtures.

INTRODUCTION

At the present time, the plasma membrane is considered to

be a dynamic entity, where specific lipid-lipid interactions

occur, leading to the formation of organized structures (the

so-called lipid domains) that coexist in biomembranes (1). In

the last decades, several studies were directed to the mem-

brane structure and, in particular, to the lipid-lipid interactions

and lipid organization into membrane domains (2). Choles-

terol (Chol), for example, has received special attention due

to its condensing effect on the liquid-crystalline phase, its

ability in fluidizing the gel phase and in promoting fluid-fluid

phase separation in several lipid bilayers (e.g, (3–7)). Mem-

brane rafts are a specific type of lipid domains, sphingolipid-

and Chol-enriched, that result from tight hydrophobic

interactions between thesemolecules leading to the spontaneous

formation of aggregates that separate from glycerophospho-

lipids in cell membranes (8). Due to their lipid composition,

rafts are assumed to exist in a more ordered state (the liquid-

ordered phase, lo) than the bulk membrane where the lipids

are in a liquid-disordered (ld) phase. Several studies suggest
that sphingolipids and rafts play a role in a variety of cellular

processes, such as cell signaling, endocytosis, lipid and pro-

tein sorting, and organization and membrane trafficking (9,10).

Many proteins involved in signal cascades require the pres-

ence of intact lipid rafts for their activation. The distinct bio-

physical properties of rafts lead to the hypothesis that the

membrane physical state could be the cause of the activation/

inhibition of cellular processes (11,12). Sphingomyelin (SM)

is the most abundant sphingolipid and is composed of a

hydrophobic ceramide (Cer) backbone and a hydrophilic

phosphorylcholine headgroup. SM is predominantly located

in the outer leaflet of the cell membrane, and it is estimated

that 70% of total SM is found in lipid rafts (13).

Recently it was proposed that rafts are the primary site of

action of the enzyme sphingomyelinase (SMase) that cata-

lyzes the hydrolysis of SM resulting in Cer formation. It was

also proposed that upon enzymatic Cer generation, rafts

would merge into large platforms that would serve as the site

for signal transduction initiation by driving the clustering of

several receptors and proteins of a given signalosome (for

review, see Gulbins et al. (14) and Bollinger and Teichgraber

(15)). Due to its unique biophysical properties and its high

tendency to spontaneously associate into membrane domains

(12), the generation of Cer per se is usually considered to be

sufficient to drive the fusion of small rafts into large platforms

(16). Studies in fluidmodelmembranes have shown thatCer is

able to drive the formation of gel domains that segregate from

the fluid lipids (17–19). Moreover, increasing Cer concentra-

tion leads not only to the formation of large and highly ordered

Cer platforms, but also tomorphological alterations in the ves-

icles, including aggregation, vesiculation, and tubular struc-

ture formation (20). In addition, it was suggested that in the

presence of Chol, Cer would selectively displace Chol from

rafts, competing for association with the other lipids (21).

Studies in SM/Cer gelmodelmembranes show that Cer is able

to segregate from SM into Cer-rich and -poor domains (22).

However, the effect of Cer in raft model membranes with a

lipid composition resembling that of cell membranes, i.e.,

composed of an unsaturated glycerophospholipid, SM and

Chol is still poorly studied. In this study, we explore the
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biophysical properties of a well-defined raft-model mixture:

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/

N-palmitoyl-sphingomyelin (PSM)/Chol- in the presence of

low N-palmitoyl-Cer (PCer) amounts. The ternary system was

extensively characterized both in phase behavior (23) and raft

size variation (24) as a function of lipid composition, allowing

us to accurately describe the Cer-induced biophysical changes

in rafts with different size and composition (the relation

between lipid composition and raft size variation is shown in

Fig. 1). The application of a previously developed multiprobe

approach (20), now adding multiple fluorescence resonance

energy transfer (FRET) pairs, allowed us to determine changes

in acyl chain order, to detect PCer/PSM gel-domain formation

and quantify their fraction, composition, and size, and to study

PCer-induced lateral lipid reorganization in raft-forming

membranes as a function of lipid composition (namely, Chol

content). Our results show that PCer strongly affects both

membrane biophysical properties and lipid lateral organiza-

tion only in rafts presenting low-to-intermediate Chol/PSM

content, i.e., in the small raft size range.

MATERIALS AND METHODS

Materials

POPC, PCer, PSM, Rho-DOPE (1,2-Dioleoyl-sn-Glycero-3-Phosphoetha-

nolamine-N-(Lissamine Rhodamine B Sulfonyl)) and NBD-DOPE (1,

2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadia-
zol-4-yl)) were obtained from Avanti Polar Lipids (Alabaster, AL). DPH

(1,6-diphenyl-1,3,5-hexatriene), NBD-DPPE (1,2-Dipalmitoyl-sn-Glycero-

3-Phosphoethanolamine-N-(7-nitro-2-1,3-benzoxa-diazol-4-yl)) and t-PnA

(trans-parinaric acid) were from Molecular Probes (Leiden, The Netherlands).

Chol was from Sigma (St. Louis, MO). All organic solvents were UVASOL

grade from Merck (Darmstad, Germany).

Liposome preparation

Multilamellar vesicles (MLV) (total lipid concentration 0.1 mM) containing

the adequate lipids and probes were prepared as previously described (20).

The suspension medium was sodium phosphate 10 mM, NaCl 150 mM,

EDTA 0.1 mM buffer (pH 7.4). The samples were reequilibrated by freeze-

thaw cycles, incubated at T. 90�C, and subsequently kept overnight at 4�C.
Before starting the measurements, the samples were slowly heated to the

required temperature and incubated for at least 1 h. The probe to lipid (P/L)

ratio used was 1:200 for DPH and 1:500 for t-PnA. The mol fractions of each

component PSM, POPC, and Chol were selected to span the tie line con-

taining the 1:1:1 equimolar mixture taken from the ternary POPC/PSM/Chol

phase diagram (23) (for the sake of clarity both the ternary diagram and this

tie line are present in Fig. 1), i.e., they are linear combinations of the terms

defining the composition of each coexisting phase (extremes of the tie line),

where the coefficients (between 0 and 1) are Xlo and 1 � Xlo ¼ Xld (Xi is

phase or component i mol fraction). Additionally, two more mixtures with a

lipid composition that is still defined by this line but that lay outside the

extremes of the tie line (i.e., in the ld and in the lo region of the ternary phase
diagram) were also selected to better define the trend of variation of the dif-

ferent parameters with the composition of the system. The ternary mixtures

used in this study were 78.3:21.7:0; 71.6:23.3:5; 59.7:26.3:14; 45.1:29.9:25;

34:32.7:33.3; 25.4:34.8:39.8; and 15.1:37.4:47.5 POPC/PSM/Chol (see Fig.

1). The concentration of POPC, PSM, Chol, and PCer stock solutions was

determined gravimetrically with a high precision balance (Mettler Toledo

UMT2). Probe concentrations were determined spectrophotometrically

using e(t-PnA, 299.4 nm, ethanol) ¼ 89 3 103 M�1cm�1 (25), e(DPH,
355 nm, chloroform)¼ 80.63 103 M�1cm�1 (26), e(NBD-DOPE or DPPE,

458 nm, chloroform) ¼ 21 3 103 M�1cm�1, and e(Rho-DOPE, 559 nm,

chloroform) ¼ 95 3 103 M�1cm�1 (27).

Absorption and fluorescence

All measurements were performed in 0.5 cm 3 0.5 cm quartz cuvettes and

under magnetic stirring. The absorption and steady-state fluorescence in-

strumentation was previously described (28). The absorption spectra were

corrected for turbidity. For steady-state fluorescence measurements, the ex-

citation (lexc)/emission (lem) wavelengths were 358/430 nm for DPH; 303/

405 nm for t-PnA; 465/536 nm for NBD-DOPE and NBD-DPPE; and 570/

593nm for Rho-DOPE. The temperature was achieved by a Julabo F25 cir-

culating water bath and controlled with 0.1�C precision directly inside the

cuvette with a thermocouple. For measurements performed at different tem-

peratures, the heating rate was always below 0.2�C/min.

