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Sphingosine-1-Phosphate as an Amphipathic Metabolite: Its Properties
in Aqueous and Membrane Environments

Marcos Garcı́a-Pacios,†‡ M. Isabel Collado,§ Jon V. Busto,†‡ Jesús Sot,†‡ Alicia Alonso,†‡ José-Luis R. Arrondo,†‡
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ABSTRACT Sphingosine-1-phosphate (S1P) is currently considered to be an important signaling molecule in cell metabolism.
We studied a number of relevant biophysical properties of S1P, using mainly Langmuir balance, differential scanning calorimetry,
31P-NMR, and infrared (IR) spectroscopy. We found that, at variance with other, structurally related sphingolipids that are very
hydrophobic, S1P may occur in either an aqueous dispersion or a bilayer environment. S1P behaves in aqueous media as
a soluble amphiphile, with a critical micelle concentration of z12 mM. Micelles give rise to larger aggregates (in the micrometer
size range) at and above a 1 mM concentration. The aggregates display a thermotropic transition at ~60�C, presumably due to
the formation of smaller structures at the higher temperatures. S1P can also be studied in mixtures with phospholipids. Studies
with dielaidoylphosphatidylethanolamine (DEPE) or deuterated dipalmitoylphosphatidylcholine (DPPC) show that S1P modifies
the gel-fluid transition of the glycerophospholipids, shifting it to lower temperatures and decreasing the transition enthalpy. Low
(<10 mol %) concentrations of S1P also have a clear effect on the lamellar-to-inverted hexagonal transition of DEPE, i.e., they
increase the transition temperature and stabilize the lamellar versus the inverted hexagonal phase. IR spectroscopy of natural
S1P mixed with deuterated DPPC allows the independent observation of transitions in each molecule, and demonstrates the
existence of molecular interactions between S1P and the phospholipid at the polar headgroup level that lead to increased
hydration of the carbonyl group. The combination of calorimetric, IR, and NMR data allowed the construction of a tempera-
ture-composition diagram (‘‘partial phase diagram’’) to facilitate a comparative study of the properties of S1P and other related
lipids (ceramide and sphingosine) in membranes. In conclusion, two important differences between S1P and ceramide are that
S1P stabilizes the lipid bilayer structure, and physiologically relevant concentrations of S1P can exist dispersed in the cytosol.
INTRODUCTION

Over the past decade, a whole family of sphingosine-related

molecules have been recognized as intracellular metabolic

signals. One such molecule is sphingosine-1-phosphate

(S1P), which is now widely accepted as a bioactive lipid

that regulates important physiological functions (1–3). It

can be generated intracellularly, serving as a second

messenger for cell proliferation (4,5) and survival (suppres-

sion of apoptosis) (6). S1P can also stimulate aldosterone

secretion in adrenal gland cells (7). This sphingolipid interacts

with specific G-protein-coupled receptors (S1P1-S1P5 recep-

tors) at the plasma membrane of cells. Binding of S1P to S1P1

regulates chemotaxis and new blood vessel formation (angio-

genesis), whereas activation of S1P5, and possibly S1P3,

receptors leads to rounding and neurite retraction (8). S1P2

and S1P3 receptors play a major role in mediating cardiopro-

tection from ischemia/reperfusion injury in vivo (9). S1P

receptors are also important in the regulation and protection

of biological barriers (10), and the S1P receptor signaling

system may provide a target for the therapy of multiple scle-

rosis (8). Some of these effects appear to be related to S1P’s

capacity to induce extensive cytoskeletal rearrangements

(3). S1P is also involved in Ca2þ-dependent signaling in yeast

and higher plants (11).
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Because of its lipidic nature, S1P must exert its regulatory

