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Interfacial Interactions of Ceramide with Dimyristoylphosphatidylcholine:
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ABSTRACT The mixing behavior of dimyristoylphosphatidylcholine (DMPC) with either N-palmitoyl-sphingosine (C16:0-
ceramide) or N-nervonoyl-sphingosine (C24:1-ceramide) was examined using monomolecular films. While DMPC forms
highly elastic liquid-expanded monolayers, both neat C16:0-ceramide and C24:1-ceramide yield stable solid condensed
monomolecular films with small areas and low interfacial elasticity. Compression isotherms of mixed C16:0-ceramide/DMPC
films exhibit an apparent condensation upon increasing X160 at all surface pressures. The average area isobars, coupled
with the lack of a liquid-expanded to condensed phase transition as X_.,+¢.¢ iS increased, are indicative of immiscibility of the
lipids at all surface pressures. In contrast, isobars for C24:1-ceramide/DMPC mixtures show surface pressure-dependent
apparent condensation or expansion and surface pressure-area isotherms show a composition and surface pressure-
dependent phase transition. This suggests miscibility, albeit non-ideal, of C24:1-ceramide and DMPC in both liquid and
condensed surface phases. The above could be verified by fluorescence microscopy of the monolayers and measurements
of surface potential, which revealed distinctly different domain morphologies and surface potential values for the DMPC/
C16:0- and DMPC/C24:1-ceramide monolayers. Taken together, whereas C16:0-ceramide and DMPC form immiscible
pseudo-compounds, C24:1-ceramide and DMPC are partially miscible in both the liquid-expanded and condensed phases,
and a composition and lateral pressure-dependent two-phase region is evident between the liquid-expanded and condensed
regimes. Our results provide novel understanding of the regulation of membrane properties by ceramides and raise the
possibility that ceramides with different acyl groups could serve very different functions in cells, relating to their different

physicochemical properties.

INTRODUCTION

Lipids represent the structurally most diverse class of bi-
omolecules. Although the evolution of this diversity appears
to be connected to the emergence of eukaryotes, its func-
tional significance has remained enigmatic (Kinnunen,
1991). Comparison of the physicochemical properties of
polar lipids with various headgroups has revealed a rich
scale of different phases and complex phase behavior (Kin-
nunen and Laggner, 1991). The impact of the variation in
the acyl chain lengths has received less attention and is
likely to be due to the fact that except for the difference
between saturated and unsaturated chains of phosphatidyl-
cholines, for instance, their effects are more subtle. This is
a particularly prominent feature of sphingolipids, which
may comprise ~30% of the total lipids of the plasma
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membrane of eukaryotic cells. For example, SM extracted
from egg is enriched in C16:0 acyl chains, whereas a
significant fraction of bovine brain SM bears C24:1 chains.
Possible specific roles for these lipids in cells have re-
mained open. A large amount of evidence points to the
coordinated regulation of both cholesterol and sphingomy-
elin levels in cells (e.g., Kolesnick, 1991) and several find-
ings indicate the importance of sphingolipids in a number of
biological events. Accordingly, ceramide has been recog-
nized as a “second messenger” in cellular signaling cas-
cades for the induction of apoptosis, growth, differentiation,
and cell senescence (Hannun, 1996). A recent study indi-
cates that the ceramide species involved in apoptosis of
Jurkat cells is C16:0-ceramide (Thomas et al., 1999).
These and related recent findings of lipid-mediated
events in cell signaling have led to the resurrection of
interest in the forces and molecular interactions governing
the physical properties and dynamic lateral microheteroge-
neity of biomembranes (Mouritsen and Kinnunen, 1996).
Moreover, we have suggested that the physiological state of
the cell is determined by the physical (phase) state of its
membranes (Kinnunen et al., 1994) and have emphasized
the significance of functional ordering in biomembranes
(Kinnunen, 1991). In the plasma membrane ceramide is
enriched in caveolae, 50—60-nm-diameter invaginations
having distinct protein and lipid compositions (Parton et al.,
1994). These sphingolipid-enriched membrane domains
contain G-protein-coupled receptors and may play a role in
signal transduction and endocytosis (Lisanti et al., 1994). It
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was shown that interleukin-1£ binding to a sphingomyelin-
rich plasma membrane domain with the characteristics of
caveolae was accompanied by the hydrolysis of sphingo-
myelin to ceramide, and the formation of the latter lipid was
concluded to be highly compartmentalized in the cell sur-
face (Liu and Anderson, 1995).

