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ABSTRACT: The effect of brain ceramide on the maximum solubility of cholesterol in ternary mixtures of
1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), cholesterol, and ceramide was investigated
at 37°C by a cholesterol oxidase (COD) reaction rate assay and by optical microscopy. The COD reaction
rate assay showed a sharp increase in cholesterol chemical potential as the cholesterol mole fraction
approaches the solubility limit. A decline in the COD reaction rate was found after the formation of
cholesterol crystals. The maximum solubility of brain ceramide in POPC bilayers was determined to be
68 + 2 mol % by microscopy. We found that ceramide has a much higher affinity for the ordered bilayers
than cholesterol, and the maximum solubility of cholesterol decreases with the increase in ceramide content.
More significantly, the displacement of cholesterol by ceramide follows a 1:1 relation. At the cholesterol
solubility limit, adding one more ceramide molecule to the lipid bilayer drives one cholesterol out of the
bilayer into the cholesterol crystal phase, and cholesterol is incapable of displacing ceramide from the
bilayer phase. On the basis of these findings, a ternary phase diagram of the POPC/cholesterol/ceramide
mixture was constructed. The behaviors of ceramide and cholesterol can be explained by the umbrella
model. Both ceramide and cholesterol have small polar headgroups and relatively large nonpolar bodies.
In a PC bilayer, ceramide and cholesterol compete for the coverage of the headgroups of neighboring PC
to prevent the exposure of their nonpolar bodies to water. This competition results in the 1:1 displacement
as well as the displacement of cholesterol by ceramide from lipid raft domains.

Sphingomyelin and cholesterol represent the major com- lipid raft domains and displaces cholesterol from lipid rafts
ponents of lipid rafts in the plasma membranes of most (14—16). However, cholestereiceramide interaction in a
animal cells. These raft domains are thought to be involved PC! lipid bilayer containing a high level of cholesterol or
in regulating many important cell functions, such as signal ceramide, as well as the phase diagram of the ternary
transduction, lipid trafficking, and protein function<3). mixtures, has not yet been investigated.

Ceramide is an important lipid involved in many vital cell Previously, we have measured the solubility limit of
signaling processedl(5). It also plays a key role in many  pjesterol in lipid membranesl]). Above this limit,
biochemical processes associated with cell proliferation, cell cholesterol precipitates from the bilayer to form cholesterol
differentiation, and apoptosi§,(7). In cells, ceramide can .,y ohvdrate crystals. Experiments with a careful sample
be generated by either de novo synthesis or the hydmeSiSpreparation procedure yielded reproducible and precise
of sphingomyelins by acid sphingomyelinase (aSMase) or

tral sohi i SM duri lular st OIcholesterol solubility limits: 66t 1 mol % for phosphatidyl-
heutral sphingomyefinase (nSMase) during cetiuiar sress anteppline (PC) bilayers and 5% 1 mol % for phosphatidyl-
apoptosis §—10). In lipid membranes, ceramide increases

the acyl chain packing order and stabilizes the gel phiBe ( ethanolamlng (PE) bilayerd ). .Thesg datg were fgrther
: : . analyzed using Monte Carlo simulations in exploring the
Recently, the interaction between cholesterol and ceramide . . o
. . molecular interactions between phospholipids and choles-
in cell membranes has drawn a lot of attentidd, (L3). It terol. We found that at high cholesterol concentrations, the
has been shown that ceramide preferentially partitions into ; : 9 T ; .
dominant effects arise from a hydrophobic interaction, which

. . _ . is explained by the “umbrella model”. Cholesterol has a large
T This work was supported by the National Science Foundation

(MCB-0344463), the Petroleum Research Fund (ACS PRF#41300- "Onpolar steroid ring body and a relatively small polar
ACS6), and the Welch Research Foundation (D-1158). hydroxyl headgroup. In a bilayer, cholesterol relies on the
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mine B sulfonyl). cholesterol begin to form and not all of them can be

10.1021/bi060610x CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/23/2006




12630 Biochemistry, Vol. 45, No. 41, 2006 Ali et al.

I, In this study, the effect of ceramide on the maximum
0/\/N| solubility of cholesterol x*) in ternary lipid mixtures of

POPC, cholesterol, and ceramide was investigated systemati-

o
O_'T=O cally. A bilayer surface sensitive technique, the cholesterol
o oxidase (COD) reaction rate assay, has been developed to
H measurey*. We found that the value of the maximum
iy solubility limit of cholesterol indeed decreases concomitantly
o with the increase in ceramide concentration, as predicted by
o the umbrella model. Most significantly, we found that

ceramide has a much higher affinity for the lipid bilayer
phase than cholesterol does. One ceramide molecule dis-
places one cholesterol from the bilayer phase into the
cholesterol crystal phase at the solubility limit, and choles-
terol is incapable of displacing ceramide from the lipid
bilayer. This 1:1 relationship allowed us to construct a phase
diagram of POPC/cholesterol/ceramide mixtures, which
describes the crystal and bilayer phases in this ternary system.

