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ABSTRACT Ceramide has recently been established as a central messenger in the signaling cascades controlling cell
behavior. Physicochemical studies have revealed a strong tendency of this lipid toward phase separation in mixtures with
phosphatidylcholines. The thermal phase behavior and structure of fully hydrated binary membranes composed of dimyris-
toylphosphatidylcholine (DMPC) and N-palmitoyl-ceramide (C16:0-ceramide, up to a mole fraction X_., = 0.35) were resolved
in further detail by high-sensitivity differential scanning calorimetry (DSC) and x-ray diffraction. Both methods reveal very
strong hysteresis in the thermal phase behavior of ceramide-containing membranes. A partial phase diagram was constructed
based on results from a combination of these two methods. DSC heating scans show that with increased X, the pretransition
temperature T, first increases, whereafter at X, > 0.06 it can no longer be resolved. The main transition enthalpy AH remains
practically unaltered while its width increases significantly, and the upper phase boundary temperature of the mixture shifts
to ~63°C at X_., = 0.30. Upon cooling, profound phase separation is evident, and for all of the studied compositions there
is an endotherm in the region close to the T, for DMPC. At X, = 0.03 a second endotherm is evident at higher temperatures,
starting at 32.1°C and reaching 54.6°C at X, = 0.30. X-ray small-angle reflection heating scans reveal a lamellar phase within
the temperature range of 15-60°C, regardless of composition. The pretransition is observed up to X.., < 0.18, together with
anincrease in T,. In the gel phase the lamellar repeat distance d increases from ~61 Aat Xzer = 0.03, to 67 Aat Xeor = 0.35.
In the fluid phase increasing X_,, from 0.06 to 0.35 augments d from 61 Ato64 A. An Lg/L,, (ripple/fluid) phase coexistence
region is observed at high temperatures (from 31 to 56.5°C) when X, > 0.03. With cooling from temperatures above 50°C
we observe a slow increase in d as the coexistence region is entered. A sudden solidification into a metastable, modulated
gel phase with high d values is observed for all compositions at ~24°C. The anomalous swelling for up to X_., = 0.30 in the

transition region is interpreted as an indication of bilayer softening and thermally reduced bending rigidity.

INTRODUCTION

The principal feature of cell membranes is the “fluid” lipid  Dimyristoylphosphatidylcholine (DMPC) (see Fig. 1 for
bilayer, which provides a barrier separating the cell interiorchemical structure) bilayers are widely used as model mem-
from the surroundings. There is abundant evidence for latbranes because of their well-characterized thermotropic be-
eral organization of cell membranes into domains withhavior. This lipid exhibits two phase transitions, a pretran-
distinct lipid and protein compositions (Kinnunen, 1991). sition at approxT, = 14°C and the main transition @, ~
Detailed molecular-level mechanisms determining the orgaz4°C (Silvius, 1982). Belowl,,, most of the acyl chains are
nization of cell membranes have been studied extensivelyn an alltrans configuration, and the bilayer is in the gel
Lipid domains and domain boundaries seem to be importanghase. AtT,, progressivetrans-gaucheisomerization re-

for the activation of membrane-associating proteins such asults in lateral area expansion and decrease of bilayer thick-
protein kinase C (Hinderliter et al., 1997), cytochrome ness. The exact nature of this transition still remains incom-
(Mustonen et al., 1987), and the activity of phospholipaseletely understood. It has been suggested to involve a
A, (Henger et al., 1996), for instance. The lifetimes as wellstrongly fluctuating dynamic superlattice as an intermediate
as the sizes of these domains vary and, as inferred fror(yut”a and Kinnunen, 1997), which could be somewhat
studies on model membranes, depend on the physical statggajogous to the liquid-ordered phase (Ipsen et al., 1990).
ar_1d phase behavior of the constituent lipids (Mouritsen a”q{/lixing DMPC with another lipid species can, in a similar
Kinnunen, 1996). way, provide lateral heterogeneity and modification of ther-
momechanic properties that can be suppressed or increased,
depending on the molecular structure of the lipid added. The
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HaC cH amphiphilicity of lipids, it is essential to note that lipid-
\ Kt involving steps in signaling processes reside in membranes.
Hae Likewise, generation of these components changes the
\L phase behavior and thus also the organization of the mem-
(o} branes accommodating them. The content of ceramide has
ol——P<:0 o been shown to reach up to 10 mol% of the total cellular

lipids, and there is evidence for the accumulation of cer-
amide in specialized areas of the plasma membrane (Han-

o Q o nun, 1996; Liu and Anderson, 1995).
\ o HN® H The amide group of ceramide is important for the con-
formation of the entire molecule, and a conical overall shape
o} .
\ has been proposed (Pascher, 1976). The phase behavior of a

