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Abstract In mixtures with dipalmitoylphosphatidylcholine,
ceramide induces broadening of the calorimetric main
phase transition that could be deconvoluted into at least
three components: the first represents isothermal melting
of a phosphatidylcholine-enriched phase; the second and
third represent phases with increasing proportions of cera-
mide melting at progressively higher temperatures. The par-
tial phase diagram (up to 40 mole % ceramide) indicates
complete or partial gel-phase immiscibility, and complete
gel- and liquid-phase miscibility depending on the ceramide
content. Cluster distribution function analysis of each indi-
vidual transition reveals decreased cooperativity and do-
main size with increased amounts of ceramide. Compared
to individual lipids, mixed monolayers with dipalmitoyl-
phosphatidylcholine show unchanged mean molecular areas
or slight expansions at 24

 

8

 

C with dipole potentials exhibit-
ing hyperpolarization; by contrast, already at 27

 

8

 

C the mean
molecular areas become condensed and dipole potentials
show little changes or are slightly depolarized. This suggests
that favorable ceramide–phosphatidylcholine dipolar match-
ing in the liquid state can be one of the local determinants
for close molecular interactions while unfavorable match-
ing may explain lateral domain segregation of ceramide-
enriched gel phases. The changes are detected at relatively
low proportions of Cer (1–12 mole %) which are compara-
ble to variations of Cer levels in membranes of cultured
cells undergoing functional responses mediated by the
sphingomyelin signaling pathway.
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Biological membranes contain a rich variety of lipids
and, besides the relatively stable pools of major and minor
lipid classes, other components are formed in transient
amounts during various cellular processes (1–4). Several
of these transient lipids such as diacylglycerols, fatty acids,
and lysoderivatives accomplish major roles as second mes-
sengers in different membrane-associated transduction
pathways that are mediated by phospholipases acting on
specific glycerophospholipids. These lipid messengers can

cause major alterations of the membrane structure and
dynamics (5–8) and their catalytic formation is selectively
regulated by the membrane organization and composi-
tion (9–11).

On the other hand, the degradation of sphingomyelin
constitutes another important membrane transduction
pathway involving a production of ceramide (Cer) that
can be triggered by several stimuli in a variety of cellular
effects (3, 4). Cer is also the initial and final step for the
biosynthesis and degradation of complex glycosphingoli-
pids that are present in relatively small amounts in mem-
branes (12). These lipids are important biomodulators of
membrane function (13) and induce dramatic and ampli-
fied perturbations of the bilayer properties in terms of
lipid–lipid and lipid–protein interactions (14), phase
state (15), surface electrostatics (14, 16), non-bilayer phases
and topology (17, 18), membrane–membrane interac-
tions (19), and interfacial modulation of various phospho-
hydrolytic enzymes (20, 21). Thus, Cer is a central struc-
tural and functional component in the metabolic pathway
of several classes of sphingolipids. Due to this pivotal met-
abolic position, Cer can be an efficient effector and signal
amplifier molecule responding to a variety of membrane-
mediated cellular functions that are initiated or regulated
through the participation of many different sphingolipids

In addition, it has been recently shown that both sphin-
gomyelin and glycerophospholipid degradation pathways
mediated by sphingomyelinase and phospholipase A

 

2

 

,
which are key elements of lipid-mediated signaling, can be
mutually modulated at the interfacial level by the pres-
ence of substrates and products formed by both catalytic
reactions (22). The activity of both phosphohydrolytic
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pathways, as selectively regulated by their non-common
intermediates, can lead to amplification or damping of
the transduction reactions at the membrane interface de-
pending on the lateral surface pressure and composition
(23).

In spite of the emergence of Cer as a key component for
the cross-modulation of glycero- and sphingo-phospholipid
degradative pathways (3, 4, 22, 23), scarce information is
as yet available on its effects on the molecular organiza-
tion of well-defined model membrane systems which
should, in the end, be at the basis of its functional role.
The variety of components present in cellular membranes
and the complex structural dynamics of cellular systems
preclude detailed investigations of the possible changes
induced by Cer because, at the molecular level, the studies
require precisely controlled conditions. A few reports in
recent years have shown that Cer perturbs the structure of
phosphatidylcholine bilayers in different ways depending
on the relative proportions of both lipids and on the type
of fatty acid amide-linked to the sphingosine moiety (24).
Also, the enzymatic degradation of sphingomyelin and
phosphatidylcholine to Cer and diacylglycerol by the com-
bined action of sphingomyelinase and phospholipase C
induces structural changes of lipid bilayers leading to
membrane fusion (7) and it has been demonstrated that
Cer facilitates formation of non-bilayer phases although
less effectively than diglyceride (25).

Concentration of Cer in defined membrane domains
can be of importance for biological response amplifica-
tion or induction of signaling cascades and for modifying
membrane structure and metabolism. In the present work
we studied in detail the molecular determinants of the ef-
fects induced by Cer on the organization of dipalmitoyl-
phosphatidylcholine (dpPC) at the thermodynamic, dipo-
lar, and molecular packing levels using high sensitivity
differential scanning calorimetry, cluster distribution func-
tion analysis, and lipid monolayers.

MATERIALS AND METHODS

 

Materials

 

Bovine brain ceramide (type III) from Sigma-Aldrich Inc. (St.
Louis, MO), contains primarily stearic (18:0) (31.6% w/w) and
nervonic (15-tetracosenoic) (48% w/w) fatty acids and was over
99% pure according to HPTLC developed in Cl

 

3

 

CH:MetOH:
H

 

2

 

O (26).
Dipalmitoylphosphatidylcholine was from Avanti Polar Lipids

(Alabaster, AL). Water was double distilled in an all glass appara-
tus. Solvents were of the highest purity available from Merck
(Darmstadt, Germany).