role essentially at the membrane level, as is the case for ceram-

ides and other related lipids (12). Moreover, because of its

amphiphilic nature, S1P gives rise to stable dispersions in

water. This makes an analysis of the physical properties of

S1P in both aqueous dispersions and mixtures with the major

components of membrane bilayers (i.e., the glycerophospho-

lipids) pertinent. In this study we used a combination of

techniques—mainly Langmuir balance, differential scanning

calorimetry (DSC), 31P-NMR, and infrared (IR) spectros-

copy—to explore the properties of fully hydrated pure S1P

and its effects on the gel-fluid and lamellar-to-inverted hexag-

onal phase transitions of dielaidoylphosphatidylethanolamine

(DEPE), a glycerophospholipid that exhibits both transitions

within a convenient temperature range (37.5�C and 65�C,

respectively) when dispersed in water in the pure state. In addi-

tion, the use of perdeuterated fatty acyl-chain dipalmitoyl-

phosphatidylcholine (d62-DPPC) in combination with IR

spectroscopy has allowed the independent study of the behavior

of S1P and DPPC in a mixture of both lipids (13). Such

measurements indicate that S1P exerts clear effects on the

phospholipid phase transitions, particularly on the lamellar-

hexagonal transition of DEPE. Moreover, S1P occurs in a

monomer-micelle equilibrium in water, and, as a consequence,

it is the only sphingolipid signaling molecule that can be found

dissociated from the cell membranes in the cytosol.
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mailto:felix.goni@ehu.es


Sphingosine-1-Phosphate Properties 1399
MATERIALS AND METHODS

Materials

DEPE, d62-DPPC, and S1P were supplied by Avanti Polar Lipids (Alabaster,

AL). The lipids were codissolved in ethanol, and the mixture was evaporated

to dryness under a stream of nitrogen. Traces of solvent were removed by

evacuating the samples under high vacuum overnight. The resulting lipid

films were hydrated in a D2O buffer consisting of 20 mM PIPES,

150 mM NaCl, 1 mM EDTA, pH 7.4, and kept for 1 h at 45�C with stirring.

1,10-Dioctadeyl-3,3,30,30-tetramethylindo-carbocyanine perchlorate (DiI)

was obtained from Invitrogen (Eugene, OR).

Critical micelle concentration

The critical micelle concentration (CMC) of S1P was estimated (14) on the

basis of measurements of surface pressure in S1P dispersions. The surface

properties of monomolecular S1P layers at the air-water interface were

studied with the use of mTrough-S equipment (Kibron, Helsinki, Finland)

at 25�C under constant stirring and a constant monolayer area of 3.14 cm2.

The aqueous subphase consisted of 1 mL 20 mM PIPES, 150 mM NaCl,

1 mM EDTA, pH 7.4. S1P (in<50 mL buffer) was injected into the subphase

with a Hamilton microsyringe through a hole connected to the subphase.

Confocal fluorescence microscopy

S1P suspensions in concentrations of 0.03–2.76 mM, containing 0.2 mol %

DiI, were examined in an inverted confocal fluorescence microscope (Nikon

D-ECLIPSE C1; Nikon, Melville, NY). The excitation wavelength for DiI

was 561 nm. The images were collected using band-pass filters of 593 5

20 nm. These experiments were performed at 25–28�C. Image treatment

was performed using the software EZ-C1 3.20 (Nikon).

DSC

For DSC, both the lipid suspension and buffer were degassed before being

loaded into the sample or reference cell of an MC-2 high-sensitivity scanning

calorimeter (MicroCal, Northampton, MA). The final DEPE concentration

was 0.4 mM for samples in which gel-to-fluid transitions were measured,

and 7 mM for those in which fluid-to-inverted hexagonal transitions were

studied. Three heating scans, and occasionally a cooling one, at 45�C/h

were recorded for each sample. After the first one, successive heating scans

on the same sample always yielded superimposable thermograms. Transition

temperatures, enthalpies, and widths at half-height were determined using the

software ORIGIN (MicroCal) provided with the calorimeter.