fully hydratedN-hydroxy fatty acid ceramide from natural
sources (HFA-Cer) as well as the corresponding non-hy-
droxy fatty acid ceramide (NFA-Cer) has been resolved
(Han et al., 1995; Shah et al., 1995a,b). At 20°C HFA-Cer
adopts a well-ordered multilamellar bilayer gel phase with a
bilayer periodicity of 60.7 A, with a wide-angle reflection at
1/(4.2 A) that is typical for ordered chains. Increasing the
temperature above the main transition at 91°C causes a
transition into an inverted hexagonal ,(Hphase (Shah et
al., 1995h). At 20°C fully hydrated NFA-Cer shows a
well-ordered lamellar structure with a bilayer periodicity of
58.6 A, with four wide-angle reflections with spacings of
4.6, 4.2, 4.0, and 3.8 A. At 77°C the bilayer periodicity is
HsC reduced to 53.1 A, and wide-angle reflections at 1/4.6,
1/4.2, and 1/3.8 A' are observed. Raising the temperature
aboveT,, (~81°C) results in a single small-angle reflection

HsC HsC HsC . 1 . . -
positioned at 1/30.0 A, combined with a broad reflection
1,2-dimyristoyl- N-palmitoyl-sphingosine  centered at 1/4.6 A", thus indicating a molten chain phase.
phosphatidylcholine C16:0-ceramide These results show that the NFA-Cer system displays a
(DMPC) complex polymorphic phase behavior involving two gel

phases. The same authors studied the behavior of synthetic
FIGURE 1 Structures of DMPC anN-palmitoyl-sphingosine (C16:0- C16:0-ceramide with the same techniques. Fully hydrated
ceramide) used in this study. C16:0-ceramide displayed a broad exotherm-&0—-70°C

and an endothermic transition at 90.0°C (Shah et al., 1995a).

X-ray diffraction showed that the exothermic reaction was
to DMPC, their physical properties have received far lessaccompanied by decreased bilayer periodicity and increased
attention. Detailed understanding of the molecular levelayer as well as chain-packing order. The endothermic tran-
effects of ceramide (Fig. 1), for instance, on complex cel-sition was identified as the main transition involving a
lular membranes as well as on model biomembranes, redecrease in bilayer thickness, and a new diffuse reflection at
mains elusive. Yet these data on these systems would be6 A was observed, which is indicative of a melted chain
highly warranted, as ceramide has been identified as phase.
central second messenger in cellular signaling cascades for Natural ceramides broaden and eventually eliminate the
differentiation, death, and senescence (Hannun and Obeidpoperative gel/liquid-crystalline phase transition of the
1995; Ganez-Muroz, 1998). Ceramide is formed by the host DMPC bilayer (Holopainen et al., 1997). Incorporation
hydrolytic action of a specific enzyme, sphingomyelinase,of ceramide from natural sources into DPPC increases the
on sphingomyelin (Hannun, 1994). Activation of sphingo- activity of phospholipase A(Huang et al., 1997), which
myelinase has been suggested to result from agonist-irprobably can be related to changes in the physical state of
duced activation of several receptors for tumor necrosipure DPPC membranes undergoing phase transition
factor «, y-interferon, and interleukin-1 (Hannun and (Hgnger et al., 1996). Enzymatic formation of ceramide
Obeid, 1995; Liu and Anderson, 1995). The exact mechafrom sphingomyelin results in aggregation and partial fu-
nisms of action of ceramide in the extracellular signalsion of liposomes (Ruiz-Arggllo et al., 1996; Bas®z et
transduction from the plasma membrane into the cell, e.gal., 1997). We have shown natural ceramide to become
into its nucleus, are poorly understood. In keeping with theenriched into microdomains, in both gel state and fluid
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mixtures with DMPC (Holopainen et al., 1997). There is aat low pressure. The calorimeter (VP-DSC; MicroCal, Northampton, MA)
large difference in a major portion of the sphingomyelinwas interfaced to a PC, and data were analyzed using the routines of the

. _ B . - ftware provided with the instrument. All samples were scanned by
molecules in the sn-1 and sn-2 acyl chain Iengths, and it hah%oating from 5°C to 85°C and held at 85°C for 60 min with subsequent

been shown t.hat.th's distinction causes chain mismatch a oling back to 5°C, at a cooling rate of 0.5°C/min. Recent experimental
lateral organization of the membrane (Bar et al., 1997)esults have shown that the sample preparation method can have a pro-
More specifically, whereas DMPC andtpalmitoyl-sphin-  found influence on the mixing behavior of lipids (Buboltz and Feigenson,
gomyelin (C16:0-SM) mix nearly ideallyN-lignoceryl- 1999; Huang et al., 1999; Thompson et al., 1985). To investigate the