 

Calorimetry

 

Lipids were premixed in the desired proportions from solu-
tions prepared in chloroform–methanol 2:1. The mixture was
taken to dryness as a thin film in a conical-bottom tube under a
stream of N

 

2

 

 and submitted to vacuum for at least 4 h. The dry
lipid was hydrated (at a final concentration between 2.5–3.5 m

 

m

 

)
with double-distilled water by freeze–thaw cycling at least five
times between 

 

2

 

70

 

8

 

C and 90

 

8

 

C; multilamellar dispersions were
formed by vigorous vortexing above 70

 

8

 

C. The dispersion of vesi-

cles was introduced, after degassing under reduced pressure,
into the sample cell of a MC2D-Microcal high sensitivity differen-
tial scanning calorimeter (Microcal Inc., Amherst, MA) with the
reference cell filled with double-distilled water. The proportions
of Cer with respect to dpPC varied between 0–40 mole % and
the total amount of dpPC was kept between 1.8 and 2.3 mg/ml
in the calorimeter cell while the amount of total lipid varied ac-
cordingly. Samples were scanned at 45

 

8

 

C/h and triplicate runs
were performed with different vesicle loads; the scans were fully
reproducible after cooling to 15

 

8

 

C and immediate reheating.
The transitions were normalized, averaged, analyzed, and decon-
voluted with the software provided with the instrument and with
the PeakFit program from Jandel Scientific (San Rafael, CA). For
DSC thermograms showing complex excess heat capacity
profiles, suggesting more than one underlying transition, the
curves were resolved mathematically into the number of neces-
sary peaks, assuming independent transitions, so that the sum of
these constituents gave the best fit to the original data. After this,
cluster distribution functions were calculated following the
method of Freire and Biltonen (27) for each of the previously
resolved peaks.

 

Lipid monolayers

 

Monolayers were spread from premixed solutions of the lipids
in chloroform–methanol 2:1. Details of the equipment used
were given in previous publications (21, 22). Surface pressure
isotherms and surface potential isotherms versus molecular area
were obtained at the indicated temperature by spreading less
than 15 

 

m

 

l of lipid solution on the surface of double-distilled
water contained in one of the compartments (90 cm

 

2

 

) of a spe-
cially designed circular Teflon-coated trough of a Monofilmme-
ter (Mayer Feintechnik, Germany) with a platinized-Pt sensing
plate connected to a surface pressure transducer; surface poten-
tial was measured by a high impedance millivoltmeter (Corning
ionalyzer 250) connected to a surface ionizing electrode formed
by an 

 

241

 

Am plate positioned 5 mm above the monolayer surface,
and to a reference calomel electrode connected to the aqueous
subphase through a saline bridge. Temperature was maintained
within 

 

6

 

0.3

 

8

 

C with a refrigerated Haake F3C thermocirculator.
At least duplicate monolayer isotherms were obtained and aver-
aged at a compression rate of 0.45–0.60 nm

 

2

 

?

 

molecule

 

2

 

1

 

?

 

min

 

2

 

1

 

;
reducing the compression speed further produced no change in
the isotherms. Reproducibility was within maximum SEM of 

 

6

 

1
mN/m for surface pressure, 

 

6

 

20 mV for surface potential, and

 

6

 

0.02 nm

 

2

 

 for molecular areas. Absence of surface-active impuri-
ties in the subphase and in the spreading solvents was routinely
controlled as described (21). The excess free energy of mixing
was calculated as the difference between the area under the ex-
perimental and the ideal surface pressure–molecular area iso-
therms, integrated between 1 mN/m and the film’s collapse pres-
sure (28).

 

RESULTS AND DISCUSSION

 

Thermotropic mesomorphism

Figure 1A

 

 shows representative actual scans of excess
heat capacity as a function of temperature for pure dpPC
and mixtures with Cer in different proportions. Cer is very
difficult to hydrate (29, 30) and does not form well-
dispersed mesophases in excess water that can be homo-
geneously introduced into the calorimetric cell for liquid
samples available in our DSC instrument. Similar to other
glycosphingolipids (29), by repeated cycling between very
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low and high temperatures (above 90

 

8

 

C) we were able to
produce homogeneous aqueous dispersions, with repro-
ducible thermotropic behavior, of mixtures containing
Cer up to 40 mole %, but above this proportion Cer pre-
vented proper hydration and homogeneous dispersion of
the sample. From studies in monolayers at different tem-
peratures it was previously inferred that Cer should un-
dergo a bulk phase transition temperature above 80

 

8

 

C
(31), but the monolayer data do not allow to establish co-
operativity. We could not detect any cooperative phase
transition of our pure Cer sample in excess of water (below
0.23% w/v lipid), scanned at 45

 

8

 

C/h, over the range of
2–110

 

8

 

C. In dry and partially hydrated samples (and thus
quite concentrated in terms of lipid mass) of different
species of Cer scanned at a relatively rapid scan rate of
5

 

8

 

C/min, both reversible and metastable endothermic
transitions occurred in the 70–100

 

8

 

C range; the position
of the peaks varied with the amount of water in the system
and depended on the presence and type of hydroxylated
fatty acyl chain amide-linked to the sphingosine moiety
(32, 33). The latter also influence the intermolecular
packing arrangement of ceramides in monolayers at the
air-water interface (34).