IR spectroscopy

IR spectra were recorded in a Nicolet Magna II 550 spectrometer (Thermo

Scientific, Waltham, MA) equipped with a mercury cadmium telluride

detector. Lipid mixtures were resuspended in buffer at a constant S1P

concentration of 80 mM, so that in samples with d62-DPPC the total lipid

concentration was correspondingly increased. Samples were placed in

a temperature-regulated Harrick cell (Ossining, NY) equipped with CaF2

windows and 50-mm spacers. Samples were heated at a constant rate of

60�C/h, and 304 scans/�C were acquired with a nominal resolution of 2

cm�1 using Omnic (Nicolet) rapid-scan software. Band maxima were deter-

mined from derivative spectra, and Fourier derivation was performed with

a power of 3 and a breakpoint of 0.3.

Light scattering

The suspension static light scattering was measured in an SLM-AMINCO

8100 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) at room temper-

ature, with excitation and emission wavelengths set at 400 nm.
NMR spectra

31P-NMR spectra were recorded in a Bruker (Rheinstetten, Germany)

AV500 spectrometer operating at 500 MHz for protons (202.4 MHz for
31P). The final phospholipid concentration was 100 mM. Spectral parameters

were 45� pulses (11.5 ms), pulse interval ¼ 1 s, sweep width ¼ 30 kHz, and

full proton decoupling. Two thousand free induction decays were routinely

accumulated from each sample, and the spectra were plotted with a line-

broadening of 40 Hz. Samples were equilibrated for at least 10 min at

each temperature before data were acquired.

RESULTS

S1P in aqueous suspensions

The chemical structure of S1P suggests an amphipathic

nature. Consequently, a monomer-aggregate equilibrium in

aqueous media should be expected. We tested this by studying

the surface pressure properties of S1P in the Langmuir

balance (Fig. 1 A). The concentration-dependent increase in

A

B

FIGURE 1 (A) CMC of S1P estimated by the surface-pressure method.

S1P in PIPES buffer, pH 7.4 (see Materials and Methods), at 21�C. The

CMC was measured as the point beyond which further increases in S1P

concentration do not lead to increased surface pressures. Average values 5

SE of the mean (n¼ 3). (B) Turbidity (absorbance at 400 nm) of S1P suspen-

sions in PIPES buffer, pH 7.4, at 21�C as a function of S1P concentration.

Average values 5 SE of the mean (n ¼ 4).
Biophysical Journal 97(5) 1398–1407
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surface pressure confirms the amphipathic properties of this

lipid. Beyond z12 mM, increasing S1P concentrations hardly

cause any further increase in surface pressure. This is usually

taken as an indication that, above this concentration, surfac-

tant monomers begin to aggregate, giving rise to micelles

(i.e., 12 mM is the CMC of S1P in PIPES buffer, pH 7.4, at

21�C). This is rather close to the value (z14 mM) recently

found by Sasaki et al. (15) using NMR spectroscopy under

similar conditions.

Furthermore, turbidity (A400) measurements of S1P

suspensions indicated a concentration-dependent increase

in suspension turbidity that was particularly marked at and

above 1 mM lipid (Fig. 1 B). This should be an indication

of an aggregation process beyond micelle formation.

Confocal fluorescence microscopy of 2.76 mM S1P suspen-

sions confirmed the presence of amorphous aggregates in the

micrometer size range (Fig. 2). Such structures are rarely

seen at 70 mM S1P, and they are not detected at 30 mM

(pictures not shown).

Aggregates of amphiphiles containing long aliphatic

chains often exhibit thermotropic order-disorder phase tran-

sitions in a temperature range close to the mammalian phys-

iological temperature. A DSC study of 10 mM S1P in buffer

revealed an endothermic signal centered at 65.0�C (Fig. 3).

The transition width at midheight was of 4.4�C, and the

transition enthalpy was of 340 cal/mol lipid, i.e., one order

of magnitude smaller than that of the saturated glycerophos-

pholipids (16).