MATERIALS AND METHODS

Materials.POPC, brain ceramide, and rhodamine-PE were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
The typical fatty acid distribution for brain ceramide is as
follows: 58% C18:0, 15% C24:1, 9% C22:0, 7% C24.0, 6%
C20:0, 2% C16:0, and 3% other20j. Cholesterol was

Cholesterol 16:0,18:1-PC (POPC)  C18:0 Ceramide purchased from Nu Chek Prep, Inc. (Elysian, MN). Lipid
Ficure 1: Chemical structures of cholesterol, POPC, and the main PUrity (> 99%) was confirmed by thin layer chromatography
component of brain ceramide (C18:0 ceramide). Both cholesterol (TLC) on washed, activated silica gel plates (Alltech
and ceramide have small polar headgroups and relatively large Associates, Inc., Deerfield, IL) and developed with a 65:
nonpolar bodies. POPC has a much larger polar headgroup.  25:4 chloroform/methanol/water mixture for phospholipid
effectively covered by phospholipid headgroups, the cho- analysis or with a 7:3:3 petroleum ether/ethyl ether/
lesterol chemical potential jumps sharply and leads to the chloroform mixture for cholesterol analysis. The TLC plates
precipitation of cholesterol from the bilayer. The phenom- were visualized by being heated on a Z@hotplate for 2
enon of cholesterol precipitation most likely occurs near three h after being sprayed with a 20% ammonium sulfate solution.
discrete cholesterol mole fractions of 0.50, 0.57, and 0.67, All solvents were HPLC grade. Concentrations of phospho-
which correspond to cholesterol:phospholipid molar ratios lipid stock solutions were determined with a phosphate assay
of 1:1, 4:3, and 2:1, respectively. At these solubility limits, (21). Aqueous buffer [5 mM PIPES, 200 mM KCI, and 1
the cholesterol/phospholipid bilayer mixture forms highly mM NaN; (pH 7.0)] was prepared from deionized water
regular lipid distributions to minimize cholesteratholes- (~18 MQ) and filtered through a 0.&m filter before use.
terol contacts 18, 19). Recombinant cholesterol oxidase expresseBsnherichia

Although the molecular structure of ceramide is quite coli (C-1235), peroxidase (P-8250) from horseradish, and
different from that of cholesterol as shown in Figure 1, both other chemicals for the cholesterol oxidation measurements
molecules have a small polar headgroup and a large nonpolamwere obtained from Sigma (St. Louis, MO).
body. On the basis of the umbrella model as discussed above, Liposome PreparationThe cholesterol content in all
it is likely that ceramide in a lipid bilayer also needs the samples was kept at 60y, and the lipid compositions of
coverage of the neighboring PC headgroups to shield its samples were adjusted by adding appropriate amounts of
nonpolar body from water exposure like cholesterol does. POPC and ceramide. For microscopy experiments, lipid
This is consistent with recent reports that ceramide displacesmixtures were also labeled with 0.5% rhodamine-PE. Lip-
cholesterol from lipid raft domainslg4—16). London and osomes were prepared by the rapid solvent exchange (RSE)
London (4) suggested that ceramide and cholesterol both method 22). First, lipids were dissolved in 7@L of
compete for the association with the lipid rafts because of a chloroform. The lipid solution was then heated to 85
limited capacity of raft lipids with large headgroups to briefly in a glass tube, and 1.3 mL of aqueous buffer was
accommodate small headgroup lipids. If the behavior of added. While the mixture was kept vigorously vortexed in
ceramide in a lipid bilayer can also be described by the the glass tube, the bulk solvent was removed by gradually
umbrella model, one would expect that this competition reducing the pressure to3 cm of Hg using a home-built
between cholesterol and ceramide could affect the maximumvacuum attachment. The remaining trace chloroform was
solubility of cholesterol in the lipid bilayer. Since ceramide removed by vortexing for an additional 1 min at the same
competes with cholesterol for the coverage of neighboring pressure. The liposomes prepared by these procedures were
PC headgroups, the more ceramide is present in a PC bilayerall sealed under argon. The samples were then placed in a
the less the bilayers can accommodate cholesterol. In otheprogrammable water bath (VWR, model 1187P), preheated
words, one expects a consistent decline of the value of theto 50 °C for the subsequent heating and cooling cycle. The
cholesterol solubility limit in response to an increasing samples were first cooled to 2€ at a rate of 10C/h and
ceramide content in the lipid bilayers. again heated to 50C at the same rate. The samples were
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then kept at 50C for an additionkl h before finally being rhodamine-PE is very effective in labeling lipid vesicles, but
cooled to room temperature at a rate of I&h. Finally, not cholesterol crystals or ceramide crystals. An Olympus
the liposomes were stored at room temperature on a(Melville, NY) IX70 inverted microscope was used in the
mechanical shaker for-10 days in the dark before the Nomarski differential interference contrast (Nomarski DIC)
cholesterol oxidation measurements. mode. A 20« air (UplanFl) or a 6& water immersion
Cholesterol Oxidation Measuremen@holesterol oxidase  (UplanApo) objective manufactured by Olympus was used.
(COD) is a water-soluble monomeric enzyme that catalyzes Digital images were captured by a Cooke (Auburn Hills, M)
the conversion of cholesterol to cholest-4-en-3-one. The SensiCam CCD camera. Lipid dispersions made by the RSE
initial rate of oxidation of cholesterol by the oxidase enzyme method were first concentrated with a tabletop centrifuge
was determined through a coupled enzyme assay scheme aand viewed on thin cover glasses. For the determination of