The time-resolved fluorescence measurements with t-PnA were per-

formed using lexc ¼ 295nm (secondary laser of Rhodamine 6G (23)) and

lem ¼ 405 nm. For NBD-DOPE and NBD-DPPE lexc ¼ 428 nm (Ti-

Sapphire laser, (24)) and lem ¼ 536 nm were used. The data were analyzed

as previously described (28). For a decay described by a sum of exponentials

where ai is the normalized preexponential and ti is the lifetime of the decay

component i, the lifetime-weighted quantum yield and the mean fluorescence

lifetime are given by: �tt ¼ +
i
aiti and Ætæ ¼ +

i
ait

2
i =+i

aiti , respectively.

Determination of the partition coefficients of
the probes between different phases and
phase mol fraction

The partition coefficient of the probes between lo and ld, K
lo=ld
p , and between

gel and fluid phases, K
g=f
p , were determined from the variation of the

photophysical parameters of the probes with the molar fraction of lo phase,

Xlo, and gel phase, XG, respectively. To accurately describe the partition of

the probes between the phases under study, ternary mixtures of POPC/PSM/

Chol and binary mixtures of POPC/Cer were used to determine the partition

toward an lo phase composed of (mainly) PSM/Chol and to a gel phase

composed of (mainly) PCer, respectively. The composition of the mixtures

FIGURE 1 Ternary phase diagram of POPC/PSM/Chol mixtures (adapted

from de Almeida et al. (24)). The black line corresponds to the tie line that

contains the 1:1:1 POPC/PSM/Chol mixture. The black dots in the tie line

define this composition and the extremes of the tie line. The POPC/PSM/

Chol ratios for the mixtures used in this study were taken from this tie line

and are represented by the white dots. The gray shades represent regions of

different sized raft domains: in the low-to-intermediate Chol/PSM range

(light gray) raft domains are small (ranging from,20 to;75 nm), whereas

in the high Chol/PSM range (dark gray) larger rafts are formed (.;100 nm).
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and the molar fraction of each phase were taken from the tie lines of the

respective phase diagram (20,24). This methodology allows for determining

a constant that truly represents the partition of the probes toward the specific

phases under study (e.g., a gel-phase containing PCer excludes probes that

usually are able to partition into a phospholipid gel phase) and consequently

is independent of the particular composition of the mixtures. Note that the

extent of the partition depends on the amount of each phase, but the partition

coefficient is independent because the determination of this constant is made

along a tie line where the composition of each phase remains the same.

When no significant spectral shifts occur, the partition coefficient is cal-

culated according to the following expressions (29):

i. from lifetime-weighted quantum yield, �tt,

�tt ¼ �tt1KpX1 1 �tt2X2

KpX1 1X2

; (1)

ii. from mean fluorescence lifetime, Ætæ,

Ætæ ¼ Ætæ1KpX1 1 �tt2=�tt1Ætæ2X2

KpX1 1 �tt2=�tt1X2

; (2)

iii. from steady-state fluorescence intensity, IF,

IF ¼ Kðe1f1KpX1 1 e2f2X2Þ
ðKpX1 1X2Þ ; (3)

iv. from steady-state fluorescence anisotropy, Æræ,

Æræ ¼ e1f1r1KpX1 1 e2f2r2X2

e1f1KpX1 1 e2f2X2

; (4)

where 1 ¼ lo or gel and 2 ¼ ld or fluid, K is a normalization factor that

accounts for the arbitrary units of fluorescence intensity, ei is the molar

absorption coefficient, fi the quantum yield, Ætæi, �tti, and ri are the mean

fluorescence lifetime, the lifetime-weighted quantum yield, and steady-state

fluorescence anisotropy of the probe in phase i, respectively. Kp is obtained

by fitting the equations to the data as a function of Xi. Conversely, these

equations can be used to determine Xi in a given sample if the parameter in

question and the Kp are known for the pure coexisting phases.

FRET experiments

To avoid multilayer geometry, FRET experiments were carried out in large

unilamellar vesicles (LUV) (1 mM total lipid concentration), obtained from

MLV by the extrusion technique (24). Donor and acceptor (D/A) pairs were

chosen in accordance to their phase-related properties to characterize the

following situations: i) NBD-DPPE/Rho-DOPE for FRET between lo and ld
phases. The P/L ratios were 1/1000 and 1/200, respectively. For this donor

P/L ratio, no self-quenching nor energy homotransfer take place (29); ii)

t-PnA/NBD-DOPE for FRET between gel and fluid (both lo and ld) phases;

and iii) t-PnA/NBD-DPPE for FRET between gel and lo. The P/L ratio was

1/1000 for t-PnA, 1/250 for NBD-DOPE and 1/100 for NBD-DPPE. Data

analysis was carried out as described (24) (see Appendix for the detailed

model). FRET efficiency, E, was obtained from the time-resolved fluores-

cence intensity curves, through the relation E ¼ 1� �ttDA=�ttD.

RESULTS

Phase behavior of the probes

In this study, the composition of the ternary mixtures was

taken from the tie line at 23�C that contains the 1:1:1 POPC/

PSM/Chol mixture in the ternary phase diagram (23). In this

situation, model rafts are always formed (this tie line lies in

the region that corresponds to the lo� ld phase coexistence of
the diagram), and their size increases with the Chol/PSM

content of the mixtures (see Fig. 1) (24). To evaluate the

changes induced by PCer in the raft model systems, several

fluorescent probes with different phase-related properties

were used. In a previous work (20) we have shown that

t-PnA is the best probe to report the properties of PCer-rich

domains, due to the highly ordered nature of these domains

that exclude other probes. A multiprobe approach was re-

quired to unravel the complexity of the simple binary POPC/

PCer mixtures. The full characterization of the more com-

plex mixtures is only possible by applying this methodology.

The comparison of the fluorescence properties between the

probes can only be made by taking into consideration their

preferential partition between different phases. In this way,

the partition coefficients between lo and ld, K
lo=ld
p , and gel and

fluid, K
g=f
p , phases were determined toward the phases under

study, i.e., lo PSM/Chol-enriched and gel Cer-enriched. The

values obtained and the methodologies used are listed in

Table 1. A probe that prefers an lo or a gel phase (in lo/ld and
gel/fluid phase separation, respectively) presents a Kp . 1,

whereas a preferential partition to a ld or a fluid phase leads

to a Kp , 1.

Note that the value obtained corresponds to an equilibrium

constant and thus it will be independent on the composition

of the mixtures along the tie line. If different phases are

present in the mixtures, the distribution of the probes will be

described by all the partition coefficients. The ability of dif-

ferent probes to distribute differentially between the phases

allows studying the lipid lateral distribution in the mem-

brane. The values presented in Table 1 clearly indicate that

t-PnA strongly partitions to a PCer-rich gel phase, whereas

the other probes are excluded from this gel. Among fluid

phases, NBD-DPPE has a strong preference for the PSM/

Chol-rich lo phase, whereas Rho-DOPE strongly prefers the

POPC-rich ld phase. All the other probes distribute almost

evenly between these fluid phases.