Our previous differential scanning calorimetry (DSC) and
fluorescence spectroscopy studies on natural ceramide in
DMPC LUVs and C16:0-ceramide in 1-palmitoyl-2-oleoyl-
phosphatidylcholine (POPC) LUVs provided evidence for
ceramide-enriched microdomains in both the gel state and
fluid bilayers (Holopainen et al., 1997, 1998). Similar re-
sults were also obtained for bovine brain ceramides in
mixtures with dipalmitoylphosphatidylcholine (Veiga et al.,
1999). DSC studies on the behavior of synthetic C16:0-
ceramide have shown fully hydrated C16:0-ceramide to
display a broad exotherm at ~50—70°C and an endothermic
transition at 90.0°C (Shah et al., 1995). X-ray diffraction
showed that the exothermic transition was accompanied by
a decreased bilayer periodicity and an increased layer, as
well as chain packing order. The endothermic transition was
identified as a main transition and involved a decrease in
bilayer thickness and a new diffuse reflection at 4.6 A
indicative of a melted chain phase. Using x-ray scattering
and high-sensitivity DSC we could show that increasing
C16:0-ceramide up to X = 0.35 in DMPC MLVs preserved
the lamellar phase in these binary liposomes up to 60°C.
Coexisting gel and fluid domains were observed upon in-
creasing the mole fraction of ceramide (Holopainen et al.,
2000a). It was recently shown that the bovine brain cer-
amide (having an N-acyl chain composition of 32% of
C18:0- and 48% of 24:1-ceramide) exhibits complete or
partial phase immiscibility in dipalmitoylphosphatidylcho-
line monolayers (Carrer and Maggio, 1999).

Using fluid giant unilamellar vesicles composed of phos-
phatidylcholine and sphingomyelin we demonstrated that
the action of sphingomyelinase first resulted in the rapid
formation of ceramide-enriched microdomains (Holopainen
et al., 2000b). Interestingly, this was followed by either
endocytosis-like shedding of vesicles into the interior of the
giant liposome or outward budding, depending on the sided-
ness of the enzymatic reaction (Holopainen et al., 2000b).
These observations are in keeping with a functional role for
ceramide in the morphological changes of the plasma mem-
brane occurring in apoptosis (Majno and Joris, 1995). Fi-
nally, it is also noteworthy that understanding of the bio-
physical properties of ceramide bears major physiological
significance to dermatology. Accordingly, ceramide has
been shown to be responsible for the high tolerance of skin
to physical stress, thus perhaps emphasizing the importance
of the intermolecular hydrogen bonding (Elias and Menon,
1991; Moore et al., 1997; Pascher, 1976).

The present investigation was undertaken to study the
interactions and macroscopic ordering of two synthetic cer-
amides (viz. C16:0-ceramide and C24:1-ceramide, which
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has a cis double bond between carbon atoms 15 and 16) in
mixed monolayers with DMPC at the air/water interface.
Our results show that both mixtures show composition-
dependent phase separation, while their phase behaviors
differ significantly.

MATERIALS AND METHODS

Lipids

DMPC was from Sigma (St. Louis, MO) and C16:0-ceramide and C24:1-
ceramide were from either Sigma or Northern Lipids Inc. (Vancouver,
British Columbia, Canada). NBD-PC was obtained from Molecular Probes
(Eugene, OR). Their purity was checked by thin-layer chromatography on
silicic acid-coated plates (Merck, Darmstadt, Germany) using chloroform/
methanol/water (65:25:4, v/v/v) for DMPC and NBD-PC, and 1,2-dichlo-
roethane/methanol/water (90:20:0.5, v/v/v) as the solvent system for the
ceramides. Examination of the plates after iodine staining revealed no

impurities. Concentrations of the lipids were determined gravimetrically
using a high-precision electrobalance (Cahn, Cerritos, CA).

Monolayer studies

A computer-controlled Langmuir-type film balance, calibrated with lipid
standards according to their equilibrium spreading pressures (Smaby and
Brockman, 1990) and housed in a laboratory equipped with a charcoal- and
HEPA-filtered air supply, was used to simultaneously measure m-4 and
AV-A isotherms. All glassware used was acid-cleaned and rinsed thor-
oughly with chloroform/methanol (1:1, v/v). The solution of each lipid was
spread in 51.7 ul aliquots onto a trough filled with ~800 ml of 10 mM
phosphate-saline buffer, I M NaCl, pH 6.6 at 24°C. After a period of 4 min,
to ensure complete evaporation of solvents, the monolayer films were
compressed at a rate of <4 A®/molecule/min, so as to allow for the
reorientation of the lipids during compression. All experiments were re-
peated at least once to ensure reproducibility. If subsequent isotherms
differed more than 1 mN/m and/or 2 A*molecule or AV-4 behavior
differed >20 mV, a third sample was analyzed.

Analysis of isotherms

Phase transitions were identified using derivatives of surface pressure with
respect to area (Brockman et al., 1980) as implemented in FilmFit software
(Kibron Inc., Helsinki, Finland). The value for monolayer isothermal
compressibilities (Cg) for the indicated film compositions at the given
surface pressures () were obtained from -4 data using

Cs = (—1/4,) * (d4/dm),

where A is the area per molecule at the indicated surface pressure and
is the corresponding surface pressure. In order to facilitate comparison with
measurements made with bilayers, we further analyzed our data in terms of
the reciprocal of isothermal compressibility (i.e., Cs '), as discussed pre-
viously (Smaby et al., 1996). The higher the C5' value the lower the
interfacial elasticity. A 5-point sliding window was used to calculate the
Cs'!' value before advancing the window one point. Each 7 - Cg' curve
consisted of 999 Cg' values obtained at equally spaced molecular areas
covering the studied surface pressure range. The data were further
smoothed by the Savitzky-Golay function, which performs a local poly-
nomial regression of 13 values around each measured data point.
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Surface potential-area behavior