; ; . [P o - possibility that our results were due to the particular method used for
sphingomyelin (C24:0-SM) is immiscible with DMPC. ;o (oo, we hydrated the dried lipid film (M., — 0.21 and

While microdomain formation and demixing of natural cer- 0.30) at 90°C for 30 min, which was then followed by extensive (20 times)

amide with longN-acyl chains could result from hydropho- freeze-thawing (at 95°C). Subsequently, these samples were kept on ice for
bic mismatch (Lehtonen et al., 1996; Holopainen et al.,72 h before they were loaded into the DSC cuvettes. Results obtained with
1997), our recent studies have revealed that the chain |engfhese liposomes were essentially identical to those obtained when the

difference is not the underl ing mechanism (Holopainen ePath—type sonicator was used to facilitate lipid dispersion. In fact, the latter
y Is routinely employed in sample preparation for x-ray scattering studies

al., 1998). Accordingly, microdomain formation in fluid (rag, et al., 1995; Rappolt and Rapp, 1996a,b).
1-palmitoyl-2-oleoyl-phosphatidylcholine  (POPC) mem-

branes could also be observed using C16:0-ceramide, with

only minor hydrophobic mismatch. The observed microdo-X-ray diffraction

main formation _m POPC was SqueSted, to result fromThe samples for x-ray diffraction were prepared essentially as described for
hydrogen bonding betwe?n the ceramide headgroupssc experiments, with the exception that the concentration of lipid was 10
(Moore et al., 1997; Holopainen et al., 1998). In the presentviw % (~0.15 M). The time-resolved x-ray diffraction experiments were

study X-ray diffraction of DMPC/C16:0-ceramide multila- performed at beamline X13 of the EMBL outstation at DESY. In brief, the

mellar vesicles was utilized to resolve structural Changegeamline comprises a monochromator-mirror arrangement with a triangu-
lar silicon monochromator for horizontal focusing and 12 planar quartz

caused by the latter IIpId in these mixtures, while the en_mirrors aligned on an aluminum bench for vertical focusing (for a detailed

thalpies accompanying the transformation of the differentyescription, see Rapp, 1992). With this set-up the wavelength of the x-rays
thermotropic phases were measured by differential scanninig 1.5 A; higher harmonics are rejected by the mirrors. Sets of tungsten slits
calorimetry (DSC). were used to adjust the beam size at the samp@®% mm in height and
~2 mm in width) and to reduce parasitic scattering. One-dimensional
diffraction patterns were recorded simultaneously in the small- and wide-
angle regime, using two linear position-sensitive detectors connected in
MATERIALS AND METHODS series (Rapp et al., 1995) The camera length was set at 277 cm. Excess
Materials radiation was avoided with a small solenoid driven shutter close to the
sample. Additional information, like temperature, ring current, and x-ray
HEPES, EDTA, and DMPC were purchased from Sigma, and C16:0flux measured with an ionization chamber in front of the sample, was
ceramide was from Northern Lipids (Vancouver, British Columbia, Can-stored in the local memory. The temperature was controlled by a Peltier
ada). The purity of the above lipids was checked by thin-layer chromatogelement and monitored by a thermocouple positioned close to the sample.
raphy on silicic acid-coated plates (Merck, Darmstadt, Germany), usingApproximately 20ul of the lipid suspension was transferred into a capil-
chloroform/methanol/water (65:25:4, v/v) for DMPC and 1,2-dichloroeth- lary tube, which was then allowed to equilibrate at 10°C+d.5 h in the
ane/methanol/water (90:20:0.5, v/v) as a solvent system for C16:0-cersample holder (Rappolt and Rapp, 1996a). The sample was subsequently
amide. Examination of the plates after iodine staining revealed no impuheated at a scan rate of 1°C/min up to 70°C. During this temperature scan,
rities. Concentrations of the lipids were determined gravimetrically with adiffraction data were recorded for 10 s every minute. Cooling scans were
high-precision electrobalance (Cahn, Cerritos, CA). performed under the same conditions. The reciprocal spacs)gangl
scattering vectorsqj

Sample preparation s=1/d = (2/)sin 6

Appropriate amounts of the lipid stock solutions were mixed in chloroform q= 2ms= (47r/)\)sin 0

to obtain the desired compositions. The resulting mixtures were then

evaporated to dryness under a stream of nitrogen, and traces of solvewhered is the lattice spacing, @is the scattering angle, andis the
were subsequently removed by evacuation under reduced pressure for wavelength of radiation) were calibrated by the diffraction pattern of
least 12 h. When the dry residue was not used immediately it was stored a&t-tail collagen with a long spacing of 640 A.

—20°C.