FIGURE 2 Confocal fluorescence microscopy of a 2.76 mM suspension

of S1P. The lipid was doped with 0.2 mol % DiI. Bar ¼ 10 mm.

Biophysical Journal 97(5) 1398–1407
The thermal behavior of S1P aggregates in aqueous media

was further explored by IR spectroscopy in the 20–80�C
temperature range. The CH2 stretching vibration bands of

FIGURE 3 DSC of S1P in buffer dispersion. Second heating scan. The

S1P concentration was 10 mM.

FIGURE 4 Band positions (maximal frequencies) of the C-H stretching

vibrations of S1P as a function of temperature. (A) Symmetric stretching.

(B) Asymmetric stretching. (�) Heating run. (B) Cooling run.



Sphingosine-1-Phosphate Properties 1401
lipids have been used very often in the detection of phase tran-

sitions. In general, thermotropic phase transitions lead to

more disordered chains, as indicated by a shift of CH2 stretch-

ing vibration bands to higher wavenumbers (lower frequen-

cies) (17,18). The behavior of S1P CH2 asymmetric and

symmetric stretching vibration bands is shown in Fig. 4. At

20�C the asymmetric band had a maximum at 2917 cm�1

that in the case of saturated phosphatidylcholines would

correspond to a predominantly anti methylene chain confor-

mation, as seen in the gel phase (18). Heating up the sample

caused a gradual increase in wavenumber, compatible with an

increased chain disorder. Maximum wavenumbers increased

linearly with temperature up to 65�C, above which the wave-

numbers continued to increase, albeit with a lower slope.

Cooling back from 80�C to 20�C showed hysteresis, which

is unusual in the gel-fluid transitions of phospholipids. A

change in slope was also detected at 65�C for the P-O stretch-

ing band at 1089 cm�1, with hysteresis being equally observed

(Fig. 5 A). However, no such changes were seen in the thermal

behavior of the CH2 bending band of S1P in the same temper-

ature interval (Fig. 5 B).

Slope changes may indicate a change in the aggregation

behavior of S1P. We tested this possibility by examining

the thermal dependence of the static light scattering of S1P

aqueous suspensions in the temperature range close to

65�C. The data in Fig. 6 indicate a sharp decrease in static

light-scattering intensity at 55�C. This would be compatible

with a decrease in aggregate size corresponding to the

observed thermal effects revealed by IR (at 65�C) and

DSC (at 60�C). It is normal for this kind of thermal event

to be detected at slightly different temperatures depending

on the techniques used (19).

S1P in phospholipid bilayers

We first tested the effect of S1P on lipid bilayers by exam-

ining the behavior of S1P:DEPE mixtures using DSC. Pure

DEPE displays a narrow endotherm centered at 37.5�C, cor-

responding to its gel-to-fluid phase transition. The presence

of 5 mol % S1P (Fig. 7 A) produced a clear widening of

the endotherm and a decrease of the area under it, i.e., the

transition enthalpy. These effects became more evident

with increasing proportions of S1P, together with a shift of

the endotherm toward lower temperatures. At 10 mol %

S1P and above, small ‘‘shoulders’’ are seen in the thermo-

grams, which may suggest imperfect mixing of both lipids.

These shoulders did not disappear with further heating and

cooling of the samples, and they were too small to allow

(or even justify) the use of a signal decomposition procedure.

The midpoint transition temperatures, transition enthalpies,

and widths at midheight of the thermograms are plotted in

Fig. 8, A–C, as a function of S1P concentration in the bilayer.

Note, however, that the S1P effects were quantitatively

small; even at 50 mol %, the DEPE transition was clearly

visible. Essentially similar results were obtained when
mixtures of S1P and DPPC were examined by DSC (data

not shown).