The AV-A behavior of lipid films was recorded during compression iso-
therms using an ionizing electrode, essentially as described previously
(Brockman, 1994; Smaby and Brockman, 1992). For ideally miscible or
phase-separated multicomponent monolayers, the dipole potential at any
surface pressure can be calculated to be the area-weighted average of
individual surface potentials of the coexisting phases at the same surface
pressure,

AV, = AV, + 3770, /A, (1)

where AV, is the area-apportioned sum of the individual lipid concentra-
tion-independent components of the dipole potential and w, is the mole
fraction-apportioned sum of the component dipole moments perpendicular
to the plane of the interface (Smaby and Brockman, 1990, 1992).

Fluorescence microscopy of monolayers

Lateral organization of the mixed monolayers of DMPC and either C16:0-
or C24:1-ceramide was observed by fluorescence microscopy and using a
computer-controlled Wilhelmy-type film balance (uTrough S, Kibron Inc.,
Helsinki, Finland). Total surface area of the trough is 120 cm?, and the
volume of the subphase is 22 ml. The trough was mounted on the stage of
an inverted microscope (Zeiss IM-35, Jena, Germany) and the quartz-glass
window in the bottom of the trough was positioned over an extra long
working distance 20X objective (Nikon). A 450—490 nm bandpass filter
was used for excitation and a 520 nm longpass filter for emission. Images
were viewed with a Peltier-cooled 12-bit digital camera (C4742-95,
Hamamatsu, Japan) interfaced to a computer (Pentium 166 MHz) and
running image processing software provided by the camera manufacturer
(HiPic, 4.2.0). NBD-PC (X = 0.01) was used as a fluorescent probe. Stock
solutions of the probe and the lipids, DMPC/C16:0-ceramide/NBD-PC at
the indicated molar ratios (99:0:1, 49:50:1, and 9:90:1) and DMPC/C24:
1-ceramide/NBD-PC (79:20:1 and 29:70:1) were prepared in chloroform
and stored at —20°C. These mixtures were applied on the air-buffer (10
mM phosphate-saline buffer, | M NaCl, pH 6.6) interface using a Hamilton
microsyringe to initial areas of 100 = 10 A%/acyl chain. After an equili-
bration period of 10 min the monolayers were compressed symmetrically
using two barriers at a rate of 2.5 A%/acyl chain/min. After reaching the
indicated values for surface pressure () the compression was stopped and
the monolayer was allowed to settle for 2 min before recording the image.
All measurements were done at ambient temperature of 24 + 1°C and were
repeated at least twice.

RESULTS

Compression isotherms for DMPC/C16:0-
ceramide and DMPC/C24:1-ceramide monolayers

In our first set of experiments we used the synthetic N-
palmitoyl-sphingosine, C16:0-ceramide, and the saturated
DMPC, with comparable lengths of their hydrophobic moi-
eties. At 24°C and at all surface pressures below film
collapse, neat DMPC monolayers were chain-disordered,
i.e., liquid-expanded. Representative compression isotherms
for mixed DMPC/C16:0-ceramide monolayers as well as
neat lipids are shown in Fig. 1 4. The isotherms show
several interesting features. First, the addition of increasing
amounts of the highly condensed C16:0-ceramide does not
result in the appearance of a clearly discernible liquid-
expanded to liquid-condensed phase transition (LE — LC),

767

even though the measurement temperature (=24°C) is close
to the phase transition temperature of DMPC bilayers, and
increasing X,., 4.0 results in a more condensed film behav-
ior. Phillips and Chapman (1968) showed that the mono-
layer liquid-expanded — liquid-condensed phase transition
appears at surface pressures below monolayer collapse as
the temperature is lowered below the gel- to liquid-crystal-
line phase transition temperature of the lipid in bilayers. It
could thus be anticipated that the addition of C16:0-cer-
amide with its much higher transition temperature (Shah et
al., 1995) would result in mixed monolayers of C16:0-
ceramide and DMPC having a measurable phase transition
at a surface pressure that decreases with increasing content
of C16:0-ceramide. The absence of such a transition at 24°C
suggests that C16:0-ceramide has little or no miscibility in
DMPC monolayers. The second interesting feature of the
isotherms is that above X_..;6.c = 0.7 to 0.8, the isotherms
are nearly identical (Fig. 1 A). The absence of composition-
dependence of the average molecular area suggests that in
this range a single, condensed monolayer phase is present.