RESULTS

Representative DSC up- and downscans for DMPC/C16:0-
Differential heat capacity scans were recorded at a lipid concentration ogeramide multilamellar vesicles (MLVs) are illustrated in
0.7 mM and at a heating rate of 0.5°C/min. The samples were hydrated eltig. 2. Neat DMPC shows two transitions, a pretransition at

80°C in 5 mM HEPES and 0.1 mM EDTA (pH 7.4) and thereafter o . . o .
sonicated for 2 min in a bath-type ultrasonicator (Ultrasonik 104H NEY, 14.4°C and a main transition at 23.7°C, in accordance with

Yucaipa, CA). Before they were loaded into precooled DSC cuvettes, thublished data (Silvius, 1982). Increasinge, to 0.03
samples were equilibrated on ice fer24 h and were thereafter degassed causesT, to shift first to 16.4°C and then to 15.3°&(, =

Differential scanning calorimetry
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8 0.24 FIGURE 3 A high-resolution differential scanning calorimetry (DSC)
© i A heating scan for DMPC/C16:0-ceramide MLVs (molar ratio 91:9, respec-
e N 0.21 tively) showing the four distinct endotherm peaks.
» e\
8 B ,\ 0.18
5 Y . A 0.15 . )
A 0142 56.5°C a_t?(cerz 0.30. In cooling scans for neat DMPC, the
2 —\- pretransition decreases by4.6°C compared to upscans and
i I - 0.09 cannot be resolved from the DSC traces for MLVs contain-
ing ceramide. For neat DMPC, the main transition endo-
therm peak at 23.3°C (Fig. B) remains at 23.1-23.7°C
when X, is increased from 0.03 to 0.30. In contrast, with
increasingX.., the other clearly visible endotherm shifts
from 32.1 to 54.6°C in a rather monotonic way (FigB%
In addition, whenX_,, is varied from 0.24 to 0.30 a third

220 % 4 50 60 70 endotherm can be resolved at a temperature around 47.5—

Temperature/ °C 49.3°C.
The intense aggregation observed for the samples with

FIGURE 2 @) High-sensitivity differential scanning calorimetry (DSC) Xcer > 0.3 was problematic in the x-ray experiments, and
heating scans for multilamellar DMPC/C16:0-ceramide vesicles (MLVs).only weak signals could be observed. Accordingly, we will
The mole fraction of ceramideX.., is indicated in the figure. The total  focus on data collected &.., = 0.35. Fig. 5 displays a
lipid concentration was 0.7 mM in 5 mM HEPES, Q.l mM EDTA (pH 7.4). selection of small-angle (SAXS, Fig. Haces a—§ and
(B) Data for the same MLVs recorded upon cooling. The arrow indicates . . . .
the fourth endotherm (see also Fig. 3). wide-angle (WAXS, Fig. 5traces f-) x-ray diffraction

patterns aX_., = 0.06, 0.12, 0.18, 0.24, and 0.30, recorded

during heating. Every fifth pattern recorded is depicted (i.e.,
0.06) (not observable in Fig. 2), whereafter at increasingAT = 5° between subsequent patterns), starting at 15°C and
content of ceramide this transition could no longer be re-ending at 60°C (50°C folX,, = 0.12). In all cases the
solved. The main transition is broadened by ceramide, an8AXS patterns are consistent with lamellar phases. Because
already aiX ., = 0.06 (not observable in the plot) four peaks of the limited g-region probed, only the first two orders of
are observed (see Fig. 3 for a higher magnificatioX Qf = diffraction were observed. In some cases the peaks are very
0.09, showing the four endotherm peaks). While the endobroad, and split into two, typical for the coexistence of two
therm at~23.7°C remains at about the same temperaturdamellar phases. In the WAXS pattern a single peak is
new endotherms appear a28.2—28.5 X, = 0.03-0.18) observed at the lower temperatures. This peak stems from
and 30.8—-31.7°CX_,, = 0.06 to 0.27). The fourth endo- the ordering of the lipid chains and is observed whenever an
therm (Fig. 4A; marked with anarrow in Fig. 2 A) is Lg or P phase is present. The upper phase boundary of a
progressively shifted to higher temperatures, reachingel-fluid coexistence region can thus be directly determined

Biophysical Journal 78(5) 2459-2469
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60 At X.er > 0.18 the peaks typical for 2 are no longer
A /o) visible (Fig. 5). Instead, there is a very broad gel-fluid
55 |- o ; : ; P )
o~ coexistence region, and increased splitting of the second
so L /0/ order peaks is observed. The patterns recorded_ at=
/O/O 0.15 and 0.21 display the same featuresXAt = 0.24 (and
s | O Xeer = 0.27) a similar behavior is observed, yet both the
/o SAXS and WAXS patterns display much sharper reflections
40F o) than seen at lower ceramide contents. This indicates a larger
T/°C sl / correlation length in the gel phase domains of the lipids.
o IncreasingX.., = 0.30 causes the splitting of the peaks to
a0 L 00090 disappear in the coexistence region, and in contrast to ob-
O—o—0—f— :E [ - servations at lower contents of ceramide, the peaks are