DEPE has the interesting property of displaying both

a gel-fluid and a lamellar-hexagonal transition within

a convenient range of temperatures. The lamellar-hexagonal

phase transition occurs at ~65�C. The effects of S1P on this

thermotropic transition are shown in Fig. 7 B. Even relatively

small amounts of S1P (e.g., 5 mol %) drastically modify the

transition endotherm, shifting it to higher temperatures and

greatly decreasing the transition enthalpy. The endotherm

becomes hardly detectable at S1P concentrations beyond

10 mol %. The thermodynamic parameters corresponding

to the endotherms in Fig. 7 B are plotted versus S1P concen-

tration in Fig. 8, D–F.

A partial phase diagram for the S1P/DEPE system in excess

water (Fig. 9) was constructed on the basis of DSC thermo-

grams as shown in Fig. 7. S1P appears to mix well with

DEPE in the gel phase, as shown by the gradual decrease of

the onset temperature of gel melting. Moreover, S1P increases

the completion temperature of the lamellar-hexagonal

FIGURE 5 Band positions (maximal frequencies) of S1P vibrational

bands as a function of temperature. (A) P-O stretching. (B) C-H bending.

(�) Heating run. (B) Cooling run.
Biophysical Journal 97(5) 1398–1407
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transition in the region (up to 10 mol % S1P) where this tran-

sition is detectable by DSC. The presence of lamellar gel (Lb),

lamellar fluid (La), and inverted hexagonal (HII) phases in the

regions of the phase diagram indicated in Fig. 9 were

confirmed by 31P-NMR spectra as shown in Fig. 10. For

a sample containing 8 mol % S1P in DEPE, at 25�C, the

wide asymmetric signal with a low-field shoulder is character-

istic of the Lb phase. The gel-fluid transition is marked by

a clear narrowing of the spectral line, as seen at 50�C. Finally,

the spectrum at 80�C with a high-field shoulder is typical of

the inverted hexagonal phase (20). 31P-NMR spectra for

a sample containing 50 mol % S1P in DEPE (i.e., correspond-

ing to the right-hand part of the phase diagram in Fig. 9) are

also shown in Fig. 10. At 30�C the spectrum has a width inter-

mediate between those of the Lb and La phases, probably re-

flecting the coexistence of both. At 50�C the predominantly

lamellar spectrum shows a clear HII component. As seen in

the DSC thermogram (Fig. 7), S1P gradually blurs the coop-

erativity of the La,-HII transition, with the result that most of

the phase diagram is occupied by coexisting La and HII

phases. Then, at 80�C the 31P-NMR spectrum (Fig. 10) corre-

sponds to a pure HII phase. In most 31P-NMR spectra, some

narrow, isotropic components near 0 ppm are seen, probably

corresponding to monomeric S1P in solution (see Fig. 1). In
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FIGURE 7 Phase transitions of pure DEPE and DEPE:S1P mixtures as

detected by DSC. (A) Gel-fluid transitions. (B) Lamellar-hexagonal transi-

tions. Second heating scans. The figures at the right side of each thermogram

correspond to the S1P contents, in mole percentages.

Temperature (ºC)
20 30 40 50 60 70

Tu
rb

id
ity

 (A
40

0)
 (a

.u
.)

0.02

0.03

0.04

0.05

0.06

0.07

FIGURE 6 Static light scattering of a 1 mM S1P dispersion in buffer, as

a function of temperature.
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FIGURE 8 Thermodynamic parameters of the phase

transitions of pure DEPE and DEPE:S1P mixtures. Data

are derived from thermograms as shown in Fig. 6. (A–C)
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tions. (A and D) Midpoint transition temperatures. (B and
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summary, S1P appears to be a potent stabilizer of the lamellar

phase formed by DPPE, at the expense of the hexagonal

phase, and a fluidizer of the lamellar phase.

A further view of the effect of S1P on phospholipid bila-

yers can be obtained by IR spectroscopy, particularly when

a perdeuterated-chain phospholipid is used so that the CH2

and CD2 vibrations of the sphingolipid and the glycerophos-

pholipid can be separately observed. The results correspond-

ing to a S1P/d62-DPPC equimolar mixture are shown in

Fig. 11.