In theory, the collapse pressures of isotherms like those
shown in Fig. 1 can indicate over what range the compo-
nents are miscible (Crisp, 1949). However, in general for
lipids with high collapse pressures and in particular for
condensed monolayers, deducing phase behavior from com-
pression isotherms can be misleading. To further investigate
the mixing of the monolayer components, isobars of aver-
age molecular area versus monolayer composition (4 vs.
Xeer16:0) at surface pressures of 5, 15, 30, and 40 mN/m were
constructed (Fig. 2, left). Comparison of the data to the
predicted additive behavior is consistent with the qualitative
interpretation of the 7 versus A4 isotherms given above.
Particularly evident at low surface pressure, the components
appear to mix up to ~X_ ;6.0 = 0.1. Between X_..;6.0 0f 0.1
and 0.7 (solid line connecting the data points in Fig. 2, lef?)
the average area decreases linearly and then becomes con-
stant at higher mole fractions of C16:0-ceramide. This be-
havior is consistent with the liquid-expanded phase of
DMPC solubilizing C16:0-ceramide up to X xer16.0 = 0.10
and the condensed C16:0-ceramide phase solubilizing
DMPC up to Xpppe = 0.30, in keeping with DSC and x-ray
data (Holopainen et al., 1997, 2000a). The composition-
independence of the break points indicates that mixtures of
these compositions behave as pseudo-compounds or com-
plexes as previously observed for cholesterol-phospholipid
mixtures (Radhakrishnan and McConnell, 1999). In the
intermediate region of linear average molecular area-com-
position behavior (Fig. 2 left, solid line) the monolayer
should thus consist of two immiscible pseudo-compound
phases, which are liquid DMPC/C16:0-ceramide (~79:1
molar ratio) and solid DMPC/C16:0-ceramide (~73:7 mo-
lar ratio). It is of interest that after compression, ceramide
containing (=0.8) monolayers appear to remain in a con-
densed state even after decompression of the membrane
(data not shown).
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FIGURE 1 (4) Representative compression isotherms for DMPC with increasing concentrations of C16:0-ceramide. The mole fractions of C16:0-

ceramide are from left to right 0.8, 1.0, 0.9, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, and 0. The solution of each lipid was spread onto a trough filled with (800 ml)
10 mM phosphate-saline buffer, 1 M NaCl, pH 6.6 at 24°C. After a period of 4 min the monolayer films were compressed at a rate of <4 A%/molecule/min.
(B) Compression isotherms measured for pure C24:1-ceramide and its mixtures with DMPC. The mole fractions of C24:1-ceramide are from left to right
1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, and 0. The conditions were as for Fig. 1. The asterisks indicate the position of the observed phase transitions.
(C) The Cg ! versus mean molecular area for X, 5., = 0, 0.2, 0.4, 0.6, 0.8, and 1.0, calculated from the graphs in 4. (D) The data in B were used to calculate
the Cg' versus mean molecular area for X,,,,.; = 0, 0.2, 0.4, 0.6, 0.8, and 1.0. All experiments were repeated at least once to ensure reproducibility. If
subsequent isotherms differed by >1 mN/m and/or 2 A*/molecule, a third sample was analyzed.

We then proceeded to study the synthetic C24:1-cer-
amide, with an 18-carbon sphingosine base and C24:1 chain
as the N-acyl chain. Monolayers of this lipid are liquid-
condensed or solid-condensed with a small headgroup area,
~38 A?/molecule. Representative compression isotherms of
DMPC/C24:1-ceramide mixtures are compiled in Fig. 1 B.
In contrast to the DMPC/C16:0-ceramide films a clear
phase transition is evident already at X_..,,., = 0.1, and
increasing X_..,4.; causes this transition to shift to lower
surface pressures (marked with asterisks in Fig. 1 B and also
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included into Fig. 2, right). At X ..4., = 0.8 the above
discontinuity can no longer be resolved. To quantitatively
compare the apparent condensing and expanding effects of
C24:1-ceramide in a DMPC monolayer we determined the
additivity of mean molecular areas at four different surface
pressures, viz. 5, 15, 30, and 40 mN/m (Fig. 2, right). In
contrast to C16:0-ceramide, substantial positive deviations
at 5 mN/m for area additivity were evident at X, .,4.; < 0.6.
Up to m = 15 mN/m a positive deviation is still observed
when X, ,4.; < 0.4, while increasing X_,,,., further results
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graphs illustrated in Figs. 1 4 and 2 left.

in a negative deviation from the ideal area additivity. Fur-
ther increase in surface pressure (77 > 30 mN/m) results in
negative deviation from ideal additivity of surface areas.
The latter indicates miscibility of the components in the
condensed state. To conclude, the above behavior suggest
that the two components are partially miscible in both the
liquid-expanded and condensed phases, whereas a compo-
sition and lateral pressure-dependent two-phase region is
evident between the liquid-expanded and condensed re-
gimes. Notably, C24:1-ceramide and DMPC do not form
pseudo-complexes similar to those observed for the mixed
films of DMPC and C16:0-ceramide.