The presence of Cer at only 1 mole % in the mixture
with dpPC induces a decrease of the 

 

D

 

C

 

pmax

 

, an 8% reduc-
tion of the total 

 

D

 

H

 

cal

 

, a broadening of the pretransition
(not shown, but see Fig. 1A for 4 mole % Cer), and a high
temperature asymmetry of the main transition peak (Fig.
1B). The broadening of the pretransition is accompanied
by a gradual increase of its T

 

m

 

; at 8 mole % Cer, the latter
has risen by 1

 

8

 

C and the pretransition peak begins to overlap
with the main transition. At 12 mole % Cer, the pretransi-
tion is no longer distinguishable. The van’t Hoff thermo-
dynamic cooperative unit [

 

D

 

H

 

VH

 

/

 

D

 

H

 

cal

 

 (35)] of the main
phase transition shows a decrease of about 33% compared
to pure dpPC (from 250 molecules in pure dpPC to 166
molecules in the mixture). The asymmetry toward the
high temperature side induced by Cer at 1 mole % is
the consequence of a small additional transition peak cen-
tered at 41.7

 

8

 

C. This second transition becomes clearly ev-
ident in mixtures containing more than 2 mole % Cer
(see for example curve for 4 mole % Cer in Fig. 1B).
The asymmetry indicates a preferential partition of Cer
in the liquid–crystalline phase of dpPC compared to the
gel phase. The asymmetric distortion of the excess heath
capacity versus temperature function increases progres-

Fig. 1. High sensitivity differential scanning calorimetry of mixtures of Cer with dpPC. A) Calorimetric raw data of representative samples
containing dpPC (a); 4% Cer (b); 12% Cer (c); 20% Cer (d); 40% Cer (e). The ordinate values for curves (a) and (b) were multiplied by
0.1 and 0.5, respectively. B) Peaks deconvoluted from the calorimetric data of representative mixtures. Calorimetric raw data (d) are shown
for comparison in the curves for samples with 8 and 16 mole % Cer.
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sively with the proportion of Cer and becomes a well-
distinguished shoulder in mixtures containing 8 mole %
Cer (Fig. 1B). In these mixtures 

 

D

 

C

 

pmax

 

 has fallen by about
87% compared to pure dpPC. At over 12 mole % Cer, the
endothermic phase change spans a wide temperature
range (15 to 20

 

8

 

C) and all the deconvoluted transitions re-
veal rather small cooperative units (below 110 molecules).

The calorimetric data are summarized in 

 

Fig. 2

 

 as a par-
tial temperature–composition phase diagram showing the
variation of the onset and completion temperatures, and
the T

 

m

 

 of each deconvoluted transition. The new transi-
tion maxima, induced by increasing proportions of Cer,
occur at progressively higher temperatures (Fig. 2) and
their coexistence with lower-melting components reflect
the presence of phase separated domains. The general ten-
dency is that each new higher-melting transition coexists
with at least one transition of lower T

 

m

 

 that was already
present in mixtures containing a lower proportion of Cer.

The phase diagram clearly indicates that the onset tem-
perature at which the gel phase starts to melt (T

 

S

 

) remains
practically constant up to a mole fraction of Cer of 0.08.
The isothermal onset melting temperature of the gel
phase, independent on the proportion of Cer in that
range of composition, means that Cer is immiscible with
and does not become incorporated into the gel phase lat-
tice of dpPC. At a mole fraction of Cer of 0.12, the sphin-
golipid becomes partially miscible with dpPC in the gel
phase as indicated by the decrease of T

 

S

 

 by more than 2

 

8

 

C.
Then, T

 

S

 

 remains again essentially constant and indepen-
dent on the proportion of Cer up to a mole fraction of the
latter of 0.3. The fact that T

 

S

 

 of the mixture is lower than

that of pure dpPC and constant over this range of compo-
sition indicates the melting of a defined solid solution
(partial miscibility) containing a constant amount of Cer
(between 8–12 mole %). Between a mole fraction of 0.3
and 0.4, the onset temperature shows an abrupt rise
(11

 

8

 

C); this represents the point at which the mixed
dpPC-Cer gel phase containing 8–12 mole % Cer ceases
to be present and transforms into a new gel-phase more
enriched in Cer. The mixture of dpPC with 8–12 mole %
Cer represents a distinct gel phase (S

 

2

 

) that forms over
this composition range and that is immiscible with both
the perturbed dpPC gel phase (S

 

1

 

) and with the higher-
melting phase (S

 

3

 

) representing the mixture most en-
riched in Cer. On the other hand, the phase diagram
clearly indicates that the completion temperature (T

 

L

 

) in-
creases gradually with the proportion of Cer from the be-
ginning (see inset in Fig. 2) reflecting the preferential
miscibility of Cer with the liquid–crystalline phase of
dpPC at any proportion of Cer.

The peak of the first deconvoluted transition (peak 1)
progressively shifts its position upwards, moving from
40.9

 

8

 

C (pure dpPC) to 43

 

8

 

C at a mole fraction of Cer of 0.3,
while decreasing its contribution to the total 

 

D

 

H

 

cal

 

 of the
transition (

 

Fig. 3

 

); this transition is no longer detectable
in the mixture containing 40 mole % Cer. The decrease of

 

D

 

H

 

cal

 

 of peak 1 takes place in two clear steps: a steep de-
cline from the value of pure dpPC to that corresponding
to a mole fraction of Cer of 0.08, a plateau in mixtures
containing mole fractions of Cer from 0.12 to 0.20, and a
final decrease of 

 

D

 

H

 

cal

 

 until peak 1 disappears in the mix-
ture with a mole fraction of Cer of 0.4. The phase with the
T

 

m

 

 corresponding to peak 2 can be already detected in
the mixture with 1 mole % Cer and its 

 

D

 

H

 

cal

 

 increases by

Fig. 2. Partial calorimetric phase diagram for the dpPC-Cer sys-
tem. The numbers on the curves refer to the peaks characterizing
the first, second, and third constitutive transitions. Open symbols
are Tm values and closed symbols are onset and completion temper-
atures. The inset shows an enlarged view of the calorimetric behav-
ior of mixtures containing up to 8 mole % Cer. An indicative Tm for
pure Cer is marked at 818C (see text).