shown below. the maximum solubility of ceramide in the POPC bilayer, a
series of POPC/ceramide mixtures with increasing ceramide
cholesteroh- O, cob H,0, + cholest-4-en-3-one mole fractions were examined, and the critical mole fraction

above which ceramide crystals were present was determined.
. L POD For POPC/ceramide/cholesterol ternary samples, the presence
2H,0, + 4-aminoantipyrinet phenol— of crystal phases was determined by visual inspection, and
red quinoneiminet+ H,O the type of the crystal, ceramide or cholesterol, was further
identified by the crystal shape.
The total reaction involves two steps. In the first step, the
COD-mediated oxidation of membrane cholesterol produces RESULTS
two products, hydrogen peroxide and cholest-4-en-3-28e (
Catalyzed by peroxidase (POD), the production of hydrogen
peroxide in the first step subsequently leads to reaction with
4-aminoantipyrine and phenol and produces red-colored
quinoneimine, which has a distinctive absorption peak at 500
nm (24). For each cholesterol oxidation measurement, 1.3
mL of liposomes was first mixed with 0.2 mL of a 140 mM

Maximum Solubility of Ceramide in POPC Bilayelihe
maximum solubility of brain ceramide in POPC bilayers was
measured by optical microscopy. No ceramide crystals were
found on samples with a ceramide mole fraction<df.66.
Above the critical mole fraction of 0.68, ceramide crystals
were consistently detected in the samples. Fluorescence

phenol solution. After mixing had been carried out, 1 mL of microscopy was also used to visualize the lipid vesicles,
reaction buffer [1.64 mM aminoantipyrene and 10 ,units/mL which exhibited a bright fluorescence from the rhodamine-
peroxidase in PBS buffer (pH 7.40)] was added. The abovePE label. Unlike cholesterol monohydrate crystals, which
mixture was then incubated at 3C for at least 10 min and exhibit a sharp-edged planar shape, the ceramide crystals are

finally transferred to a cuvette preheated td’87n a heating often quite irregular in shape. On the basis of the microscopic
block. The sample in the cuvette was maintained atG7 measurements from three independent sets of ceramide/POPC

and stirred with a home-built magnetic mini-stirrer during E'gegé rS_ilxtures, thedn][aximun;l Séolubbili%/égocgganrtid_e in
the measurement. An HP-8453 (JVis) linear diode array . i " |a);er W?S thetetrrTme 0 be . | b'i't : f t;S .
spectrophotometer (Agilent Technologies, Wilmington, DE) intéresting 1o noté that the maximum solubility of bran

was used to measure the absorption spectra of the samples’;.er"’m.“.de in POPC blle}yers IS S"T”"ar to the maximum
The reaction was started by injecting 2@ of a COD solubility of cholesterol in POPC bilayers. Previously, we

solution (5 units/mL) into the cuvette. The time-resolved f%ur.'dlthatflf: IS 0:66fjE 00112 Iorzr;anybPCs th gﬁ acyl
absorption spectra (1940100 nm) were collected with an fh i'n* eng i fang_'tf_‘g :Ort‘;] OI hC?‘fI Oﬂ?(]' be € |eveh .
integration time of 0.5 s. The spectra were collected at a aty” 1S not sensitve to the acyl chain length, because chain

rate of two spectra per second, and the total data collectionIength makes Iittlg differenpe t.o the coverage requirement
time per sample was 120 s. Background-corrected time- (18). Although brain ceramide is not a pure substance as it