TABLE 1 Partition coefficients of the probes between lo and ld,

K
lo=ld
p , and gel and fluid, K

g=f
p , phases

Probe Kp
lo/ld in POPC/PSM/Chol Kp

g/f in POPC/PCer

DPH 1.05 6 0.08* ;0*§

NBD-DOPE 1.20 6 0.06y ;0y§

NBD-DPPE 3.68 6 0.55y ;0y§

Rho-DOPE 0.28 6 0.08z ;0z§

t-PnA 0.88 6 0.05y 4.50 6 0.60y

*Kp was determined from Eq. 4.
yKp was determined from Eq. 1.
zKp was determined from Eq. 3.
§The photophysical parameters of these probes remain almost unchanged,

with PCer-gel fraction indicating that their partition into the PCer-gel phase

is very low.
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PCer strongly perturbs membrane order and
lipid distribution

Fig. 2 A shows the fluorescence anisotropy, Æræ, of DPH and

t-PnA as a function of Chol mol fraction, XChol, for the

ternary mixtures (varying the molar ratio of the three com-

ponents POPC/PSM/Chol along the tie line) containing 0, 2,

or 4 mol % of PCer. In the absence of PCer (circles), the
anisotropy of both DPH and t-PnA sharply increased with

XChol, reporting the formation of lo phase. However, whereas
the presence of PCer leads only to a slight increase in the

anisotropy of DPH, it markedly changed the trend of vari-

ation observed for t-PnA. For low-to-intermediate XChol, which
corresponds to the small raft-size range (Fig. 1), t-PnA an-

isotropy sharply increased with PCer content, showing that

PCer induced the formation of a more ordered phase that does

not affect DPH anisotropy. Increasing XChol abolished the

effect of PCer, indicating that Chol and PCer compete for

PSM association, as previously suggested for natural and

synthetic Cer in other lipid mixtures (21). An interesting ob-

servation was that, similarly to what was observed for higher

Cer amounts in POPC/PCer mixtures (20), DPH is unable to

report the changes induced by low PCer amounts in the raft

mixtures, suggesting that in the presence of other lipid com-

ponents physiological levels of Cer are able to drive the for-

mation of highly ordered domains that exclude DPH. As will

be clear later, these domains correspond to PCer/PSM-rich

gel domains. It should be stressed that the effect of only 2 or

4 mol % of PCer in the low Chol regime for the ternary mix-

tures is similar to the one obtained for 4 and 12 mol %,

respectively, in the binary POPC/PCer mixtures (20) and thus

to a gel-fluid boundary and to a clear gel-fluid phase coexis-

tence, respectively, in this binary phase diagram.

NBD-DPPE and NBD-DOPE were also used to study the

effects of PCer in the ternary mixtures. Fig. 2 B shows the

variation of the anisotropy of these probes for 0 and 4 mol %

PCer with XChol. In the absence of PCer the anisotropy of

both probes increases with XChol, reporting the formation of

lo phase. Note that, for the lowest and highest Chol concen-

trations, ÆræNBD-DPPE ; ÆræNBD-DOPE, whereas for the inter-

mediate Chol concentrations ÆræNBD-DPPE is slightly higher.

This is due to a higher partition of the NBD-DPPE probe into

the lo phase (K
lo=ld
p ; 3:7) as compared to NBD-DOPE

(K
lo=ld
p ; 1.2). The anisotropy values of NBD-DPPE slightly

increased in the presence of PCer reporting an increase in

rigidity. In contrast, NBD-DOPE anisotropy decreased sug-

gesting that the probe is excluded from the PCer-rich regions.

Due to the presence of an unsaturation in the lipid chain of this

probe, it has a higher tendency to segregate to more fluid re-

gions. As a result, its surface concentration increases leading to

depolarization by energy homotransfer (30).

The anisotropy observed for Rho-DOPE (Fig. 2 B) presents
a completely different trend of variation, even in the absence

of PCer, strongly decreasing with XChol. This is due to an ef-

ficient energy homotransfer between Rho-DOPE molecules

that leads to a strong emission depolarization (24). In the pres-

ence of PCer the depolarization is even higher, suggesting that

the local concentration of the probe in the fluid phase is higher

due to its exclusion from PCer-rich domains.

The fluorescence lifetimes of the probes are
reliable reporters of the lipid phases

To determine the nature of PCer-rich regions, the fluores-

cence intensity decay of t-PnA was measured. The appearance

of a long lifetime component in t-PnA fluorescence decay

that leads to a sharp increase in the mean fluorescence life-

time of the probe is a reporter of the formation of PCer-gel

domains (20). t-PnA presents a complex decay, described by

the sum of three or four exponentials depending on the com-

position of the mixtures. For the ternary mixtures in the ab-

sence of PCer, three exponentials were required to describe

FIGURE 2 Effect of low PCer amounts on the fluorescence anisotropy of

the probes in the ternary mixtures. (A) t-PnA (solid symbols) and DPH (open

symbols) anisotropy in ternary mixtures containing 0 (circles), 2 (diamonds),
and 4 (squares) mol % PCer. (B) Anisotropy of Rho-DOPE (*,1), NBD-

DPPE (�,:), and NBD-DOPE (3,n) for ternary mixtures containing 0 and

4 mol % PCer, respectively. The lines are merely a guide to the eye. The

error bars are within the size of the symbol and correspond to at least five

independent measurements.
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the probe’s fluorescence decay. The formation of lo phase is
reported by the increase in t3 (from ;5 to 25 ns) with XChol

(Fig. 3 A). In the presence of 2 mol % PCer, t3 is higher for
the low-to-intermediate Chol regime (;30 ns) and tends to

the values obtained in the absence of PCer when XChol . 25

mol % (Fig. 3 B), reporting the opposite effects of PCer and

Chol on the biophysical properties of the lipid mixtures. For

XCer ¼ 4 mol % and in the low-to-intermediate Chol regime,

four exponentials were required to describe the decay of the

probe (Fig. 3 C). This new long lifetime component (;50 ns)

clearly reports the formation of a gel phase (20). For XChol .
25 mol % the fluorescence decay of t-PnA is again described

by three exponentials (identical to those obtained for 0 mol

% PCer), showing that Chol is able to abolish the gel phase.

Note that although both PSM and Chol mol fraction increase

along the tie line studied, we can clearly conclude that Chol

is the molecule abolishing the gel domains because, in the

absence of POPC and Chol, PSM is in the gel phase at room

temperature.

The mean fluorescence lifetime is a parameter highly sen-

sitive to the presence of a long component on the fluores-

cence decay. Due to the difficulty in attributing the shorter

components to a specific phase (28), representing the mean

lifetime of t-PnA as a function of XChol is the most illustrative

way of showing the effects of PCer on the lipid raft model

system. The values obtained for 4 mol % PCer (Fig. 4 A) are
typical of a gel phase and comparable to those obtained for

binary POPC/PCer mixtures containing ;12 mol % PCer

(20). Increasing XChol leads to a decrease in the mean fluo-

rescence lifetime of the probe down to values typical of lo
phase and close to the ones measured in the absence of PCer.

For 2 mol % PCer the increase of the mean fluorescence

lifetime is not so pronounced and the values indicate that

only an ordering effect induced by PCer is occurring in the

fluid mixture. Similarly to the changes observed in the an-

isotropy, this variation is comparable to the effect of 4% Cer

in the POPC/PCer mixture, and thus to the boundary that

separates the fluid from the gel-fluid phase coexistence re-

gion in this binary phase diagram (20). In this situation, it is

expected that the variations in the mean fluorescence lifetime

of t-PnA are not so steep because only a very small fraction

of gel phase, if any, is present.

For the NBD-labeled lipids, the lifetime-weighted quantum

yield increases with XChol sensing the formation of lo phase
(Fig. 4 B). However, it decreases for both probes in the

presence of PCer. This is explained by an efficient self-

quenching (30) due to an increased surface density of the

probes that are excluded from the PCer-rich domains. It is

interesting to note that even with a higher lifetime, NBD-

DPPE presents a slightly higher anisotropy, compared to

NBD-DOPE, for the samples with ld 1 lo coexistence. Since
the effect of a higher lifetime is a lower anisotropy (Perrin

equation, e.g., (31)) the differences between the anisotropy

of both probes are significant and due to a different partition

coefficient.

FIGURE 3 Variation of the lifetime components of t-PnA fluorescence

decay with lipid composition for the ternary POPC/PSM/Chol mixtures

along the tie line that crosses the 1:1:1 mixture at room temperature con-

taining (A) 0, (B) 2, and (C) 4 mol % PCer.
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Effect of PCer on the thermotropic properties
of rafts mixtures

To investigate the effect of PCer on the thermotropic proper-

ties of the ternary mixtures, the anisotropy of t-PnA was

measured as a function of temperature (Fig. 5). For the low

Chol/PSM regime (Fig. 5 A) t-PnA is able to detect the gel-

fluid phase transition of PSM-enriched domains, which is

shifted toward higher temperatures in a PCer-concentration-

dependent manner (Tm; 36 and 47�C for 2 and 4 mol % Cer,

respectively). Note that this does not correspond to a true Tm
because there is phase coexistence along a range of tem-

peratures. It corresponds to a mean value indicative of the

thermal stability of gel domains. Upon increasing Chol con-

tent (Fig. 5 B), the gel-fluid phase transition of PSM-enriched

domains becomes less and less pronounced due to the pres-

ence of lo phase. However, when in the presence of PCer, the
gel-fluid phase transition was again steeper, showing that

PCer interacts with PSM in an opposite manner to Chol,

stabilizing the gel domains. For Chol concentrations where

only the lo phase is present in the ternary mixtures (Fig. 5 C),
t-PnA anisotropy was practically independent of PCer

content, showing that Chol completely abolished the PCer

effect. These results further support the hypothesis that Chol

and PCer are competing for PSM and modulating the mem-

brane biophysical properties in opposite ways.