A plot corresponding to the symmetric stretching of the

CD2 bands of d62-DPPC is shown in Fig. 11 A for pure
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FIGURE 9 Temperature-composition diagram (‘‘phase diagram’’) for the

DEPE:S1P system in excess water. Experimental data were derived from

DSC data as shown in Fig. 7. Lb, lamellar gel phase. La, lamellar fluid, or

liquid crystalline phase. HII, inverted hexagonal phase. Regions of coexist-

ing domains are marked ‘‘coexistence’’.
d62-DPPC and for an equimolar mixture, S1P:d62-DPPC.

The only effect of S1P was to decrease the transition temper-

ature by ~6�C, in agreement with the DSC measurements.

Exactly the same result was deduced from measurements

of asymmetric CD2 vibrations (not shown).

The CO stretching vibration band of d62-DPPC is also

sensitive to the gel-fluid phase transition (21) (note that

S1P lacks any CO group). The position of the CO band of

the glycerophospholipid is plotted as a function of tempera-

ture in Fig. 11 B for both pure d62-DPPC and an equimolar

S1P:d62-DPPC mixture. S1P had a clear effect of shifting

the position of the CO vibration band by ~þ2 wavenumbers

at all temperatures. The shift is certainly an indication of

molecular interactions occurring between S1P and the phos-

pholipid at the bilayer-water interface level. Moreover, the

DPPC CO band also reflects the decrease in gel-fluid transi-

tion temperature caused by the presence of S1P in the bila-

yers. Deconvoluted contours of the C¼0 stretching band

above and below the gel-fluid transition temperature of

DPPC are shown in Fig. 12. The deconvoluted band exhibits

a broad and asymmetric shape. Two components that arise

from different hydration levels of the carbonyl group are

clearly visible, with the high-frequency component corre-

sponding to a subpopulation of free C¼0, and the low-

frequency one to an H-bonded subpopulation (21–23). The

presence of S1P increases the relative intensity of the low-

frequency (i.e., high wavenumber) component, suggesting

that the sphingolipid increases the level of hydration of the

phospholipid carbonyl group, thus shifting the C¼0 stretch-

ing band toward higher wavenumbers (Fig. 12).

Fig. 11 C shows the thermal behavior of the symmetric

CH2 vibration bands of S1P when it is incorporated into

a perdeuterated DPPC bilayer. At variance with the pure

S1P, the hydrocarbon chain of S1P in the mixture appears

to become slightly more disordered above 55�C. This prob-

ably corresponds to the region in the phase diagram where

the HII phase becomes predominant (Fig. 10, E and F).

La-HII transitions are known to cause disordering of lipid

chains (25).
25ºC
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80ºC

A

B

C

D

E

F

DEPE:SPP (92:8) DEPE:SPP (50:50) 

FIGURE 10 31P-NMR spectra of DEPE:S1P mixtures in

excess water, as a function of temperature. Temperatures

are indicated at the right-hand side for each spectrum.
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FIGURE 11 The gel-fluid transitions of pure d62-DPPC, pure S1P, and

d62-DPPC:S1P mixtures as detected by IR spectroscopy. The maximal

frequencies (band positions) of the corresponding bands are plotted as a func-

tion of temperature (data from the second heating scan). (A) C-D symmetric

stretching vibrations of d62-DPPC. (B) CO stretching vibrations of

d62-DPPC. (C) C-H symmetric stretching vibrations of S1P. (�) Pure

d62-DPPC. (B) d62-DPPC:S1P mixture at a 1:1 mol ratio. (:) Pure S1P.