XF g1 relatively sharp. The second-order peak displays a mini-
mum in theq value, at 35°C, corresponding to a maximum
in repeat distance (Fig. &).
5k A/A\A A detailed anglysis of the posit'ion of thg peaks in the
TP SR TP EUUNU S S — SAXS pattern yields the repeat distangeThis has been
done by fitting the first-order peaks to Lorentzian functions,
O i.e., () = I, + a/[1+(q — 9,)?¢% andd = 27/q,, where
{is the correlation lengthy is the prefactor, ant, denotes
° the incoherent background arising from the sample. The
o~ resulting Bragg peak is denoted kyy. To a first approxi-
40| S mation, we have neglected the fact that “double peaks” are
a5t /O observed in the coexistence region %y, = 0.12-0.27
T°C o (see below). The resulting repeat distances as a function of
30 - T andX,., determined from heating scans, are shown in Fig.
6. Starting aiX., = 0.03,d increases from around 61 A in
——E—E—E—N—E-E—n—uN the Ly phase to around 68 A in the;Pphase (around
20 - 19-24°C). This is followed by a very narrowgPand L,
5L phase coexistence region (around 24-27°C), wheredfter
decreases monotonically t662 A, as the |, phase is
0 A entered. Except for the narrow coexistence region, this
P S S T T TR behavior is similar to that observed for pure DMPC. A
000 005 010 015 020 025 030 similar behavior can be observed ¥, = 0.06, 0.09, and
Xcer 0.12. Yet, asX,, increases], also increases. Concomi-
tantly, the region with pure f phase becomes narrow,
FIGURE 4 Endotherm peak temperatures resolved during heating ( Whereas the coexistence region broadens. Even though a
and cooling B) scans for DMPC/C16:0-ceramide MLVs as a function of pretransition cannot be observed in the DSC experiments, a
ceramide contentcer P phase can still be detectedXat,, = 0.15 and 0.18 in the
x-ray data. However, as can be seen in Fig. 6, the amplitude
from the WAXS pattern. The patterns observed at the lowesdf the modulation is decreasing, leading to smaller values of
temperature used are consistent with the gel phase, d. A second maximum in the repeat distance starts to grow
whereas the patterns observed at the higher temperaturesthin the coexistence region, already>at,, = 0.12. This
reveal a fluid L, phase. is likely to be a purely kinetic effect due to the growth of
From the DSC scans, we know that the phase should fluid domains in the gel matrix. The maximum ¢hcan be
be present up &%, = 0.06. In Fig. 5a andb, the patterns attributed to an entropic repulsion due to a softening of the
taken forX.., = 0.06 and 0.12 at 20 and 25°C are in keepingbilayer. We shall return to this point later. At high values of
with the presence of agPphase (i.e., asymmetrical peaks X, the characteristic bend in tlespacing curves marks
due to the ripples). However, it is difficult to distinguish the termination of the two-phase region.
between regions where either a purg Fpple phase or p Fig. 7 displaysd spacings determined during cooling
coexisting with the k. and L, phases is present. Phase scans foX.., = 0.06, 0.15, 0.21, 0.24, 0.27, and 0.32. These
coexistence is observed at higher temperatures, and.for data are clearly different from those determined from heat-
= 0.12-0.27, splitting of the second-order peaks into twoing scans depicted in Fig. 6 above. The main reason for this
can be observed, indicating that there must be rather large that the kinetics of formation of the gel phases is very
coexisting domains of the two phases. slow. Starting at high temperatures, we observe a slow

20 |-

55 B
50 |-

45 |-

25 |
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X_,=0.06 (a) X,=0.06 (f)
A A= 60°C W
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W

15°C W

X,=0.12 ()