Interfacial elastic moduli of area compressibility
of DMPC/ceramide films

The Cg' versus 4 behavior was determined from the -4
data as described under Materials and Methods (Fig. 1 C).
Cg' for pure DMPC (108 mN/m) at 30 mN/m reflects the
fluid nature of the lipid packing state (Smaby et al., 1997).
Interestingly, upon increasing X,., 4.0 up to 0.4 the average
molecular area decreases, while the in-plane elasticity re-
mains relatively unaffected (Fig. 3). Thereafter, a further
increase in X, 4.0 results in a dramatic enhancement in
Cs'. The value of X4, at which Cg ' increases is depen-
dent on 7. For instance, Cg ' values are quite similar for
mixed films containing X, 4.0 = 0.6 at low surface pres-
sures (e.g., 5 mN/m) (Fig. 3). In contrast, at high surface
pressures in the range thought to mimic biological mem-
branes (i.e., 7 = 30 mN/m), DMPC can only accommodate

800
-9
600 |- / [
]
5, 400t /0/0\0
O ®
/ o
200 | P o/ ~n-N
&
0\8_0’_0/ _ D/D
e e

0.0 0.2 0.4 0.6 0.8 1.0

cer

FIGURE 3 Cg' versus X, at 5 (H) and 30 mN/m (@®). Closed and open
symbols denote data for C16:0-ceramide/DMPC and C24:1-ceramide/
DMPC mixtures, respectively. The data were taken from the graphs illus-
trated in Fig. 1, C and D.

KXeerie:0 < 0.4 before interfacial elasticity begins to decrease
(Fig. 3). Further increase in X_., 4., results in an abrupt
decrease in interfacial elasticity, so that threefold higher
Cg ' values are measured at X, .40 = 0.6, and sevenfold

higher at X, ;4.0 = 0.8 (Fig. 3).
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We then determined the Cg' versus 4 dependency also
for DMPC and C24:1-ceramide monolayers (Fig. 1 D). The
phase transition caused by increasing X._.,,4.; coincides with
a shift of the maximum Cg ' value to larger mean molecular
areas at low surface pressures. The minimum value of Cy '
represents the onset of phase separation determined from
fluorescence microscopy of DMPC/C24:1-ceramide lipid
mixtures (see below). The lack of this minimum/abrupt
change (e.g., X..;16.0 = 0.5 and X, »4.; = 0.8) indicates that
even at low surface pressures a two-phase coexistence is
observed. This allows precise determination of the onset of
the phase separation. Similarly to what was observed for
DMPC/C16:0-ceramide mixtures at high surface pressures,
Cs' is increased also by C24:1-ceramide. At low surface
pressures (e.g., @ = 5 mN/m) no apparent changes are
observed in Cg ' upon increasing X, ,,,., (Fig. 3). However,
at high surface pressures (e.g., 7 = 30 mN/m), the maxi-
mum Cg ' value decreased slightly for X ,,., = 0.2 (~0.8-
fold) compared to the neat DMPC film. Increasing X, 4.,
to 0.4 increased Cg ' by 1.1-fold, and further by 1.8-fold at
X, 041 = 0.6. The Cg' values measured for X, ,,,., from
0.8 to 1.0 were ~3.5-3.6-fold higher compared to DMPC

(Fig. 3).

Fluorescence microscopy of
DMPC/ceramide monolayers

In order to aid the interpretation of the force-area isotherms
we investigated these films by fluorescence microscopy
(Weis, 1994). The fluorescent lipid analog, NBD-PC (X =
0.01) readily partitions into the liquid-expanded domains in
the coexistence region (Weis and McConnell, 1985). Im-
ages of DMPC (Fig. 4, A-D) show no indication of lateral
phase separation regardless of 7, consistent with the liquid-
expanded behavior (Fig. 1 4). However, at X ... = 0.5
lateral phase separation is seen at all surface pressures (Fig.
4, E-H). Based on our DSC and x-ray scattering data
(Holopainen et al., 2000a) on DMPC/C16:0-ceramide mul-
tilamellar vesicles it seems feasible to suggest that the dark
domains seen in Fig. 4, E-H would represent a solid cer-
amide enriched phase. Yet, it is also possible that they could
be defined as “plastic” domains. To verify the latter possi-
bility requires measurement of the rheological properties of
the films. At X 60 = 0.9 the images show punctate
fluorescence, indicative of the dye being excluded from the
condensed, single-phase monolayer (Fig. 4, /--L). Images of
DMPC/C24:1-ceramide (molar ratio 8: 2) monolayer reveal
no indications of phase separation at 7 < 15 mN/m (Fig. 4,
M and N). However, further increase in 7 results in the
formation of coexisting liquid and condensed phases (pan-
els O and P). At DMPC/C24:1-ceramide molar ratio of
0.3:0.7 even at low surface pressures (>1-2 mN/m) a
two-phase monolayer is evident (Fig. 4, O-T), consistent
with the interpretation from compression isotherms (Fig. 1
B). Importantly, the domain morphologies for the two cer-
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amides mixed with DMPC are distinctively different. In
brief, for mixtures of DMPC with C16:0-ceramide a sub-
stantial population of the dark area is connected to form a
network-like structure with round dark domains captured
within the light areas. In contrast, for DMPC/C24:1-cer-
amide mixed monolayers the dark domains are arranged
into fractal or flower-like patterns. The average number of
the petals in the dark flower like domains is quite constant
(6.4 = 0.9).