FIGURE 4 Effect of PCer on the fluorescence lifetime of the probes. (A)

Mean fluorescence lifetime of t-PnA in the ternary mixtures containing 0

(circles), 2 (diamonds), and 4 (squares) mol % PCer. (B) Lifetime-weighted

quantum yield of NBD-DPPE (�,:) and NBD-DOPE (3,n) in ternary

mixtures containing 0 and 4 mol % PCer, respectively. The dotted lines are

only a guide to the eye.

FIGURE 5 Variation of t-PnA fluorescence anisotropy with temperature

for (A) POPC/PSM/Chol: 0.72:0.23:0.05 molar ratio, (B) POPC/PSM/Chol:

0.60:0.26:0.14 molar ratio, and (C) POPC/PSM/Chol: 0.25:0.35:0.40 molar

ratio, containing 0 (circles), 2 (diamonds), and 4 (squares) mol % PCer. The

dotted lines are only a guide to the eye. The Tm was taken by the midpoint of

the intersection of the lines describing the initial (gel), intermediate (gel and

fluid), and final (fluid) regimes (see de Almeida et al. (23) for additional details).
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PCer changes the lateral organization of
membranes containing rafts

The FRET efficiency, E, between a donor and an acceptor

which preferentially partition into different phases is a reli-

able method to estimate the size of lipid domains in the

nanometer range (20,24). As shown above, the presence of

PCer in the ternary mixtures strongly perturbs the biophysical

properties of the rafts, and an attempt to estimate the extent

of the perturbation can only be based on the combination of

E variations obtained for the different phases using multiple

donor and acceptor pairs. Based on the Kp of the several

probes (Table 1) the following D/A pairs were used: i)

NBD-DPPE/Rho-DOPE; ii) t-PnA/NBD-DPPE; and iii)

t-PnA/NBD-DOPE to study the perturbations induced by

PCer in the lo/ld, gel/lo, and gel/fluid (both lo and ld) inter-
actions, respectively (Fig. 6). The system under study is very

complex, and the quantitative methodology applied by us to

determine the size of the rafts (24) and Cer-platforms (20),

where E along a tie line is used cannot be applied in the pres-

ent case because PCer changes the tie line (see Fig. 7) and in

most mixtures three phases are present (see Discussion). How-

ever, relevant topological information can be obtained and

quantification is possible using an alternative approach.

Fig. 6 clearly shows different trends of FRET efficien-

cies for the several D/A pairs used which are reflecting the

changes in the lateral lipid distribution. It was observed that

for the low-to-intermediate lo molar fraction, Xlo, range (i.e.,

XChol , 25–33 mol %): i) E between NBD-DPPE and Rho-

DOPE increases with 4% PCer (Fig. 6 A). This increase is

due to an exclusion of the probes from gel regions (both

probes preferentially partition into fluid phases) and thus to a

closer distribution of both probes in the fluid phases; ii) E
between t-PnA and NBD-DPPE (Fig. 6 B) decreases in the

presence of PCer due to the formation of gel domains; and

iii) E between t-PnA and NBD-DOPE (Fig. 6 C) strongly
decreases with 4% PCer. Because the acceptor chromophore

is the same in t-PnA/NBD-DPPE and t-PnA/NBD-DOPE

pairs, the higher decrease observed for the latter pair can only

be explained by the different partition of each NBD-labeled

lipid between the fluid phases, showing that NBD-DPPE

is closer to t-PnA as compared to NBD-DOPE, and thus lo
phase should be in the vicinity of PCer/PSM domains. For

the high Xlo range the trend of variation of E is independent

on PCer content in all cases, showing that Chol abolished the

effect of PCer.

FIGURE 6 Variation of FRET efficiency, E, for the donor/acceptor pair

(A) NBD-DPPE/Rho-DOPE, (B) t-PnA/NBD-DPPE, and (C) t-PnA/NBD-
DOPE as a function of lo molar fraction, Xlo, in the lo1 ld coexistence region

along the tie line of the ternary phase diagram for the POPC/PSM/Chol

mixture (24) containing 0 (circles) and 4 (squares) mol % PCer. Experi-

mental data are represented by solid symbols, and open symbols are values

from theoretical calculations. The open circles were obtained by calculation

of the expected E for a random distribution of donors and acceptors. The

open squares correspond to (A) the expected E in a situation where surface

area for probe distribution decreases due to formation of gel domains that

exclude both donor and acceptors, and (B,C) the expected E when donors

located both in the gel and fluid phases are transferring energy to acceptors

randomly distributed in the fluid phases. In these calculation XG ¼ 15% and

a Re ¼ 3.8 and 4.0 nm for NBD-DPPE and NBD-DOPE, respectively, were

assumed (see Discussion and Appendix for further details). The open

triangle and the open diamond (B) correspond to the expected E for a

situation where PCer/PSM gel domains are surrounded by only ld or lo

phases, respectively. It was assumed that donors located in the gel phase

were only able to transfer to one of the fluid phases, XG ¼ 15%, Re ¼ 3.8,

and the amount of donor in the gel phase and the surface density of the

acceptors in each fluid phase was taken into account (see Appendix for

further details). The dotted and dotted-dashed lines are only to guide the eye.

The vertical dashed lines correspond to the mixtures containing 25% and

33% Chol. Time-resolved FRET measurements are extremely reproducible,

and variations in the values of E are within ,1.5% for completely indepen-

dent samples.
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It was previously suggested that Cer and Chol compete for

association with raft lipids (21). However, in this study this

competition is shown directly in a raft model system con-

taining PSM. In addition, the effect is demonstrated at the

level of the bilayer order, including the formation of highly

ordered PCer/PSM-rich gel domains, thermotropic behavior,

and lateral organization of the system.

DISCUSSION

PCer-induced perturbations on the biophysical
properties of rafts: biological implications

We have shown previously that PCer is able to promote gel-

fluid phase separation in binary POPC/PCer vesicles and

drive the formation of large platforms. These gel platforms

were highly ordered, excluding fluorescent probes that

usually are able to partition into gel domains (20). Therefore,

to draw meaningful conclusions based on the lipid phase-

related properties of the probes, a partition study should

always be performed for the particular system concerned. To

better understand how the formation of Cer in rafts modu-

lates the biophysical properties of the membranes, we se-

lected a set of fluorescent probes, which were shown to

partition differently between the coexisting phases under

study (Table 1). Rafts, defined as lo regions coexisting with

an ld phase, might have different compositions depending on

the Chol and SM content. In biological membranes the Chol

and SM content vary and, as a consequence, the size and prop-

erties of the rafts are also different (24). Thus, the biophys-

ical changes induced by Cer should also depend on membrane

composition. The comparison between the photophysical

parameters of the probes in the model rafts showed that PCer

strongly changed the properties of the membranes in the low-

to-intermediate Chol/PSM regime, i.e., when the Xlo is low

and rafts are small (Fig. 1). t-PnA fluorescence properties

(both fluorescence anisotropy (Fig. 2 A) and fluorescence

lifetime (Figs. 3 and 4 A)) clearly show that PCer induces the

formation of a gel phase. Interestingly, the ability of PCer to

form gel domains in these ternary mixtures is higher when

compared to the effect that PCer had upon the properties of

the fluid POPC vesicles (20). It can be safely concluded that

FIGURE 7 Schematic representation of the

effect of PCer in lipid rafts biophysical proper-

ties and organization. (A) By recruiting PSM,

PCer changes the composition of the mixtures

and consequently the position of the tie line of

the remaining fluid phase. The dashed black line

and the white dots correspond to the estimated

composition of the fluid phase that remains after

the sequestering of PSM for gel-domain for-

mation (see text for details). When increasing

Chol content, the effect of PCer is opposed and

less PSM is recruited for domain formation until

25%–33% Chol is reached and gel-domain

formation completely abolished. Thus, the line

that defines fluid phase composition should

connect with the tie line in this region.