Fig. 3. Calorimetric enthalpies of individual transitions of mix-
tures of Cer and dpPC. Variation of total DHcal (s) and of the con-
tribution to total DHcal of peak 1 (d); peak 2 (.); and peak 3 (j)
with the amount of Cer in the mixture. The DHcal of pure dpPC
corresponds to 8.6 Kcal/mole. Maximum SEM were below 6 10%
of the values shown.
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about 100% when the mole fraction of Cer changes from
0.04 to 0.08; subsequently it remains approximately con-
stant for mixtures containing between 12 and 20 mole %
Cer, increasing again its contribution to the total 

 

D

 

H

 

cal

 

 for
systems containing a mole fraction of Cer between 0.2–0.4
(Fig. 3). The third deconvoluted transition (peak 3) can
already be detected at 4 mole % Cer; it is always the
smaller peak and increases its 

 

D

 

H

 

cal

 

 and the contribution
to the total transition enthalpy very gradually (Fig. 3).

Up to 8 mole % Cer peak 1 probably corresponds to the
melting of phase S1 mostly constituted by laterally segre-
gated dpPC that is increasingly perturbed by the incorpo-
ration of a small amount of Cer. From the decrease of 

 

D

 

H

 

cal

 

of the transition corresponding to peak 1 (phase S

 

1 in this
range of concentration of Cer) it can be calculated (15)
that an average of about 14 molecules of dpPC per mole-
cule of Cer are prevented from undergoing their own
phase transition. Between mole fractions of Cer of 0.08 to
0.20, the plateau in DHcal of peak 1 coincides with the re-
gion at which the Tm of this peak remains approximately
constant (shifted by about 1.38C upward from pure dpPC,
see Fig. 2). In this part of the phase diagram, the propor-
tion of Cer in the first melting phase represented by peak
1 is locked at the point where the “solidus” line TS in the
phase diagram shifts by about 28C downwards, represent-
ing the melting of a phase S2, containing 8–12 mole %
Cer. Over this range of composition disappearance of
phase S1 occurs with formation of a new gel phase S3. In
the range of mole fraction of Cer between 0.08 and 0.3,
peak 2 probably represents the melting of phase S3. The
approximately constant values of DHcal of peaks 1 and 2
further indicates that these phases coexist, with their
intermolecular interactions rather unperturbed by each
other’s presence, over a mole fraction of Cer between 0.12
and 0.2. However, the amount of energy required to disso-
ciate molecular interactions in order to transform the gel
lattice into the liquid–crystalline state increases continu-
ously with the proportions of Cer. In fact, the second and
third deconvoluted transitions (peaks 2 and 3) shift the po-
sition of their Tms towards higher temperatures as the pro-
portion of Cer increases. Peak 3 probably represents the
melting of a gel phase highly enriched in Cer that exists
only at temperatures at which most of the dpPC in the sys-
tem is already in the liquid–crystalline state with which
Cer is preferably miscible.

Cluster domain distributions
The transition properties of the lipid phase have their

origin in the changes of the configurational state of the
lipid molecules which, in turn, affects their intermolecu-
lar organization, miscibility, and topographical distribu-
tion of coexisting phase domains in the two-dimensional
plane. The thermodynamic parameters corresponding to
the calorimetrically determined excess heat capacity–
temperature function reflect the variation of the size and
number of coexisting gel and liquid crystalline cluster do-
mains that are in dynamic equilibrium during the phase
transition (27, 36). For some lipid systems the latter has
been successfully interpreted on molecular terms assum-

ing statistical thermodynamic models for the hydrocarbon
chain configuration as a function of the thermal energy
available (37–39). In more complex systems statistical
thermodynamic modeling is limited because several con-
tributions to the partition function are unknown or their
estimation is uncertain. We have analyzed the behavior of
our dpPC-Cer system with an operational alternative treat-
ment (27, 36) that can directly obtain the partition func-
tion from experimental excess heat capacity–temperature
functions that have been previously deconvoluted into
single peak constitutive transitions. This approach, previ-
ously applied to a pure phospholipid and binary mixtures
with hydrophobic molecules (27) and a few glycolipids (14),
permits the calculation of thermodynamic cluster domain
averages and surface densities, gel–liquid crystalline frac-
tional boundaries, and probability distribution functions
and fluctuations underlying each individual transition
without requiring the assumption of a molecular configu-
ration model for the phase transition. Obviously, any in-
ference about detailed local molecular configuration is
lost and the various distribution and size functions corre-
spond only to thermodynamically correlated molecular
changes that may not have a direct topographical corre-
late. The results can be interpreted and discussed only
within this context.

The peaks obtained from deconvolution analysis of
the calorimetrically determined excess heat capacity–
temperature function assuming two-state independent
phase transitions are always symmetric and Tm 5 T1/2.
Due to this, a same average number of lipid molecules are
thermodynamically correlated (average cluster size) in
the gel and liquid crystalline phases at the Tm. Figure 4
shows that for each deconvoluted peak the properties of
the most probable cluster at the corresponding Tm are a
function of the proportion of Cer in the mixture. This in-
dicates that, similar to other binary mixtures containing
lipid-perturbing agents (27), the thermodynamic changes
induced by Cer on the phase transition properties reflect
altered underlying molecular distribution effects.

The variation of the average size of the thermodynamic
clusters is in keeping with the changes of the cooperative
unit calculated as the ratio DHVH/DHcal. Figure 4A shows
that the size of the most probable cluster at the Tm of the
deconvoluted transitions corresponding to peaks 1, 2, and
3 shows a marked decrease when the amount of Cer in the
system exceeds 8 mole %. The average cluster size at
the Tm of peak 1, which represents the phase most en-
riched in dpPC (phase S1), decreases to about half the size
of the average cluster of pure dpPC with only 2 mole %
Cer and remains at approximately similar low values up to
a mole fraction of Cer of 0.08; with increased proportions
of Cer the cluster size decreases again to a very small number
of molecules before the transition represented by peak 1
is abolished above 30 mole % Cer (phase S2). The transi-
tion defined by peak 2 is characterized by relatively large
cluster sizes at the Tm in systems containing between 1
and 4 mole % Cer; the cluster size at the Tm of this transi-
tion decreases to very small values in systems with a mole
fraction of Cer of 0.08 or above (phase S3). The higher-
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melting transition characterized by peak 3 represents the
phase most enriched in Cer. The size of the most probable
cluster at the Tm of this component transition reaches a
maximum at about 8 mole % Cer and decreases gradually
thereafter. It should be emphasized that the statistical
thermodynamic analysis is performed on each previously
deconvoluted transition. Therefore, the alteration of the
cluster distribution properties of each defined segregated
domain by the presence of another phase with a different
proportion of Cer also indicates that these phases coexist
within a same supramolecular structural lattice that is
modified by Cer in the long range.