o W

-"g 15 oC ]
3 X=0.18 (h)
FIGURE 5 X-ray diffraction pattern for DMPC, g 0 W
incorporating varying contents of C16:0-ceramide, 35 60 C W
Xcer (8-6) SAXS; (—j) WAXS. The mole fraction 8 W
of ceramide, X, is indicated in the figure. The < . W
patterns were recorded during heating. The temper- —~ Q 15°C A S —
ature difference between consecutive patterns is 5°. _S X.=0.24 (i)
60 °C
15°C i . |
1 ! 1 T
X,,=0.30 )
60 °C
n ] ! 15 °C ? 1 . 1 . 1
0 0.1 0.2 12 14 16 1.8
-1 -1
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increase ird spacing when the temperature is lowered intoturally closely related sphingomyelin, having the phospho-
the coexistence region. In part of the coexistence region it isholine group esterified to ceramide, is miscible in PC
possible to observe a splitting of the second-order peak. Anembranes as long as there is no hydrophobic mismatch
sudden solidification into a metastable, probably modulatednd theT,,’s do not differ too much (Calhoun and Shipley,
gel phase with a large repeat distance is in all cases ol#979; McElhaney, 1982; McKeone et al., 1986; Bar et al.,
served afl = 24°C, corresponding td,,, for pure DMPC.  1997). The first three carbons (C1-C3) of sphingosine back-
This complex kinetic effect is well documented and hasbone of sphingomyelin are structurally equivalent to the
previously been described for pure DPPC (Rappolt andhree glycerol carbons of glycerophospholipids such as PC,
Rapp, 1996b). In brief, during cooling from,land entering  while C4 is more or less equivalent to the sn-1 esterbond
the metastable f? phase, the water contentis30% higher  oxygen of PC. In keeping with the above, C16:0-ceramide,
compared to the stablegPphase and is thus even higher having a saturated C16 hydrocarbon chain and a C16:0
than in the liquid crystalline phase for DPPC. The nonequi-esterified at the NK group, is sterically very close to
librium behavior of the system during downscans is consisDMPC, which has saturated C14:0 chains, and should there-
tent with the DSC data. Here, essentially only two peaks ar¢ore match a DMPC bilayer with regard to its hydrophobic
observed, one at high temperature, denoting the upper phakength.

boundary, and one at aroufid= 24°C, denoting the sudden A phase diagram constructed from the x-ray and DSC
solidification process. data recorded during upscans is displayed in Fig. 8. As not
all phase boundaries could be determined accurately from
the present results, some approximation was necessary. Yet
DISCUSSION it should be emphasized that the phase behavior of the
In the present paper we address properties of phospholipid@MPC/C16:0-ceramide mixture is very complex, as clearly
ceramide mixtures by using DMPC and the well-definedseen in Fig. 3. Accordingly, the phase diagram shown
synthetic C16:0-ceramide. It has been shown that the strucepresents the simplest one consistent with our data. In DSC
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FIGURE 6 Lamellar repeat distanddor DMPC with varying contents, FIGURE 7 Lamellar repeat distancefor DMPC containing increasing
Xeen Of C16:0-ceramideX.., = 0.03-0.35, indicated in the figure), as amounts of C16:0-ceramid&,,, (indicated in the figure), as determined
determined from single Lorentzian fits to SAXS patterns recorded duringfrom single Lorentzian fits to SAXS patterns recorded during cooling
heating scans. See text for details. For the sake of clarity, each data setans. For the sake of clarity, each data set above thai.fp= 0.06 has
above that forX,,, = 0.03 has been displaced by 2.0 A relative to that been displaced by 2.0 A relative to that below.

below.

o ) ) observed up tX.., = 0.18, there must be a point between
scans aK.,, = 0.03 a significantly broader peak is evident, Xcer = 0.18 andXg, = 0.21, where the lower LJ/L

with two additional smaller peaks and an additional pretra”'cogxistence line starts to ascend from 31°C. At higher
sition peak, indicating a narrow phase coexistence regioggramide contents, we probably have g thase in coex-
between the P phase and the | phase. A,is increased

to 0.06 a clear second peak is observed, and at still higher
ceramide contents four peaks are observed in the DSC gq
scans. The upper peak is quite distinct and is relatively
constant at a temperature arouhd 31°C. This is consis- S5 -
tent with the point from x-ray scattering, where there is a g,
bend in thed spacing curves foX,., = 0.09, 0.12, 0.15, and

0.18 above the peak, arising from thg Phase, and with 45 -
the point where thel spacing starts to increase rapidly for
the membranes with higher contents of ceramide. Thus wi
have a horizontal line af = 31°C andX_., =~ 0.06, which
determines the beginning of anglL , phase coexistence §&
region. The existence of such a line is in keeping with the"™
distinct peak observed in the DSC scans, revealing the 25 |
melting process to involve a large enthalpy change. The
upper phase boundary of theIL , phase coexistence re-
gion (and the R/L , phase coexistence region upXg, ~ 15
0.06) can be determined independently and quite accurately 1 L L 1 L
from the DSC scans and from the WAXS pattern, as de-
scribed above. The values determined from the data ob- X

tained by these two methods are in good agreement. Below cer

the horizontal line in the phase diagram, thermodynamic$,;,re s phase diagram for DMPC with C16:0-ceramide k.o —
dictates that there must be a coexistence between two ggho. see text for details. The lines connecting measured data points
phases (not shown in Fig. 8). Because thefdhase is only  represent guides to the eye.