According to this model, Xlo should decrease

from 26% and 58% to 21% and 54%, respec-

tively, when 4% PCer is present. (B) For the

100% ld phase one PCer molecule recruits up to

three PSMmolecules and forms highly ordered

PCer/PSM-gel domains. The amount of gel

formed is considerable, XG ; 15%, but the size

of the domains is small, ;4 nm (see Discus-

sion). PanelsB,C, andD are a pictorial top view

of the bilayer because ;250 molecules should

be involved in the formation of a nanodomain of

this dimension. (C) In the low-to-intermediate

XChol, i.e., in the range of small sized rafts,

PCer/PSM-gel domains are still present and are

surrounded by lipid rafts (lo phase). FRET

experiments show that PCer is not forming

platforms or promoting the coalescence of the

small rafts into large ones. (D) In the high Chol,

large sized rafts range, PCer ability to form gel

domains with PSM is abolished by the presence

of Chol that competes for the association with

PSM. In this situation, lipid rafts are governing

membrane properties.
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the effect of PCer is enhanced by the presence of PSM,

driving the formation of PCer/PSM-rich gel domains. Fur-

ther evidence arises from the change in the t-PnA fluores-

cence anisotropy as a function of temperature in the ternary

mixtures, where the addition of PCer shifted the main tran-

sition of PSM-rich domains to higher temperatures (Fig. 5).

The gel fraction formed by PCer in raft mixtures at 23�C can

be estimated from the variation in the mean fluorescence life-

time of t-PnA (Fig. 4 A). Using Eq. 2 and the photophysical

parameters of t-PnA in pure gel and fluid phases (20), we

obtain XG ffi 0.02 and XG ffi 0.15 for 2 and 4 mol % PCer,

respectively.

In opposition to t-PnA, DPH anisotropy (Fig. 2 A) only
slightly changed with PCer content. Assuming that DPH be-

haves as usual (32), i.e., is able to partition equally between

gel and fluid phases (K
g=f
p ; 1), then for the situation where

XG ffi 0.15, and using ÆræG ¼ 0.30 (23), the expected

anisotropy for DPH is Æræ ; 0.18 (Eq. 4). The lower

experimental value obtained (Æræ ¼ 0.15) clearly reveals that

even for low PCer concentrations DPH is excluded from the

gel domains. This further suggests that PCer/PSM-rich gel

domains are highly ordered, presenting biophysical prop-

erties similar to the ones observed for PCer-rich gel domains

in POPC/PCer mixtures (20). For the situation where XG ffi
0.02 the expected anisotropy for DPH is Æræ; 0.15, which is

similar to the experimental value. The gel fraction formed by

2% PCer is very low and close to the boundary that separates

the fluid from the gel-fluid coexistence in the binary diagram

(20). In these conditions, PCer is mainly dispersed in the

fluid ternary mixtures but promotes an increase in the order

of the bilayer. As a consequence the photophysical param-

eters of the probes are not as sensitive to the presence of PCer

as for 4 mol %. It should be stressed, however, that t-PnA is

still able to detect an increase in the order of the membrane

due to the strong increase in its quantum yield upon ordering

of the acyl chain region. Interestingly, the ordering effect that

2% PCer has in the membrane in the ld phase is equivalent to
the effect of 25% Chol.

For lipid mixtures containing higher Xlo and larger rafts

(Fig. 1), i.e., higher Chol content (XChol . 33%), the pres-

ence of low PCer amounts did not markedly change the prop-

erties of the mixtures. In fact, the photophysical parameters

of the probes, both fluorescence anisotropy and lifetime

(Figs. 2 and 4), became independent of PCer content for XChol

higher than ;25–33%. Moreover, this was independent

on the preferential partition of the probes, showing that the

PCer-induced biophysical changes in the rafts were com-

pletely abolished by the higher Chol amounts. Furthermore,

the gel-fluid phase transition detected by t-PnA anisotropy

(Fig. 5 C) was also eliminated in those mixtures.

Altogether, these data show that Chol and Cer compete for

association with SM, driving the formation of distinct phases

(lo and gel, respectively) with different biophysical proper-

ties that might play opposite roles in the modulation of

cellular processes. The mechanisms of Cer-dependent activa-

tion of cellular processes are still unclear, but evidence points

to an indirect action through the modulation of the biophysical

properties of the plasma membrane (12). Therefore, the alter-

ations undergone in rafts by the generation of Cer might be a

ruling factor in those processes.

PCer recruits PSM to form highly ordered
gel domains

The effects that low amounts of PCer have upon the bio-

physical properties of the ternary mixtures are enormous,

especially when compared to the same concentrations of

PCer in binary systems. The presence of PSM in the ternary

mixtures strongly enhanced the effect of PCer. This, together

with the changes induced by PCer on the thermotropic

properties of the mixtures and the opposite behavior of PCer

and Chol in the modulation of the phase properties, confirms

the association between PCer and PSM to form highly

ordered gel domains that have similar biophysical properties

to the PCer-gel domains (20). Moreover, the gel fraction

induced by 4% PCer is considerable (XG ¼ 0.15) and cannot

be solely due to PCer. The simplest approach to estimate the

ability of PCer to recruit PSM molecules is to consider that

all PCer present is participating in the formation of gel

domains. In this way, 11 mol % PSM is required to obtain the

total amount of gel. Note that this corresponds to;50% total

PSM present in the ternary mixtures in the low Chol/PSM

regime. In these conditions,;75% of the gel is composed of

PSM, meaning that each PCer molecule is able to recruit two

to three PSM molecules (this is the minimum value because

we considered in these calculations that all PCer is in the gel,

but some PCer might be still soluble in the fluid). These

simple estimations are further confirmed by the depolariza-

tion of Rho-DOPE fluorescence in the presence of PCer (Fig.

2 B). Applying the model of Snyder and Freire (33) for the

predicted depolarization as a function of surface density, we

can relate the depolarization of Rho-DOPE in the presence

and absence of PCer to the decrease in the available area for

Rho-DOPE distribution. In the presence of 4% PCer, the

surface area reduction for Rho-DOPE distribution necessary

to account for the experimental depolarization is ;9%,

which corresponds to ;5.1Å2 per molecule reduction in the

total area (60.6 Å2 per molecule in ld (24)). Calculating the

corresponding area of PSM that is involved in gel-domain

formation (using 47.8 Å2 per SM molecule (34)), we obtain

5.2 Å2. The similarity between the obtained values confirms

our model for PCer ability to recruit up to three molecules of

PSM. A very recent study of the Cer effects on raft mixtures

containing DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)/
Chol/SM also suggests the formation of a gel phase most

likely composed of Cer and SM, but as the authors state,

further evidence is required to confirm the composition of

this phase (35). Our study clearly demonstrates the enhanced

interaction between these two lipids in the formation of a

highly ordered gel phase.
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The presence of increasing amounts of Chol in the ternary

mixture opposes the effect of PCer, showing that in the case

of the model systems here used, PCer is recruiting prefer-

entially PSM in the ld phase to form the gel domains. The

effect of Chol is more pronounced when rafts are bigger and

more PSM is involved in the formation of the lo phase. In

these conditions, PCer ability to recruit PSM molecules is

abolished and the membrane biophysical properties are

governed by lipid rafts. However, in cells Cer is generated in

the plasma membrane within lipid rafts (which are consid-

ered small entities (36)) where the competition between the

colocalized Cer and Chol should lead to a severe reorgani-

zation of the membrane domains where Cer is produced.