Overall, Cer appears to induce a dispersion of clusters
of reduced size in the segregated phase least enriched in
Cer while causing a relative increase of the domain size in
the Cer-enriched phase. Subsequently, when the propor-
tion of Cer is increased in the system, new phases more
enriched in Cer are formed and the variation of the do-
main pattern is repeated. The average cluster densities
(not shown) also indicate the trend described but in a re-
verse manner, reflecting the logic that large cluster densi-
ties reflect relatively small average cluster size and vice
versa. A similar but more “buffered” variation pattern is
found for the fraction of molecules at the gel–liquid crys-
talline boundary (Fig. 4B); it should be noted that for sev-
eral systems the average size of the cluster domains causes
a considerable proportion of lipids to reside at the cluster
boundaries and are thus likely to experience lateral inter-
molecular packing defects. Marked increases of this
boundary lipid fraction occur when the system contains
between 8 and 12 mole % Cer.

The average cluster sizes corresponding to the constitu-
tive transitions of the mixtures containing different pro-
portions of Cer are thermodynamic entities characterized
by large fluctuations (27). The relative probability that a
lipid molecule resides in a gel (or liquid–crystalline) clus-
ter of a defined size at the Tm has a rather broad distribu-
tion with a large average fluctuation whose magnitude is
approximately equal to the average cluster size itself. The
cluster distribution function is different depending on the
proportion of Cer: in general, as the amount of Cer in-
creases and the size of the most probable cluster dimin-
ishes, the probability distribution of domain sizes becomes
sharper. This is illustrated in Fig. 5 for peak 1.

Molecular interactions in lipid monolayers
Calorimetry can efficiently describe the thermodynamic

features of the phase transition and miscibility properties
of mixtures of dpPC and Cer but the molecular details of
intermolecular packing are not directly accessible with
this technique. We therefore used mixed lipid monolayers
to investigate the effects of Cer on the intermolecular
packing, surface pressure-induced two-dimensional transi-
tions and dipolar interactions in the mixed films with
dpPC.

Cer forms a liquid-condensed film at 248C with a limit-
ing mean molecular area of 0.40 nm2 and surface poten-
tial of 515 mV at the collapse pressure of 40 mN/m (40),
the maximum compressibility modulus of 205 reflects a
rather condensed state above surface pressures of 5 mN/m
and mean molecular areas below 0.45 nm2 (41). The sur-
face pressure–area isotherms of the mixtures with dpPC in
different proportions show ideal behavior or small posi-
tive deviations at 248C depending on the surface pressure

Fig. 4. Cluster parameters of the deconvoluted transitions. The
size of the most probable cluster at Tm (A), and the fraction of mol-
ecules in the gel– liquid boundaries at Tm (B) are shown for the
transitions represented by peak 1 (solid white), peak 2 (cross-
hatched), and peak 3 (solid black).

Fig. 5. Probability distribution function of cluster sizes of the
dpPC-enriched phase. The probability that a molecule of the transi-
tion represented by peak 1 resides in a gel cluster formed by the
number of molecules indicated in the abscissa is shown for mix-
tures of pure dpPC (s), and mixtures containing Cer at 4 mole %
(h), 8 mole % (n), 20 mole % (,), and 30 mole % (e).
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(Fig. 6B) which means that the individual components
undergo negligible variation or slight expansion (below
10%) of their individual mean molecular area in the mix-
ture. Because of its marked dependence on the lateral sur-
face pressure, isothermal two-dimensional phase transi-
tions in monomolecular films are very sensitive to small
changes in temperature (31). Compared to the bulk phase
behavior described above, mixed films of the Cer–dpPC
show that marked differences of the two-dimensional be-
havior are induced by relatively small temperature
changes. The inset in Fig. 6A shows that an increase in
temperature to 278C already causes a change in the inter-
actions. At this temperature mixtures with a mole fraction
of Cer between 0.05 and 0.8 exhibit negative deviations
from the ideal behavior at surface pressures below 16
mN/m (that is when the monolayer is in the liquid-
expanded state), and essentially ideal behavior in the con-
densed state at high surface pressures. Also, the two-
dimensional surface pressure-induced transition of dpPC
is no longer detectable at 278C in mixtures with a mole
fraction of Cer of 0.14 even if a mixed film exhibiting
ideal mixing behavior should clearly reveal it (Fig. 6A). At
the lower temperature of 248C, an increased mole fraction
of Cer of 0.4 is needed to abolish the phase transition.

The values of the compressibility modulus (41) and its
variations as a function of the mean molecular packing areas

reflect precisely both the physical state of the monolayer
film and the presence of two-dimensional transitions (Fig.
7). The compressibility modulus, which gives a quantita-
tive measure of the state of the monolayer, is obtained di-
rectly from the slope of the pressure–area curve as K 5
2(A dP/dA)T. For a gaseous monolayer the compressibil-
ity modulus is numerically similar to the figure for the sur-
face pressure; for liquid states it varies between 12.5 and
250, and for solids between 1000 and 2000 (41). Thus, a
defined minimum or abrupt variation of the slope of the
curve of compressibility modulus versus area indicates
with high sensitivity the occurrence of a change in the
physical state of the monolayer, for example the coexist-
ence of expanded-condensed phase transitions in the
film.