peraflire/°C

i
000 005 010 015 020 025 030
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istence with another ceramide-richs lphase. In regions increases monotonically up to 67 A. B A increment is
where phase transformations between different gel phasés keeping with the increase one would expect if the acyl
take place (i.e., . — Pg), one would rather observe a chains were no longer tilted. Accordingly, upon the addition
broad signal than distinct peaks in the DSC scans. It iof C16:0-ceramide the J. phase would gradually be trans-
therefore not possible to determine the position of the phastermed into an untilted | phase. This effect is easily
boundaries precisely. Becausg for pure C16:0-ceramide explained as follows. First, the tilt in thegLphase for pure

is around 80-90°C (Shah et al., 1995a), a possible scenarMPC results from the excess area of the headgroups
for the remaining part of the phase diagram could be that theelative to the acyl chains. Because C16:0-ceramide is char-
horizontal phase boundary dt = 31°C starts to bend acterized by a small headgroup area, relative to the acyl
upward for higher ceramide contents, so that thg/ll,  chains (in contrast to DMPC), the tilting of DMPC becomes
phase coexistence envelope will close u@at 80—90°C  unnecessary when sufficient amounts of C16:0-ceramide
for pure ceramide and give rise to a purgithase at lower are included. Second, the acyl chains of the C16:0-ceramide
temperatures. Interestingly, a dipalmitoylphosphatidylcho-molecules contain two carbon atoms more than DMPC,
line (DPPC)/dipalmitoylphosphatidylethanolamine (DPPE)resulting in a small increase in the bilayer thickness. In the
phase diagram (Blume et al., 1982) resembles the onk, phase we also observe an increase indispacing from
described in this paper, in keeping with the small, weakly61 A at X.,, = 0.06 to 64 A atX., = 0.35, which is
hydrated headgroup and a comparatively large hydrocarbocompatible with the length difference between DMPC and
chain volume of PE. C16:0-ceramide.

Unfortunately, a quantitative description of the different  The kinetic effects observed in the L , phase coexist-
phases observed is somewhat limited, as only two diffracence region are of interest and are readily evident upon
tion orders can be observed in the x-ray data, thus limitingexamination of the data collected At., = 0.24, for in-
the information to the values fatrspacings versu¥... The  stance. Thed spacings determined during both up- and
repeat distanced measured during upscans fér= 12°C, downscans are shown in Fig. 10. In both cases, there are
representing a pured-phase, and fof = 60°C, represent- regions where the second-order peaks can be dissolved into
ing a pure L, phase (with the exception &, = 0.35, just  two distinct peaks, as described above. In these cases we
below the phase boundary) are compiled in Fig. 9XAt = have displayed the two coexistirdyspacings,d, and d,,

0.03 thed spacing is 61 A in the k- phase, which corre- determined from double Lorentzian fits to the second-order
sponds reasonably well to the value observed for purg@eaks. In the coexistence region there is a significant dif-
DMPC. With increasing ceramide contents, thepacing

69
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FIGURE 9 Lamellar repeat distancefor DMPC at varying ceramide FIGURE 10 Lamellar repeat distanddéor DMPC atX.., = 0.24 ), as
content, X, as determined from single Lorentzian fits to SAXS patterns determined from Lorentzian fits. Where two distinct peaks could be re-
recorded during heating scans displayed at fixed temperatufies-d2°C solved, a double Lorentzian fit to the second-order peak was performed,
(O), corresponding to the .. phase, and = 60°C (), corresponding to  resulting in two repeat distanced,; (LJ) andd, (A). Open and closed

the L, phase. symbols denote data for heating and cooling scans, respectively.
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ference between tha spacings determined during upscansspecies are observed (Thomas et al., 1999). In line with the
and downscans. During the downscans, when the phas#ove, understanding of the phase behavior of these systems
coexistence region is entered from above, thepacing is highly warranted. Our previous studies (Holopainen et al.,
increases monotonically. From = 46°C down to 28°C, 1997, 1998, 2000) and the constructed phase diagram (Fig.
distinct Lg. and L, domains can be resolved. The values for8) reveal that even low contents of ceramide segregate into
d, around 65 A correspond rather well to thespacings gel-state microdomains in both gel and fluid membranes
observed for a pure L. phase (cf. Fig. 10) aX,., = 0.24, and at physiological temperature. In cellular membranes
whereas the values df seem to be in reasonable agreementceramide is formed from sphingomyelin that is miscible and
with the plateau of thed spacings in the | phase. In  fluid at physiological temperatures in PC membranes. Ac-
contrast, we observe thatstarts to increase dramatically cordingly, the formation of gel-like domains by ceramide
when the phase coexistence region is entered at31°C  should have a major impact on the overall physical state and
during the upscan, the maximum value tbbeing reached  grganization of cellular membranes. We have recently dem-
atT = 35°C. After that a rapid decrease is observed, and iynstrated the formation of ceramide-enriched microdomains
the range from 43 up to 53°C distinct,land L. domains i flyid liposomes composed of sphingomyelin and phos-
can be observed. The peakdran be explained as akinetic phatidylcholine following the action of sphingomyelinase
effect resulting from the growth of the Lphase inthe - (Holopainen et al., 1998). With the use of giant liposomes
n_1atr|.x. T_he scan rate, 1°/min, is rather.fast compargd tp theénis segregation of the ceramide formed by sphingomyeli-
kinetics involved in the phase separation process in binaryase could be visualized by fluorescence microscopy (Ho-
lipid mixtures in the coexistence region (Jgrgensen gt a'-lopainen et al., 2000). Moreover, these domains with en-
1996). We can thus expect that as the phase coexisten¢@neq ceramide separate from the membrane as smaller
region is reached at = 31°C, only small isolated patches \qgicles in a vectorial manner, i.e., into the space opposite
of fluid dom:_:uns will form in the gel matrix. After ? while, the site of action of sphingomyelinase. Accordingly, gener-
these domains start to cc_)nnect, and aroting 35°C W€  ation of ceramide can influence both two- as well as three-
probably have a percolating structure of gel and fluid do'dimensional organization of membranes, resulting in altered