PCer/PSM domains are small and surrounded
by rafts

It is often considered that Cer is able to drive the formation of

large membrane platforms that might serve as sorting devices

for signaling pathways (14,16). However, the lipid compo-

sition, the biophysical properties, and the size of such plat-

forms are largely unknown. We have shown that in POPC/

PCer binary mixtures PCer is able to drive the formation of

large and highly ordered gel platforms (20). However, in

more complex lipid mixtures already presenting fluid-fluid

phase separation, the lipid structural organization induced

by Cer might be different: it may completely segregate and

form gel platforms with SM or promote the coalescence of

small lipid rafts into larger domains but may also form small

scattered gel domains. Application of state-of-the-art FRET

methodologies to the systems under study allowed us to re-

solve some of these topological questions. Three situations

were explored: i) lo � ld phase separation; ii) gel � lo phase
separation (the so-called Cer-platforms and lipid rafts, re-

spectively); and iii) gel-fluid (lo 1 ld) phase separation. The
probes used for donor and acceptor pairs were chosen ac-

cording to their preferential partition into different phases

(Table 1). A variation in the organization of the phases is

directly related to a parallel change in FRET efficiency. From

Fig. 6 where E is plotted as a function of Xlo for the three

pairs, several conclusions arise: i) PCer affects the distribu-

tion of the lipids only in the low-to-intermediate Chol range

(i.e., XChol , 25–33 mol %). ii) PCer promotes gel-fluid

phase separation as reflected by the increase in E in the

presence of PCer for the pair NBD-DPPE/Rho-DOPE (Fig. 6

A). The formation of a gel-rich phase results in the exclusion

of the probes (both have preferential partition to the fluid

phases), leading to a closer distribution. For the 100% ld
sample it is possible to predict approximately the expected

increase of E in the presence of 4 mol % PCer. When 11 mol

% PSM is sequestered from the fluid to the PCer/PSM

domains, as shown above, the corresponding increase in E is

only due to an increased surface acceptor concentration in

the fluid. For a random probe distribution (see Appendix for

the detailed model) the increase is calculated to be from 46%

to 54%, in good agreement with the experimental value (Fig.

6 A), further confirming our model of up to three PSM

molecules sequestered. In addition, for this pair, E decreases

with the increase in Xlo because larger rafts are forming (24).

We have thus direct evidence that PCer is not inducing

coalescence of small rafts, because otherwise E would not

increase with PCer for lower XChol. This is further confirmed

by applying the same model for the calculation of E. Con-
sidering that for low Xlo (;26%), PCer’s ability to form gel

domains is the same as in 100% ld and taking into account

the presence of small raft domains, the expected increase in E
due to the decrease in the fluid area for probe distribution is

from 42% in the absence of PCer to 47% in the presence of

4% PCer, similarly to the observed experimental values (Fig.

6 A), clearly revealing that raft size remains unchanged in the

presence of PCer. Different cellular processes are activated

by raft coalescence and by Cer formation. If Cer biological

action is, in fact, related to the biophysical changes that it

causes in the lipid bilayer, it seems reasonable that raft

reorganization induced by Cer is different from the reorga-

nization that takes place in Cer-independent processes.

Ganglioside GM1, for example, has a completely different

effect on rafts. In small amounts it hardly changes the order

of the bilayer, but 4 mol % is able to increase the size of the

small rafts, as shown by a decreased E between NBD-DPPE

and Rho-DOPE (24). iii) E decreases for both t-PnA/NBD-

DPPE and t-PnA/NBD-DOPE in the presence of PCer as a

consequence of gel-domain formation. For these pairs E in-

creases with Xlo. This latter effect results from the increase in

quantum yield of t-PnA and therefore the Förster radius, Ro,

as it partitions to more ordered phases. It should be stressed

that t-PnA quantum yield and thus R0 for these pairs also in-

creased with PCer. An increase in R0 should lead to a higher

E; however, FRET efficiency decreases in the presence of

PCer indicating that the separation distance between the donors

and the acceptors is increasing, and thus gel domains that ex-

clude the acceptors are forming.

For these situations, the variation in E along the tie line is

due not only to a change in the size of the domains, but also

to the variation of R0 and determination of domains size is

complex. In addition, a three-phase situation is present (see

below), and modeling this scenario would require approx-

imations too severe. Nevertheless, the high difference ob-

tained for energy transfer from t-PnA to NBD-DOPE and

NBD-DPPE gives important information about the organi-

zation of lipid domains. Due to the higher decrease in E we

can conclude that the distance that separates t-PnA from

NBD-DOPE is higher as compared to NBD-DPPE, showing

that the lo phase should be closer to PCer/PSM-rich gel do-

mains as compared to the ld phase. It should be stressed that

comparison between the two FRET pairs cannot be made in

relation to the absolute E values, but to the trend of variation

of E in the presence and absence of PCer. This is because E
is dependent on acceptor concentration, which was different

for the two FRET pairs. Nevertheless, to ensure that the
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obtained profiles are not related to the differences in the ac-

ceptor concentration, the expected E for a donor-acceptor

random distribution both in the 100% ld and 100% lo phases
was determined for these pairs (see Appendix). The values

obtained are 32% and 15% in the ld phase and 59% and 41%

in the lo phase for t-PnA/NBD-DPPE and t-PnA/NBD-DOPE,

respectively. These values are in good agreement with the

experimental ones (Fig. 6, B and C), showing that E in the

pure phases is in fact reflecting the random distribution of both

donors and acceptors.

These results indicate that PCer is able not only to change

the biophysical properties of the small rafts driving the for-

mation of PCer/PSM-rich gel domains, but also to reorganize

the lipids in the membrane, being preferentially closer to the

lo domains (see below). This type of organization is expected

on the basis of interfacial tension arguments. In fact, due to

its intermediate properties in between gel and ld phases, lo
domains surrounding gel would act as a wetting layer, de-

creasing surface tension and stabilizing the interfaces (37).

This would also prevent the rapid growth of domains, ex-

plaining the absence of raft coalescence and large PCer

platform formation. Note that the experimental data unequiv-

ocally show that in the presence of PCer and in the low-to-

intermediate Chol range three phases must be present: a) The

PCer-rich gel phase is detected by t-PnA photophysical

parameters that are a fingerprint for this phase (Figs. 2 A, 3,
and 4 A) and in addition, from the anisotropy of NBD-DOPE

and Rho-DOPE (Fig. 2 B) that decreases as a consequence of
the increased depolarization due to the exclusion of the probes

from these domains; b) The PSM/Chol-rich lo phase is de-

tected from DPH anisotropy which is typical of this phase

both in the presence and absence of PCer. Since DPH is

excluded from PCer-rich gel, if only gel and ld phases were
present, then DPH anisotropy should decrease in the presence

of PCer. On the contrary, if only the gel and lo phases were
present then DPH anisotropy should increase toward values

identical to those obtained with higher Chol content; c) The

anisotropy trend of variation of DPH, NBD-DOPE, NBD-

DPPE, and Rho-DOPE is identical in the presence and ab-

sence of PCer and because all these probes are excluded from

PCer-rich gel domains, it indicates that the remaining fluid

phase should present lo/ld phase coexistence similarly to the

mixtures in the absence of PCer; and d) If only two phases,

i.e., gel and fluid (without lo/ld coexistence) were present

then E between NBD-DPPE/Rho-DOPE should remain in-

variant in the low-to-intermediate Chol range when 4% PCer

is present. Both probes are excluded from PCer-rich gel do-

mains and a random distribution in the remaining fluid phase

(assuming that ld/lo phases were not coexisting) should give

an E value identical to the one obtained for the 100% ld
mixture. Moreover, assuming the same situation, FRET

between t-PnA/NBD-DPPE and NBD-DOPE should result

in identical profiles because only a simple situation of energy

transfer from a gel to a fluid phase would occur. Only the

presence of three phases, gel, lo, and ld can result in the ex-

perimentally observed profiles of variation for the different

FRET pairs and also anisotropy and lifetime profiles. To

further support our evidence, recently it was observed that

the presence of three phases in a different type of raft-like

mixtures containing higher amounts of Cer by combined

atomic force microscopy, fluorescence imaging, and fluores-

cence correlation spectroscopy (35). The authors observed

that three phases were present in mixtures containing 1:1:1

DOPC/Chol/(SM 1 Cer) only for Cer . 8% total lipid,

whereas 4% Cer was not able to induce changes in the lipid

lateral organization. Note that these results are not in con-

tradiction to our observations because for equivalent mixtures

as the ones used by the authors, i.e., for mixtures containing

;33% Chol, which in our work correspond to the high Chol/

PSM range, PCer effects are abolished by Chol. The thorough

study performed here clearly indicates that the effects that Cer

has upon the biophysical properties and lipid lateral organi-

zation in the membrane cannot be generalized and the exact

membrane lipid composition must be known before relating

the Cer-induced biophysical changes and the activation/

inhibition of cellular processes.