Monolayers of pure dpPC show a defined beginning
(at 0.85 nm2) and end (at 0.6 nm2) of the liquid-
expanded to liquid-condensed transition and a relatively
smooth conversion to increasingly condensed states as
the surface pressure is increased; this corresponds to the
typical behavior of a diffuse first-order transition in
which both phases coexist over a certain range of surface
pressures and mean molecular areas (31, 42). The two-
dimensional phase transition is clearly indicated by the
change of the surface compressibility modulus over this
range of molecular packing areas (Fig. 7A). In mixed

Fig. 6. Molecular area vs. surface pressure. (A) Typical lateral pressure–molecular area isotherms at 278C for pure dpPC (a), pure Cer (b),
a mixture containing 14 mole % Cer (c), and the calculated isotherm for the ideal mixture with 14 mole % Cer (dashed line). The inset
shows variation of molecular area with the mole fraction of Cer at 278C at lateral pressures of I) 10 mN/m, II) 17 mN/m, III) 39 mN/m.
(B) Variation of molecular area with the mole fraction of Cer at 248C at lateral pressures of I) 10 mN/m, II) 15 mN/m, III) 40 mN/m.
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films containing more than 10 mole % Cer at 278C, the
surface pressure–molecular area isotherm no longer
shows the two-dimensional phase transition (see Fig. 7B,
dashed line), while this is still evident at 248C (Fig 7B,
solid line). However, the variation of the compressibility
modulus is a more sensitive parameter to detect the state of
the film and indicates the existence of an abrupt liquid-
expanded–liquid-condensed transition for mixtures con-
taining a mole fraction of Cer of 0.14, 0.2, and 0.4 at
278C. This is illustrated in Fig. 7B for a mole fraction of
Cer of 0.14 (dashed line). The phase transition is not
readily observable in the pressure–area curve, but the
compressibility modulus shows at 0.6 nm2 (arrow) a clear
conversion from a state of constant compressibility in the
range of values of liquid-expanded monolayers to a state
of increasing condensation. This type of transition is dif-
ferent from that occurring in pure dpPC and the range
of molecular packing and surface pressure over which
the condensed and expanded states coexist is extremely
small (which makes it practically undetectable in the sur-
face pressure–molecular area isotherm). In these inter-
faces the condensed and expanded phases cannot co-
exist in a mixed lattice under compression and become
mutually excluded in the lateral plane; this appears to
correspond to a better defined abrupt first-order class re-
sembling the highly cooperative discontinuous transi-
tions observed for monolayer phase states of some fatty
acids (42).

As shown in the two-dimensional surface pressure–
composition isothermal phase diagram at 248C (Fig. 8B),
the transition from the liquid-expanded to the liquid-

condensed state of dpPC remains isobaric independent of
the proportions of Cer until it is no longer detectable at a
mole fraction of Cer of 0.4. This indicates poor interac-
tion of Cer with dpPC at this temperature, in agreement
with the near ideal behavior or slight expansions followed
by the variation of mean molecular area as a function of
composition in the mixed films. At 278C, 5 mole % Cer in-
duces a decrease of 4 mN/m in the lateral surface pres-
sure for the transition onset which remains at 12 6 1 mN/m
in the mixture with 10 mole % Cer and becomes unde-
tectable at 14 mole % Cer. The fact that the isothermal
phase transition disappears at smaller amounts of Cer
when the temperature is increased to 278C indicates the
enhanced interaction of Cer with liquid-expanded dpPC.

In spite of being uncharged, Cer causes marked
changes of the dipole potential in the mixed films with
dpPC. This is similar to the changes in surface potential
reported for mixtures of dpPC with mono- and diglycer-
ide lipids having the hydroxyl moiety in their polar head
group and indicates that charge–dipole and dipole–
dipole interactions occur between both lipids (14, 43).
These affect both the magnitude and the orientation of
the resultant perpendicular molecular dipole moments
depending on intermolecular packing. Figure 9 shows
the surface potential per unit of molecular surface den-
sity (usually denominated surface potential/molecule).
At 248C the deviations from ideality of this parameter are
positive at mole fractions of Cer between 0.14 and 0.6,
indicating that the average overall film dipoles are hy-
perpolarized compared to mixtures with no interactions
(Fig. 9A). This is well correlated to the expansions of
molecular area observed at this temperature (Fig. 6B).
Again, the relatively small increase of temperature to
278C causes a marked difference in the dipolar interac-
tions. As can be seen, at 278C the deviations from ideal
behavior are negative at a surface pressure of 15 mN/m
and mole fractions of Cer below 0.2 (Fig. 9B) and at 5
mN/m in the range of mole fractions of Cer of 0.1 to 0.6;
this indicates favorable dipolar matching occurring with
interfacial depolarization together with increased inter-
action and reductions of the mean molecular areas com-

Fig. 7. Surface pressure– and surface compressibility modulus–
molecular area isotherms. The variations of surface pressure (upper
panels) and surface compressibility modulus (lower pannels) with
the mean molecular area are shown at 248C for pure dpPC (A), a
mixture with a mole fraction of Cer of 0.14 (B), and pure Cer (C).
For comparison, the dashed line in (B) shows the data at 278C. The
arrow indicates the abrupt phase transition point (see text).

Fig. 8. Two-dimensional phase diagrams summarizing the mono-
layer data obtained at 278C (A) and at 248C (B). CP, collapsed
phase; LC, liquid condensed phase; LE, liquid expanded phase. In
(A), the open symbols represent the pressure points at which an
abrupt change in compressibility modulus of the type shown in Fig.
7B is observed.
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pared to ideal films (see Fig. 6A). The deviations of the
surface potential/molecule become positive in films
highly enriched in Cer (mole fraction of 0.8) again indi-
cating unfavorable dipolar hyperpolarization probably
leading to apparent ideal mixing behavior of the mean
molecular area as a function of composition. This is in
keeping with induction of lateral segregation of domains
enriched in Cer as indicated by the calorimetry studies.
As deduced from cluster distribution function analysis,
these domains should be smaller in size due to unfavor-
able dipolar matching.