Biophysical Journal 97(5) 1398–1407
DISCUSSION

Physical data

S1P is an amphiphile whose polar moiety is formed by a phos-

phate esterified to the C1 OH, by the C2 amino, and by the C3

hydroxy groups of sphingosine. The nonpolar part of S1P

corresponds to the 15-carbon chain of sphingosine. In this

sense, the molecule is somewhat similar to other ‘‘single-

chain’’ lipids whose behavior in membranes has been studied

in detail, such as lysophosphatidylcholine (26,27), palmitoyl-

carnitine (21,28), ‘‘platelet activating factor’’ (29), edelfosine

(30), and the sphingolipid N-acylsphingosine, or C2-ceramide

FIGURE 12 C¼0 stretching region of the deconvoluted d62 DPPC IR

spectrum. Dotted line: Pure d62-DPPC. Continuous line: d62-DPPC:S1P

mixture at a 1:1 mol ratio. (A) 25�C. (B) 50�C. Deconvolution parameters:

bandwidth ¼ 18, enhancement factor ¼ 2.
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(31). S1P shares with these ‘‘single-chain’’ lipids the property

of having a monomer-micelle transition in the micromolar

range (Fig. 1). Consequently, as with any other soluble amphi-

phile in the presence of membranes, S1P will exist in equilib-

rium between the aqueous and membranous compartments

because the concentration of S1P in the aqueous compartment

is close to its CMC (32).

The effects of S1P on the gel-fluid transition of DEPE or

DPPC are moderate from a quantitative point of view. The

data in Figs. 7–9 are compatible with a molecule that inserts

and orients itself in the bilayer in parallel with the glycero-

phospholipid acyl chains. There is an interaction with the

CO group of the host lipids (Fig. 11 B) that could reasonably

consist of an increased level of hydration of the said CO

group. The data in Fig. 4 and 11 C inform us that the S1P

alkyl chain appears to be quite highly ordered when in the

pure form, and it remains equally ordered when inserted in

the DPPC bilayer. Figs. 7 and 11 A show that S1P is fluidify-

ing the glycerophospholipid molecules, thus decreasing the

bilayer transition temperature. This is remarkable, since the

order-disorder transition temperature of pure aqueous S1P

is 65.0�C, i.e., higher than that of pure DEPE. This would,

in principle, lead to the mixture having a transition tempera-

ture higher than pure DEPE. The fact that the opposite is

found may be the result of specific DEPE-S1P interactions,

as revealed, e.g., by the data in Fig. 11 B.

The IR and DSC data concur in showing that the influence

of S1P on phospholipid bilayers is qualitatively and quanti-

tatively comparable to that of the structurally similar

palmitoylcarnitine (21,28). An ether analog of lysophospha-

tidylcholine behaved very much like S1P in the calorimetric

measurements (26), whereas egg lysophosphatidylcholine

departed from this pattern, first increasing and then

decreasing only at mole fractions above 0.3 the transition

temperature of DPPC (27). By comparing the effects of

S1P with those of other sphingolipids, it can be stated that

DEPE-S1P mixtures behave, from the point of view of the

gel-fluid transition, in an intermediate way between those

containing C2 and C6 ceramides (N-acetylsphingosine and

N-hexanoylsphingosine, respectively) (31).

S1P modifies in a more drastic way the lamellar-to-in-

verted hexagonal phase transition of DEPE. The main effect

of S1P is to counter this transition, stabilizing the lamellar

phase. This is particularly evident at <10 mol % S1P,

when the L-H calorimetric endotherm is still detectable

(Figs. 7 B and 9). The most likely explanation for this

behavior is the geometry of the S1P molecule, whose cross

section would be larger at the headgroup than at the nonpolar

end, thus making S1P a ‘‘conically shaped’’ amphiphile.

Such conical molecules tend to favor the ‘‘positive curva-

ture’’ of the monolayers (33), correspondingly opposing

the negative curvature adopted by the monolayers in the

inverted phases. Similar molecules (e.g., lysophosphatidyl-

choline) have equally been shown to hinder the formation

of inverted phases (34). Equally, palmitoylcarnitine behaved
in a very similar way to S1P when the lamellar-hexagonal

transition of DEPE was tested in the presence of that amphi-

phile by DSC (28) or IR (21), and the same is true of the

geometrically related N-acetylsphingosine (31). Conversely,

long-chain ceramides with an ‘‘inverted-cone’’ shape were

found to facilitate the lamellar-hexagonal transition of phos-

phatidylethanolamines (31,35). Also in contrast to S1P,

sphingosine has a small effect on the L-H transition of

DEPE, facilitating to some extent the inverted hexagonal

phase formation at mole ratios of 0–20 mol % (36,37).