AV versus A behavior of DMPC/ceramide films

To further characterize the effects of ceramide on mem-
brane properties we measured also surface potential-area
(AV-4) isotherms for both DMPC/C16:0-ceramide and
DMPC/C24:1-ceramide films. It should be noted that for
these uncharged lipid species AV represents the macro-
scopic average of the membrane dipole potential as a func-
tion of A. Taking into account the phase separation evident
in fluorescence microscopy images, the interpretation of the
AV data is thus somewhat limited. Representative AJ-A
isotherms for the DMPC/C16:0-ceramide films are depicted
in Fig. 5 4. For expanded films of PCs, Phillips and Chap-
man (1968) found AV to increase from ~270 mV at 1
mN/m to ~450 mV at 40 mN/m, as measured also for
DMPC in this study. To address changes in A} more
quantitatively due to increasing proportions of C16:0-cer-
amide, we determined AV versus X,. 4. isobars at four
different surface pressures, viz. 5, 15, 30, and 40 mN/m
(Fig. 5 B). Regardless of the value of 7 a sigmoidal behav-
ior of AV versus X160 1S evident. At 5 mN/m AV is
increased from 343 to 531 mV upon increasing X, ,¢.0-
However, increasing  diminishes the difference in surface
potential observed at X_.,16.0 = 0 and X_16.0 = 1.0 (Fig. 5 B).

To gain more insight into differences between the two
ceramides we also investigated the dependency of AV for
DMPC/ceramide mixtures on the lipid concentration at con-
stant values of surface pressure. Surface potential ideally
varies with concentration, as AV « (area per molecule) .
As potentials for different lipids are not simply additive as
a function of their concentrations in the membrane (Smaby
and Brockman, 1992) the close to ideal behavior (i.e., an
almost linear correlation between these two parameters) of
C16:0-ceramide/DMPC films in the range X .60 = 0.1-
0.7 (Fig. 6 A) thus complies with their immiscibility.

As described by Eq. 1, at any area the potential is inde-
pendent of the surface pressure. A very different pattern is
evident for the binary mixtures of DMPC with C24:1-
ceramide (Fig. 5 C). To facilitate the viewing of these
results we plotted the AV versus X,..,4., isobars at four
different surface pressures, viz. 5, 15, 30, and 40 mN/m
(Fig. 5 D). At 5 mN/m increasing X,.»4.; up to 0.5 results
in a monotonous decrease in AV, whereafter a rapid increase
in AV is observed, reaching ~450 mV for neat C24:1-
ceramide. Increasing the surface pressure to 15 mN/m low-
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FIGURE 4 Fluorescence micros-
copy images of a DMPC/NBD-PC
(99:1, molar ratio) (4-D), DMPC/C16:
0-ceramide/NBD-PC (49:50:1, molar
ratio) (E—H), DMPC/C16:0-ceramide/
NBD-PC (9:90:1, molar ratio) (/~L),
DMPC/C24:1-ceramide/NBD-PC (79:
20:1, molar ratio) (M--P), and DMPC/
C24:1-ceramide/NBD-PC (29:70:1,
molar ratio) (O—7), monolayers at sur-
face pressures (from left to right) of 5,
15, 30, and 40 mN/m. Compression
rate was 2.5 A%/acyl chain/min and the
subphase was 10 mM phosphate-saline
buffer, 1 M NaCl, pH 6.6. Images were
recorded at 24 * 1°C.

ers the point of discontinuity to X_...4.; = 0.3. As surface
pressure is increased to 30 mN/m the transition in AV is
evident already at X ..,4.; = 0.1. At 40 mN/m the discon-
tinuity can no longer be resolved. Importantly, the emer-
gence of the discontinuities coincides with the emergence of
the two-phase region seen by fluorescence microscopy.

The AV versus X, behavior for the two ceramides ex-
hibits a rather different pattern. Although C16:0-ceramide
shows a sigmoidal dependency between the two parameters,
either a decrease or increase in AV is evident for C24:1-
ceramide, depending on X,..,.;. Likewise, the C24:1-cer-
amide/DMPC monolayers exhibit clearly different depen-
dency of AV on lipid surface concentration (Fig. 6 B), in
keeping with non-ideal miscibility in the liquid and con-
densed phases and the presence of the liquid-expanded to
condensed phase transition.

771

DISCUSSION

An informative approach for assessing the lateral interac-
tions of lipids is to determine the molecular area of mixed
lipid monolayers as a function of surface pressure. Lofgren
and Pascher (1977) showed that ceramides containing a
4,5-trans double bond in the long alkyl chain base were
condensed into a crystalline assembly, whereas species
lacking the double bond were closely packed only at rela-
tively high surface pressures. The area per molecule and
compressibility did further depend on the number and con-
figuration of the hydroxyl groups. The N-octadecanoyl-
sphingosine (C18:0-ceramide) revealed expanded to con-
densed force-area isotherms lacking any additional phase
transitions between two mesomorphic states of the lipid
monolayer. The small collapse area (39 A?) measured for
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FIGURE 5 (4) Representative surface potential AV versus mean molecular area plots for pure DMPC and its mixtures with C16:0-ceramide. For the sake
of clarity the isotherms are not identified. (B) AV versus X, , 4.0 at 7 5 (H), 15 (@), 30 (A), and 40 (¥) mN/m. Otherwise the conditions were as for Fig.
1 C. Surface potential AV versus mean molecular area for mixed DMPC and 24:1-ceramide monolayers. (D) AV versus X_,,,.,-ceramide at 5 (H), 15 (@),
30 (A), and 40 mN/m (V). Otherwise the conditions were similar to Fig. 1. All experiments were repeated at least once to ensure reproducibility. If

subsequent isotherms differed >20 mV a third sample was analyzed.