At 248C the excess free energy of mixing DGexcess shows
small values all below absolute figures of about 90 cal/
mole. On the basis of the reproducibility of the surface
pressure–molecular area isotherms stated in the Materials
and Methods section values of DGexcess (which are ob-
tained from the integrated area under the isotherm)
below this figure cannot be considered significant. Opera-
tionally this means that these mixtures appear as ideal or
slightly unfavorable at 248C from the point of view of the
two-dimensional work necessary to pack them in the mono-
layer arrangement from 1 mN/m up to the collapse pres-
sure. At 278C DGexcess varies between 290 and 2200 cal/
mol. This again indicates that the interactions of dpPC
with Cer in practically all proportions are thermodynami-
cally favored at 278C.

CONCLUSIONS AND IMPLICATIONS

Interpretation in molecular terms of the multiple cellu-
lar effects mediated by endogenous or exogenous Cer,

such as in cell growth, differentiation and apoptosis, under
the influence of a large variety of stimuli is not readily ac-
complished because of the lack of precise molecular con-
trol over the complex cellular systems in which those bio-
logical effects are observed. In addition, in many studies
of the cellular effects, compounds analogous to Cer are
frequently used because of the inherent difficulties in-
volved in dispersing natural Cer in aqueous solutions
(such as fluorescent and very short chain derivatives, for
which the molecular biophysical properties and interac-
tions with membrane lipids are even less known than
those of Cer). However, as in most membrane-related
studies, fundamental features of the molecular and topo-
logical behavior of natural membranes can be subse-
quently explained on the basis of phenomena understood
first in molecular terms using well-defined and controlled
model membrane systems.

If the effects of natural Cer as a signaling lipid mediator
have any influence on the biophysical properties of cell
membranes, those will have to be confined, at least ini-
tially, to its site of metabolic production in the plasma
membrane or intracellular membranes. Moreover, similar
to all other known effects of lipid mediators (1) and other
sphingolipid biomodulators (13), the influence on mem-
brane organization will be first exerted restricted to a
membrane region of mesoscopic size where the lipid is
concentrated by transient dynamic clustering or by metab-
olism. Studies on membrane composition and asymmetry
for defined cell types in culture are still very scarce and
most speculations usually rely on data from a handful of
simple membrane types. Conclusions obtained from the
accessibility of some membranes of specific cells to lipid
degradation by bacterial sphingomyelinase have identi-
fied different pools of sphingomyelin in the plasma mem-
brane and intracellular membrane vesicles (44, 45). The
sphingomyelin pool that undergoes significant hydrolysis
in response to biological inducers of the sphingomyelin
cycle related to cell regulatory functions is mostly located
at the inner leaflet of the plasma membrane, or at the
cytoplasmic face of subcellular vesicles (44). In many of the
cellular effects, sphingomyelin degradation and increases
of Cer levels are transient but rather slow processes, in
molecular terms, that may last from minutes to hours (46–
48) and during which fast events related to molecular in-
teractions, domain formation, and changes of membrane
topology of the type described by us and other authors
can take place (5, 7, 14, 17, 19, 20, 25). Thus, when the
physiological response is observed, this is the reflection of
several combined changes of the structure and dynamics
of the membrane of the type described above. It is also rel-
evant to compare the proportions of Cer at which the mo-
lecular changes take place in relation to those occurring
during the biological effects. It should be emphasized that
in the few cases in which they have been analytically mea-
sured, and contrary to some common assumptions, the
variation of the endogenous basal levels of these sphin-
golipids during cell stimulation are by no means negligi-
ble. For example, exposure of monoblastic leukemia cells
to tumor necrosis factor (TNF-a) causes about 30% sphin-

Fig. 9. Variation of surface potential per unit of molecular sur-
face density (DV/n) with the mole fraction of Cer. The results are
shown at 248C (A) for surface pressures of (I) 5 mN/m; (II) 9 mN/m;
(III) 30 mN/m or at 278C (B) for surface pressures of (I) 5 mN/m;
(II) 15 mN/m; (III) 30 mN/m.
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gomyelin hydrolysis and increases of Cer from about 28
pmol/nmol Pi to 40 pmol/nmol Pi in 10 min (47). The re-
sponse of Fas-sensitive cells to an agonist monoclonal anti-
body induced 2- to 3-fold increases of the activity of a
membrane-bound Mg-dependent sphingomyelinase lead-
ing to 21% decrease of the sphingomyelin mass and an in-
crease of the basal level of Cer from about 6 pmol/nmol
Pi to more than 13 pmol/nmol Pi in 8 h (46). Treatment
of leukemia cell lines with a chemotherapeutic agent that
induces apoptosis also caused about 25% hydrolysis of
sphingomyelin by a neutral membrane sphingomyelinase
in about 8 min, with the concomitant increase of the basal
level of intracellular Cer by about 30% (48).

When expressed in terms comparative to those used in
our biophysical experiments, the figures obtained in the
biological studies represent changes in the proportions of
Cer that amount to between 3 to 10 mole % with respect
to phosphatidylcholine (whose content in different biomem-
branes is about 40–50% of the total Pi). Obviously, local
concentrations or relative proportions in laterally segre-
gated domains or at the site of metabolic production will
be considerably higher and on the basis of our experi-
ments it should be expected that the very increase in the
proportions of Cer in the range observed in the biological
studies or even below (1 to 4 mole %, see Figs. 1A and B)
should induce considerable changes in the phospholipid
phase behavior, molecular packing, dipole potential, and
local demixing with formation of Cer-enriched domains.