mains (e.g., Weis and McConnell, 1985; Weis, 1991). Th'Smicrocompartmentalization in cells. There is evidence for

will give rise to heterogeneity and strong. composﬂmnalthe localization of a range of plasma membrane receptors
fluctuations on a very small length scale (microheterogene-

. : : with specific domains called caveolae (Smart et al., 1999).
ity). When these fluctuations couple with the out-of-plane . :

: : . : U “These specialized regions of the plasma membrane have
motions of the bilayers, a lowering of the bending rigidity

L . 7 been reported to contain ceramide (Liu and Anderson,
can result, which in turn can lead to an increase in the . . . .

. . . . 1995). The massive formation of ceramide observed in
repulsive undulation forces between the bilayers, thus m;i ontosis could thus serve several functions. as follows
creasing thed spacing (Helfrich, 1978). When the maxi- pop ’ '

mum value ofd has been reached, the domains grow in size!:'rSt’ it would make the plasma membrane mechanically

and d decreases again. Thus the peak observed indthe :e5|stant %ndllesi.permr:a ableth.smlylgdr t.o ttT]e fur;]cttlton ass%ned
spacing would be similar in origin to the anomalous swell- 0 ceramide in skin, where this Iipid 1S thougnt to provide

ing effect observed for pure DMPC bilayers in the regionthe key element in the permeqbili-ty barrier (Elias aqd Me-
close toT,, (Hanger et al., 1994) non, 1991). Second, ceramide-induced segregation and
m o )

Based on several lines of research, ceramide has beé:rqmpartmentaliz_ation of signaling m_olecules WOUk_j mak_e
classified as a lipid second messenger in cellular signalin§€!lS unresponsive to extracellular signals. Accordingly, it
cascades for apoptosis, endocytosis, cell differentiationn@y Well be necessary to revise the paradigm of lipid
growth, and cell senescence (Hannun, 1996:m&z- second messengers, mediating their downstream effects by

Mufioz, 1998). Perhaps the best characterized example Hpteractions as monomers with specific receptor and effector

bioactive lipids is platelet-activating factor (PAF). Accord- Proteins.

ingly, concentrations of PAF as low as 1§ M are suffi-

cient to elicit its biological responses (e.g., Voet and Voet,

1995), and a specific plasma membrane receptor belonginghe authors thank Associate Prof. J. H. Ipsen and Dr. T. H. Callisen
to the family with seven transmembrane helices and couple@echnical University of Denmark), Dr. S. Funari (EMBL, Hamburg), and
to G-proteins has been described (e.g., Chao and OlsoRrof. H. L. Brockman (Hormel Institute, University of Minnesota) for
1993; Izumi and Shimizu, 1995). In contrast, stimulation of Many helpful discussions.

cells by heat or radiation, for instance, to induce apoptosighis study was supported by the Finnish State Medical Research Council,
has been reported to produce ceramide up to 10 mol% of thgiocentrum Helsinki, the Danish National Science and Technical Science

L : esearch Councils, the Hasselblad Foundation, and EMBO. JMH is sup-
total phOSphOleId, correspondmg to tens of nanomoles oFeorted by the Finnish Medical foundation and the M.D./Ph.D. program of

ceramide (Hannur_" 1996). Interestingly, d_urmg apoptosis IFhe University of Helsinki, and FR is supported by the Bundesministerium
seems that the signal to cell death derives from C16:0fiir Bildung und Forschung through grant 03-SA4TU2-5. OGM is an

ceramide and that only minor elevations in other ceramidessociate of the Canadian Institute for Advanced Research.
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