In terms of domain size, it can be safely stated that the size

of the fluid domains is not significantly changed by PCer (as

explained above). In this scenario, where rafts are surround-

ing the PCer/PSM domains, for the rafts to remain small, it is

mandatory that the gel domains inside also be quite small.

Thus, we do not have any evidence for the Cer-induced for-

mation of large platforms in raft-containing systems at least

up to 4 mol % PCer. Using again the 100% ld sample, the size

of the PCer/PSM domains can be estimated (both from

t-PnA/NBD-DPPE and t-PnA/NBD-DOPE pairs). Taking

advantage of the complete exclusion of the acceptors from

the gel domains, the contribution to total E from donors

located in those domains can be calculated assuming that

these donor molecules are transferring to acceptors in the

fluid phase, separated by an exclusion radius for acceptors

Re, which corresponds to the size of the gel domains (see

Appendix for a detailed model). The model for FRET with

randomly distributed acceptors and an exclusion radius has

analytical solution (38), and by introducing different Re

values in the model, the experimental E will be reached. In

this way, we obtained a value of ;3.8 and ;4.0 nm for the

size of the PCer/PSM domains, determined from t-PnA/

NBD-DPPE and t-PnA/NBD-DOPE pairs, respectively. The

similarity between the two values further indicates that the

trend of E variation is not dependent on acceptor concentra-

tion, and thus the differences in the profiles are reflecting the

PCer-induced lateral reorganization.

Additional information can be obtained from FRET be-

tween t-PnA and NBD-DOPE. These two probes partition

evenly between coexisting lo and ld phases (both K
lo=ld
p ; 1),

and thus a random distribution of donors and acceptors for

energy transfer can always be assumed. In the absence of

PCer the increase in E is due to the reduction in the surface

area for probe distribution due to the condensation effect of
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Chol and to an increase in the donor quantum yield and

consequently in R0 for the donor-acceptor pair. In the presence
of PCer domains E is the result of the donors that are located

both in gel and fluid phases (see Appendix) transferring to the

acceptors that are randomly distributed in the fluid phase. The

FRET efficiencies expected assuming a situation where PCer

is always able to recruit 11 mol % PSM for the formation of

;4 nm gel domains are plotted in Fig. 6 C. The similarity

between the theoretical and experimental values in the low

Chol range clearly indicates that PCer is able to recruit PSM

for gel domain and that the predicted size for these gel domains

remains invariant in this range of Chol content. However, the

experimental E increases with Chol content, in contrast to the

value calculated taking into account PCer domain formation,

showing that PCer domains are destroyed by high amounts

of Chol. Note that this pair is insensitive to lo/ld phase separa-
tion (since both probes partition equally among these phases)

and thus is only reporting the existence of gel domains.

The same type of analysis for the t-PnA/NBD-DPPE pair is

more complex because partition among three phases should

be considered, and the different contributions to E would

depend on the donor in the gel and in the fluid transferring for

acceptors predominantly in the lo phase but also in the ld
phase. Nevertheless, using identical conditions as the ones

applied for the t-PnA/NBD-DOPE pair further evidence is

obtained for the suggested model of lipid lateral organization

of the rafts in the presence of PCer. The expected E for PCer

gel-domain formation is plotted in Fig. 6 B. The higher

experimental values in the lowChol range clearly indicate that

i) acceptors are not randomly distributed in the fluid phase,

probing the existence of fluid-fluid phase separation; and ii)

the lo phase is closer to gel domains, otherwise FRET effi-

ciency would not be so much higher than the calculated value

assuming random distribution of acceptors in the fluid be-

cause the surface density of NBD-DPPE is much higher in the

lo phase due to its partition coefficient. To further confirm

that the lo phase is closer to PCer/PSM-rich gel domains as

compared to the ld phase, FRET efficiency was calculated

assuming two situations: a) only the ld phase is surrounding
PCer/PSM-rich gel domains, and b) only the lo phase is

surrounding PCer/PSM-rich gel domains. In these calcula-

tions it was assumed that the donor in the gel phase was not

able to transfer to the lo or to the ld phase, respectively, and the
surface density of the acceptors in each fluid phase and the

size of gel domains were taken into account (see Appendix).

This type of analysis can only be made in relation to the

situation where PCer recruits PSM for the formation of small

gel domains, i.e., for the low Chol range. The obtained values

for E (Fig. 6 B) clearly show that if only the ld phase were

nearby gel domains, which would not be surprising taking

into account the amount of this phase in this mixture (;74%),

FRET efficiency would be lower and close to the situation

where acceptors are randomly distributed in the fluid phases.

On the contrary, if only the lo phase were surrounding gel

domains, then the expected E would be higher than the ex-

perimental value. However, these results do not indicate that

gel domains are not surrounded by the lo phase. In fact, the

experimental value is closer to the theoretical value assuming

energy transfer from the gel to the lo phase (situation b) as

compared to the ld phase (situation a), suggesting that gel

domains are at least in part surrounded by lo domains. This is

indeed the case because the amount of the lo phase in this

mixture is not enough to completely surround the PCer/PSM-

rich gel domains. Taking into account the dimensions of the

gel domains (;4 nm), at least 250 molecules are required to

form these nanodomains. Moreover, the amount of gel phase

present in this mixture (;15%) implies that ;275 gel

nanodomains per vesicle should be present. The minimum

number ofmolecules required to surround these nanodomains

(considering that only one layer of molecules is involved) is

;1200, i.e., 4–5 times more molecules in the lo phase

(compared to the ones involved in gel-domain formation) are

required to surround all the gel domains. Thus, for ;15% of

gel, at least 60% of lo phase is required. For the mixture in

question, only 26% of the lo phase is present, which is not

enough to cover all the gel. Nevertheless, we can clearly state

that part of the gel domains are surrounded by rafts because

otherwise FRET efficiency would be lower. Moreover, the

amount of the ld phase is three times higher than the lo phase,
but the experimentalE value is closer to the theoreticalE value

assuming that the t-PnA in the gel is transferring only to the lo
phase, which implies that in fact all the lo domains should be in

the vicinity of gel domains. This type of organization is in

agreement with recent results showing that Cer domain

formation takes place inside or close to the boundaries of the

SM-rich lo phase (35).
Altogether these results show that PCer-induced changes

are complex both in phase behavior and lipid lateral distri-

bution and strongly dependent on the lipid composition of the

rafts. Moreover, PCer per se is not able to induce neither the

formation of large platforms in raft model membranes nor the

coalescence of rafts. However, it strongly changes the bio-

physical properties of the membranes, inducing the formation

of small gel nanodomains. The size of such domains is in

agreement with those expected for a raft domain in a resting

cell. In fact, studies not involving cross-linking methods have

shown that raft domains should be smaller than 10 nm, and

additional mechanisms (such as those activated under stim-

ulation) of domain stabilization are required for the formation

of larger domains (reviewed in Kusumi and Suzuki (39)).

CONCLUSIONS

This study has lead to a significant number of relevant

conclusions, with implications at different levels.

From the methodological point of view, the correct bio-

physical characterization of biologically relevant lipid mixtures

should be performed in a stepwise fashion. The previous

thorough studies of the ternary system POPC/PSM/Chol and of
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the binary system POPC/PCer were crucial. As the complexity

of the system is increased, the importance of using multiple

fluorescent probes, and different FRET pairs, with a well-de-

fined lipid-phase behavior becomes more and more essential.

From a biophysical perspective, striking results were ob-

tained. Low amounts of PCer have a remarkable effect on

the bilayer order, and the effect of PCer is amplified by the

presence of PSM. For example, the formation of gel domains

occurs for much lower PCer content than when it is mixed

only with POPC. Also striking is the ability of Cer to recruit

up to three SM molecules, forming a highly compact gel that

excludes most fluorescent probes. The small size of these do-

mains as compared to the PCer domains in the binary system

(20) and the ability of PCer/PSM domains to be surrounded

by rafts are other important conclusions reached in this study.