Alterations by Cer of the molecular packing properties
of other natural phospholipids and glycosphingolipids
were reported by our laboratory more than 20 years ago
(for references see 14) and Cer-induced phase changes have
been described for other phospholipids and some more
complex mixtures (7, 8, 24, 49). In turn, the changes in the
relative proportions of sphingomyelin, Cer, and phospho-
lipid should have amplified responses on the membrane dy-
namics and metabolism. We and others have previously
shown evidences on the molecular cross-communication
and the intermolecular packing-dependent mutual regu-
lation of the sphingomyelin and phosphatidylcholine deg-
radative pathways mediated by sphingomyelinase and
phospholipase A2 (22–24) and phospholipase C (7). Also,
mutually regulated effects of sphingomyelinase and phos-
pholipase C participate in mediating vesicle membrane
fusion (7), probably through a balanced effect of diacylg-
lycerol and Cer in promoting formation of non-bilayer
phases (25) that is a topological requirement for complete
lipid bilayer fusion (6, 20). In close relation to the aspects
of membrane recombination and fusion involving non-
bilayer phases or phase separation processes possibly in-
duced by Cer, it is also worth mentioning that valuable
insights into the question of vesicle membrane traffic in an-
imal cells are frequently obtained using fluorescent Cer
analogs as vital stains for the Golgi apparatus. One of
these probes (a short-chain ceramide derivative: C5-dimethyl-
BODIPY-Cer) exhibits a spectral change that allows visual-
ization of green or red fluorescence depending on its rela-
tive proportions in the vesicle membranes in their way to
the plasma membrane (50). In relation to our experiments,

it is interesting that the observed spectral shift in the
Golgi vesicles indicates that the Cer analog and its meta-
bolically generated sphingomyelin derivative (which in
cell biology studies are frequently taken implicitly as likely
reporters for the behavior of the natural lipids) are
present in proportions of more than 5 mole % with re-
spect to the phospholipid (50). Again, this is well within
the range of concentration at which Cer induces the bio-
logical effects in cellular systems and the alterations of
membrane organization described in our work.

The different data, obtained by means of calorimetry,
monolayers, and cluster distribution function analysis dis-
cussed in this work under well-defined control of molecu-
lar packing, surface electrostatics, and thermodynamic
properties, are in keeping with each other and provide a
consistent insight of the possible molecular effects of nat-
ural Cer in biomembranes. It has been shown (25) that
natural Cer in mixtures with dePE has the effect of in-
creasing the gel–fluid midpoint transition temperature by
~88C, similar to our system containing dpPC. It was also
shown that endotherms were asymmetric, revealing the
existence of several components, and 31P NMR demon-
strated that Cer also facilitated inverted hexagonal phase
formation.

The phase diagram (Fig. 2) describing the variation of
TS with the proportion of Cer in the system, with the exist-
ence of partial two-gel phase immiscibility at small pro-
portions of the sphingolipid, resembles phase diagrams
typically obtained for lipids exhibiting relatively large
hydrocarbon chain mismatch; the gel phase immiscibility
in these bilayer membranes has been interpreted on the
basis of the existence of different possibilities for various
types of chain interdigitation (24, 51). In mixtures of
dmPC with a natural Cer fraction containing hydrocarbon
chains with a considerable proportion of hydroxylated
fatty acids, it was suggested that Cer-enriched phases were
present above 10 mole % Cer, occurring with segregation
of a fluorescent lipid probe into microdomains (49). Al-
though a partial phase diagram was not reported by these
authors, their calorimetry data indicate that Cer induced
a decrease of the melting temperature of dmPC above a
mole fraction of Cer of 0.1; also, DPH depolarization sug-
gested a certain degree of immiscibility of two types of gel
phases in mixtures with dmPC below 208C while a miscible
behavior was observed at 308C (which is above the Tm of
dmPC) in all systems containing Cer up to 30 mole %
(49). These authors considered that the formation of the
segregated probe’s microdomains could be explained by
the effect of Cer-induced phase separation due to hydro-
phobic mismatch between the long-chain natural cera-
mides and dmPC. Also, mixtures of dmPC and C24-sphin-
gomyelin (having considerable chain mismatch) shows
phase separation of pure dmPC while this phospholipid is
fully miscible with C16-sphingomyelin that contains hydro-
carbon chains of equal length (52). As a first step in our
studies, a natural mixture of non-hydroxylated Cer was used.
The high percentage of long chain fatty acids contained
in this fraction implies the existence of possibilities for av-
erage chain mismatch and interdigitation that could occur
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both between molecules of Cer and with dpPC. Whether
the segregated phases enriched in Cer described in our
work are constituted by defined molecular species of Cer,
and which of these may have a greater effect on the alter-
ation of the phospholipid packing and thermodynamic
properties, will require additional prolonged studies in
more detail.

The cluster distribution functions derived from the cal-
orimetry experiments coincide in defining three regions
that show distinct thermodynamically correlated behavior.
The cluster analysis reveals that the different coexisting
component transitions have different individual cluster
distribution function parameters, which indicates that Cer
induces a high degree of domain microheterogeneity be-
sides introducing phase heterogeneity and immiscibility
in the system. The average cluster size, densities, and frac-
tion of lipid at the gel–liquid crystalline boundary for
each component transition change markedly over critical
ranges of composition but exhibit generally similar char-
acteristics within each range. These ranges of composition
correspond to systems containing less than 8 mole % Cer,
between 8 and 20 mole % Cer, above 20 mole % Cer, which
are approximately the proportions over which defined lat-
erally segregated phases S1, S2, and S3 are present.

Dipole potentials can be major determinants for the
surface distribution of microheterogeneous domains in
lipid monolayers (53) and differences in the degree of
molecular polarization and dipole potential are directly
responsible for determining the size, shape, and arrange-
ment of lipid domains as observed by fluorescence micros-
copy (54). The hyperpolarization seen at 248C in the
monolayer studies suggests that unfavorable dipolar
matching (with energetically demanding hyperpolariza-
tion) between molecules of Cer and dpPC can be at least
one of the probable local molecular determinants for the
lateral segregation of Cer from dpPC in the condensed
gel phase as described in the calorimetry studies.
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