Physiological implications

S1P is a lipid that is synthesized within the cell membrane.

As we discussed previously for ceramides (12), S1P action

may occur either by binding a specific site in a protein, or

by changing certain membrane properties. However, an

important difference between S1P and ceramide (31), sphin-

gosine (36), or ceramide-1-phosphate (38) is that S1P is

a soluble amphiphile with a well-defined CMC (Fig. 1),

whereas the other three are totally insoluble. This may be

significant because micromolar concentrations of S1P can

exist free in the cytosol, enabling it to interact with soluble

enzymes. S1P exerts many of its physiological effects at sub-

micromolar concentrations (1). Moreover, in the absence of

specific biochemical data, the results presented here provide

the physical basis for a putative S1P effect through changes

in the membrane physical properties, in particular the stabi-

lization of the lamellar structure versus negatively curved, in-

verted phases. An increasing number of membrane enzymes

have been found that are sensitive not so much to the actual

lipid phase (since, at equilibrium, membrane lipids always

exist in the lamellar phase), but to the propensity of the bilayer

to adopt a negatively curved, inverted phase (39–42). S1P

would, according to our data, decrease any propensity toward

inverted phase formation.

Various data from the literature can be interpreted in the

light of these observations. Li et al. (43) described the induc-

tion of endocytic vesicles by ceramide in fibroblasts, whereas

S1P was found to be inactive in this respect. Vesicle fission

and fusion can be induced by ceramide because of its ‘‘in-

verted conical’’ shape (i.e., a headgroup larger than the tail

cross section) (33) and consequent tendency to favor inverted

phases (44–46). S1P would be inactive inducing endocytosis

because of its ‘‘conical shape’’ and corresponding tendency to

stabilize lamellar versus inverted phases. S1P was found to

mimic, albeit with a smaller activity, several effects of the

isomorphic lysophosphatidic acid (47). Also noteworthy in

this aspect is the observed suppression of ceramide-mediated

apoptosis by S1P (2,5), an example of two sphingolipids with

contrasting shapes and opposite physiological effects. Thus

the biophysical data appear to reveal what we believe is

a novel aspect of what has been called the ‘‘sphingolipid rheo-

stat’’, or the physiological balance between ceramide and S1P

(5,48,49).
Biophysical Journal 97(5) 1398–1407



1406 Garcı́a-Pacios et al.
A final point concerns the paradox that although substan-

tial amounts of S1P are required to observe any physical

changes in membranes (cf. our data), only very small propor-

tions of this lipid appear to exist in cell membranes. As we

previously discussed regarding diacylglycerol (50), the solu-

tion to this problem probably lies in the localized formation

of lipid signals (e.g., diacylclycerol, ceramide, and S1P) at

a given time in a given membrane microdomain. In this

way, high local concentrations of second messengers can

be produced while very low average concentrations of those

messengers are maintained.
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27. Alonso, A., and F. M. Goñi. 1983. Effects of detergents and fusogenic

lipids on phospholipid phase transitions. J. Membr. Biol. 71:183–187.

28. Veiga, M. P., M. A. Requero, F. M. Goñi, and A. Alonso. 1996. Effect
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ides in phospholipid membranes: effects on bilayer stability and transi-
tion to nonlamellar phases. Biophys. J. 76:342–350.

36. Contreras, F. X., J. Sot, A. Alonso, and F. M. Goñi. 2006. Sphingosine
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37. López Garcı́a, F., J. Villalin, and J. C. Gómez-Fernández. 1994. A phase
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