Some clarification should be made concerning lipid domain

terminology. For example, the term ‘‘Cer platforms’’ is often

encountered, implicitly stating that these are big domains. We

have shown here that this is not the case for lipid mixtures

mimicking the outer leaflet of mammalian plasmamembranes.

Sometimes they are called (Cer) rafts, but lipid rafts are rich in

Chol and are lo domains, whereas Cer/SM domains should be

in a gel-like phase and exclude Chol.

From the biological point of view, the nature of the Cer/

SM domains suggests exclusion of other membrane compo-

nents, like proteins, rather than their inclusion. The compe-

tition between Chol and Cer for SM association suggests that

when Cer is formed in lipid rafts a severe lateral reorgani-

zation should occur. This could be related to a triggering of

apoptosis that would be controlled by a Chol/Cer ratio. In

this work we show that up to 2 mol % PCer (that should be in

the range of Cer levels in resting cells) Cer hardly segregates

into gel domains and does not recruit SM. Upon apoptotic

stimuli Cer can reach 10% of total lipid in living cells (40),

and as low as 4 mol % PCer is enough to affect the mem-

brane properties in a completely different manner. In cells

with plasma membrane particularly rich in Chol (higher than

;25–30%) this can be a protection from triggering of

apoptosis by Cer. The ability of Cer to recruit more than one

SM molecule also suggests that when Cer is generated in the

membrane in response to stress stimulus, an amplification

mechanism of SMase activity may take place which, in turn,

would rapidly lead to the activation of signaling cascades

and/or processes leading to cell death, such as apoptosis.

APPENDIX: MODELS FOR THE DETERMINATION
OF THEORETICAL FRET EFFICIENCY AND
PCER/PSM GEL DOMAIN SIZE

For the t-PnA/NBD-DPPE and t-PnA/NBD-DOPE pairs, the location of the

chromophores in the bilayer (bilayer center and membrane surface for donor

and acceptor, respectively) only allows out-of-plane energy transfer (trans)

and the model that describes FRET with randomly distributed donor (t-PnA)

and acceptor (NBDs) molecules, assuming a radius of exclusion of acceptors

(Re) around the donor, is given by de Almeida et al. (24):

rtransðtÞ ¼ exp � 2 c

Gð2=3Þ3 b

Z w=
ffiffiffiffiffiffiffiffiffiffiffi
w
2 1R

2
e

p

0

8<
:

½1 � expð�t b3
a

6Þ�a�3

Z
da

)
; (A1)

where

c ¼ Gð2=3Þ3 n3p3R
2

0 3 �tt
�1=3

: (A2)

In this equation, n is the surface density of acceptors, R0 is the Förster radius,

Re is the exclusion radius, G is the complete g function, b ¼ (R0/w)
2/ �tt1/3,

and w is the interplanar donor-acceptor distance. In the calculation of the

surface density of acceptors, an area per molecule of 66.4 Å2 for POPC (41),

47.8 Å2 for PSM (34), and 37.7 Å2 for Chol (42) were considered. The con-

densation effect of Chol was taken into account (42). R0 ¼ 25 Å and R0 ¼
29 Å, for both D/A pairs in pure ld and lo phases, respectively, is not small

compared to the membrane thickness, and transfer to the two leaflets occurs.

In this situation, the donor decay in the presence of acceptor is given by

iDAðtÞ ¼ iDðtÞrtrans1ðtÞrtrans2ðtÞ; (A3)

where w1 ¼ 12.1 Å (28) was used for FRET in the same leaflet for both ld
and lo phases and w2 ¼ 27.9 Å and w2 ¼ 36.9 Å (24) were used for FRET in

the opposite leaflet for ld and lo phases, respectively. FRET efficiency, E, is

computed numerically using the relation E ¼ 1� �ttDA=�ttD. For the 100% ld
and 100% lo samples in the absence of PCer, only the fluid phase is present

and Re ¼ 0, yielding an E value equal to the one obtained experimentally,

E ; 31% and E; 15% in the ld phase and E; 59% and E; 41% in the lo
phase for t-PnA/NBD-DPPE and t-PnA/NBD-DOPE pairs, respectively

(Fig. 6, B and C).
If phase separation occurs, the donor decay in the absence of acceptors is

given by

iDðtÞ ¼ x1iD1ðtÞ1 x2iD2ðtÞ; (A4)

where xi is the mol fraction and iDi (t) the fluorescence decay of the donor in

phase i¼ 1,2. When the domains are big enough to prevent significant FRET

from donor in one phase to acceptors in a different phase, the donor decay in

the presence of acceptor is given by

iDAðtÞ ¼ x1iD1ðtÞrtrans1;1ðtÞrtrans2;1ðtÞ
1 x2iD2ðtÞrtrans1;2ðtÞrtrans2;2ðtÞ; (A5)

where rtrans,i (t) are calculated as for the one phase situation but taking into

account the parameters of each phase.

Equations A4 and A5 were also used to determine the size of gel domains

that are formed in the presence of 4 mol % PCer. In this particular case, those

equations are valid even if the Cer gel domains are small, because the

acceptor in totally excluded from these domains. Thus, only FRET from the

gel to the fluid and FRET within the fluid take place, for which t-PnA

concentration in the gel together with an exclusion radius, and t-PnA con-

centration in the fluid without exclusion radius, and t-PnA concentration in

the fluid without exclusion radius are used, respectively. It was considered

that 11% PSM is recruited for gel-domain formation, and the size of these

domains is given by the Re that is required to obtain the experimental E ;
25% and E ; 12% (because PCer-rich domains exclude the acceptors),

resulting in Re; 3.8 and Re; 4 nm for t-PnA/NBD-DPPE and t-PnA/NBD-

DOPE pairs, respectively. To determine the expected E for a situation where

PCer gel domains were always formed (independently of lipid raft com-

position), a random distribution of the probes in the fluid phase was assumed

and XG was set to 15% (as determined from t-PnA lifetime measurements)

and Re ¼ 3.8 and 4.0 nm for t-PnA/NBD-DPPE and t-PnA/NBD-DOPE,

respectively.
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These equations were also used to determine the FRET efficiency be-

tween t-PnA/NBD-DPPE for a situation where gel domains were surrounded

only by the ld or lo phase. In these calculations it was assumed that t-PnA in

the gel phase was only able to transfer to one of the phases (the phase that

was considered to be surrounding the gel domains), whereas t-PnA in the

fluid phase was able to transfer both to the ld and lo phases (as in the situation

of PCer absence). The amount of gel phase, the partition of t-PnA into the gel

phase, and the surface density of the acceptors in each of the fluid phases

were taken into account. Exclusion of the acceptors from the gel phase was

assumed, and Re was set to 3.8 nm.

The FRET model for random distribution of the NBD-DPPE/Rho-DOPE

Förster pair was described in detail previously (24). Since both chromo-

phores are located in the bilayer surface, both in-plane (cis) and out-of-plane

(trans) energy transfer occur and the donor decay in the presence of acceptor

is given by

iDAðtÞ ¼ iDðtÞrcisðtÞrtransðtÞ; (A6)

where,

rcisðtÞ ¼ exp �pR
2

0ng
2

3
;

R0

Re

� �6

ðt=�ttÞ
" #

ðt=�ttÞ1=3
(

1pR
2

en 1� exp � R0

Re

� �6

ðt=�ttÞ
" # !)

(A7)

and

gðx; yÞ ¼
Z y

0

z
x�1

expð�zÞdz (A8)

is the incomplete g function.

For the 100% ld sample in the absence of PCer, the total area per molecule

available for acceptor distribution is 60.6 Å2 (24), and the calculated E is

in good agreement with the experimental one (;46%). When 4% PCer is

present and 11% PSM is sequestered (corresponding to a reduction of 5.2 Å2

per molecule), gel domains that exclude the probes are formed. The cal-

culated E value assuming the reduction in the available area for probe dis-

tribution is similar to the experimental one (;54%), confirming the model

for PSM sequestering by PCer. In the presence of low Chol amounts (Xlo ¼
0.26) it was assumed that PCer was able to recruit up to three PSM mole-

cules for gel-domain formation. Taking into account the presence of small

raft domains (,20 nm) (24), the calculated E due to a reduction in the area is

;47%, identical to the experimental value showing that PCer is not inducing

the coalescence of these small rafts.
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