this lipid indicated that the hydrocarbon chains were packed
into crystalline arrays with chains perpendicular to the air/
water interface thus resembling the monolayer packing of
long-chain fatty acids. Interestingly, the surface pressure
behavior of C24:1-ceramide closely resembled that of the
C18:0-ceramide, the main difference being a lower collapse
pressure for the former, suggesting that the longer fatty acid
with one cis double bond had no effect on the molecular
packing (Lofgren and Pascher, 1977). This behavior mark-
edly contrasts those of 18:0 GalCer (galactosylceramide)
and 24:1 GalCer, in which the 18:0 GalCer is condensed at
all surface pressures below collapse but 24:1 GalCer shows
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a large two-dimensional phase transition beginning near 10
mN/m (Ali et al., 1993).

The present results were obtained from combined mea-
surements of the cross-sectional area, the interfacial elastic
modulus of area compressibility (Cs '), determination of the
changes in surface potential, and fluorescence microscopy,
assessing the impact of the N-acyl chain of ceramides on the
in-plane interactions in mixed monolayers with DMPC.
Although the compression isotherms for monolayers of the
neat compounds, C16:0- and C24:1-ceramide were very
similar, forming solid condensed films, their mixtures with
DMPC were strikingly different. Whereas C16:0-ceramide
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and DMPC form immiscible pseudo-compounds, C24:1-
ceramide and DMPC exhibit surface pressure-dependent
miscibility, albeit non-ideal, in both the liquid and con-
densed phases. Accordingly, the behavior of C16:0-cer-
amide and C24:1-ceramide in DMPC matrix seem to be
governed by different mechanisms. More specifically,
whereas for DMPC/C16:0-ceramide interactions (apparent
condensation and limited miscibility) are mainly due to the
headgroup region of ceramide at all surface pressures, the
long N-acyl chain in C24:1-ceramide is likely to diminish
the tendency of this lipid for lateral hydrogen bonding
(Pascher, 1976; Moore et al., 1997) and thus increase its
miscibility with DMPC at low surface pressures. Upon
increasing the surface pressure the headgroup interactions
dominate and promote lipid immiscibility. The above is
most evident in Fig. 6, 4 and B, where the correlation of
A-AV for DMPC/C16:0-ceramide is linear, in contrast to
DMPC/C24:1-ceramide.

The in-plane elastic packing interactions have previously
been measured by micropipette aspiration technique (e.g.,
Evans and Needham, 1987). However, this method is ap-
plicable only to lipids or lipid mixtures that form large and
stable single bilayer vesicles and is thus not feasible for
ceramide, for instance. The Cg ' values for chain disordered
sphingomyelins (SMs) exceed those for PCs by 25-30%
(Smaby et al., 1996), and have been attributed to intermo-
lecular hydrogen bonding of SMs through their amide and
hydroxyl groups. In keeping with this the values of Cg ' for
ceramides are even higher than for SMs, suggesting further
enhanced lateral packing due to hydrogen bonding. Cg'

versus X,..4.1 (Fig. 1 D) data show a clear discontinuity
(dips) at low surface pressures. These discontinuities sug-
gest the formation of phase boundaries at low surface pres-
sure consistent with previous reports (Smaby et al., 1997)
and verified here for C24:1-ceramide by fluorescence mi-
croscopy showing the appearance of distinct flower-like
domains slightly above the dip in Cg '. The sharp increase in
compressibility may reflect the percolation threshold of the
two phases. More specifically, when X_..;¢.0 1S increased
from 0.1 to 0.7 the decrease in compressibility could cor-
respond to the condensed lipid becoming the continuous
phase. Accordingly, when the liquid phase is the continuum,
lateral compression is transmitted throughout the liquid
matrix so that Cg' increases monotonically with X, .-
Crossing the percolation threshold the matrix is solid with
fluid domains trapped in it. Compression on the solid matrix
resists compression of the fluid droplets so the measured
compressibility modulus increases dramatically at the per-
colation threshold. Inspection of the images for X . ;6.0 =
0.5 shows a dark (condensed) continuum at all surface
pressures, although at the two lower pressures there are
fairly large clusters of dark domains in a fluid matrix. The
area compressibility moduli Cg' for C16:0-ceramide/
DMPC mixtures exhibit no minima as a function of decreas-
ing average area, although such minima are known to occur
in the two-phase region for pure lipids. Yet, partial immis-
cibility (or “complex” formation) is indeed suggested by the
average area versus composition plots and is evident from
the fluorescence microscopy data. Whether this is due to the
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small size of the domains or some other property of the
pseudo-complex remains unclear at present.

The difference in the mixed films of DMPC with C16:0-
and C24:1-ceramide is dramatic and can be attributed solely
to their different N-acyl chains. The impact of the C24:1
chain in the DMPC-ceramide film can be rationalized anal-
ogously to the “mushroom” — “brush” transition described
for grafted polymers (Bijsterbosch et al., 1995; de Gennes,
1980; Hristova and Needham, 1995; Majewski et al., 1998).
At low pressures and at low contents of C24:1-ceramide the
end of the long C24:1 acyl chain protrudes above the
monolayer, adopting a “gaseous” state similar to the “mush-
room” conformation of polymers. Accordingly, compared
to C16:0-ceramide there is an additional repulsive potential
between C24:1-ceramide molecules which promotes its
miscibility in DMPC. The average areas in 4 versus X, 4.
isobars show film expansion (Fig. 2, right). Increasing lat-
eral packing of the film or increasing X_.,.,4.; causes the
protruding “mushrooms” to contact, thus resulting in the
protruding part of the C24:1 chain above the monolayer to
undergo a transition, viz., decrement in the number of
gauche bonds, adopting a regime similar to the “brush”
conformations for polymers. In this state contacts and hy-
drogen bonding between C24:1-ceramide molecules are
augmented and the mixed film condenses, as seen in the 4
versus X4, 1sobars (Fig. 2, right). Compared to C16:0-
ceramide for C24:1-ceramide in the “brush” regime there
should now be an additional attractive potential due to van
der Waals interaction between the protruding acyl chains.
The “mushroom” — “brush” transition of the C24:1-cer-
amide chains is a first-order transition, involving two-phase
regions, as verified by fluorescence microscopy. Interac-
tions between the constituent molecules in the DMPC/C24:
I-ceramide film are thus different from those composed of
DMPC and C16:0-ceramide, resulting in different domain
morphologies. The “mushroom” — “brush” transition sug-
gested above should also be readily evident in surface
potential values, as indeed it was observed (Figs. 5 and 6).
More specifically, as it is the vertical component of the
dipole moment that contributes to the measured potentials
due to angular averaging, the terminal methyl groups may
not contribute to the surface potential when in the “mush-
room” conformation. Instead, in the “brush” conformation
there should be a significant impact, especially at higher
mole fractions of 24:1 ceramide and in the condensed state.
Likewise, the compressibility should be high in the “mush-
room” regime as well as in the coexistence region, in
keeping with our measurements (Fig. 1). Finally, increasing
the content of C24:1-ceramide facilitates the formation of
microdomains enriched in this lipid.

For C16:0-ceramide the dark ceramide enriched domains
exhibit a complex network with some round domains en-
trapped into the bright continuum. At X .. .o = 0.5 the
amount of circular domains is ~20-30% of the total dark
area and the rest is arranged in complex, interconnected
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networks. The morphology of the C16:0-ceramide is likely
to reflect its tight packing and immiscibility in DMPC due
to efficient hydrogen bonding. C24:1-ceramide/DMPC
films at low ceramide concentrations already exhibit flower-
like solid domains that do not fuse, even at high surface
pressures. Theoretically, round domains with minimum do-
main boundaries arise when line tension dominates the
energetics of domain morphology. In contrast, domains with
complex shapes, such as the flower or networks, are a result
of large dipole-dipole repulsion compared to line tension
(Perkovi¢ and McConnell, 1997). The very different domain
morphologies evident for the two ceramides mixed with
DMPC thus provide strong support for different interactions
between the film constituents, as discussed above.

The significance of lipids with long acyl chains is not
understood. Our present results demonstrate that the impact
of the N-acyl chain in ceramides can be profound. Yet, it
still remains to established how the difference evident in the
behavior of the monolayers is manifested in bilayers. In the
latter the determinants for ordering are more complex, and
the possibility of microdomain formation due to hydropho-
bic mismatch of lipids has to be taken into account as well
(Lehtonen et al., 1996). In bilayers, the “brush” regime of
C24:1-ceramide would be expected to promote its partial
interdigitation with the acyl chains of the adjacent leaflet,
causing coupling of the two monolayers. Another ceramide
of this type is one with a C26:1 chain, which can be
anticipated to behave in a similar manner. In the “mush-
room” regime, in contrast, this coupling due to interdigita-
tion would be absent. Similar and perhaps more aggravated
behavior in the “brush” regime could be expected for the
C24:0- and C26:0-ceramide species. Studies on the further
characterization of these lipids are in progress in our labo-
ratory. It has been suggested that C16:0-ceramide represents
the ceramide species functioning as the second messenger in
apoptosis (Thomas et al., 1999). In light of this study it
seems feasible that different ceramide species may serve
very different biological functions, determined by their im-
pact on the physical properties on membranes. Although the
biological significance of this finding remains unknown, it
is possible that the morphology of their domains could have
an impact on their differential effects in cellular membranes.
Notably, the pronounced differences on the macroscopic
scale observed by fluorescence microscopy readily imply
equally dramatic differences in the organization of these
lipids on shorter length scales as well.
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