dependent absorption of quinoneimine was determined byIS cor_nposed of a number of long chain ceramides (sge
calculating the difference in the absorption at 500 nm and Materl_als and Methods), we exp_ect_th_at_ these Ion_g chain
the background average over the range of-7800 nm as a cer_aml_de_s have the same s_olublll_ty limit in POPC bilayers,
function of time. The initial oxidation rate, i.e., the rate of which is mdependent of their cham lengths.
change in the quinoneimine absorption at time zero, was COD Reaction Rate Assaly this study, we developed a
determined using a second-order polynomial fit to the first New COD reaction rate assay for determining the maximum
40 s of the absorption data. All data acquisition and data Solubility of cholesterol £*) in a lipid bilayer. Previously,
analysis were performed using the BVisible ChemStation ~ x* has been measured by various other techniques, such as
Software provided by Agilent Technologies. For all experi- X-ray diffraction, light scattering, microscopy, and dif-
ments, each sample contained the same amount of cholesterderential scanning calorimetryl, 25, 26). This new COD
(60ug). This ensured that the bulk concentration of available reaction rate assay is more convenient and has a higher
substrate to COD remained constant. resolution than the techniques mentioned above. We first
Opt|ca| and F|uorescence Microscowptica| microscopy used POPC for our Calibration, since it has been well-
was used to determine the solubility limit of ceramide in €stablished that thg* in POPC is 0.66+ 0.01 (7).
POPC bilayers and to confirm the presence of crystal and It has been shown that a COD enzyme first physically
bilayer phases in POPC/ceramide/ cholesterol ternary mix- associates itself with lipid bilayers without perturbing the
tures. The detailed methodology for optical microscopy has membrane structure28). The enzyme then goes through
been described in a previous papdr7)( Fluorescence  conformation changes and provides a hydrophobic binding
microscopy was also used to visualize lipid vesicles, since cavity that allows a favorable partitioning of the cholesterol
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FIGURE 4: Initial reaction rates as a function of cholesterol mole
FiGure 2: Absorption spectra of a POPC/cholesterol mixture with fraction for seven sets of POPC/cholesterol/ceramide mixtures. Each
a xcnol Of 0.60, at several time points after the injection of COD set has a predetermin&ratio, whereR = ceramide/(ceramide-
enzyme. The absorption peak at 500 nm is from red quinoneimine, POPC) The peak location of each curve indicates the maximum
one of the final productions of the coupled enzyme reactions. solubility of cholesterol in lipid bilayers with that particul&:

Wavelength (nm)

020 of the concern that the accumulation of the oxidized

cholesterol product (i.e., cholest-4-en-3-one) in the lipid
bilayer may alter the membrane propertig8, 7), only the
first 40 s of data was used to fit a second-order polynomial
and to calculate the initial rate (i.e., initial slope) of the
reaction. It is interesting to notice that Ahn and Sampson
have observed sigmoidal reaction progress curves over the
time scale ranging from 20 to 200 min, primarily due to the
increasing COD catalytic rate constant caused by the
accumulation of the oxidized cholesterol product (i.e.,
cholest-4-en-3-one) in the lipid bilayerg3). In this study,
since the measurements were taken over a much shorter time
period and much less cholest-4-en-3-one was produced, the
reaction progress curves were essentially hyperbolic. On the
0.00 L basis_ (_)f the absorption readings at 500 nm ma_Reh after

0 0 4 80 8 100 120 the injection of the COD enzyme, we estimated that
~1-10% of the cholesterol-oxidized product was formed

. _ _ . during the first 40 s of the reaction, depending on the actual

U, absoron a1 S00 1 25,2 fncton of e for ree, reaction rate. As shown in Figure 3, the inia rate increases
sample was used to fit a second-order reaction curve and to calculataVith the cholesterol mole fraction. This increase is not a
the initial reaction rate. surprise. Previously, on the basis of thermodynamic analysis
from the membrane into the COD Cavity_ The reaction rate and Monte Carlo Simulation, we prediCted that the chemical
of the oxidation sensitively depends on the cholesterol Potential of cholesterol in a lipid bilayer should increase
concentration (i.e., substrate concentration) and the choles-sharply near its solubility limit, to approach that in cholesterol
terol chemical potential (i.e., inherent stability of cholesterol) monohydrate crystals (see Figure 4e inX8f. In a previous
in a lipid bilayer @3), which is directly related to the Study, Ahn and Sampson also observed that the chemical
cholesterol lateral organization within the bilay&7), Since potential of cholesterol increases with the mole fraction of
the cholesterol content in our samples was a constant, thecholesterol at low cholesterol concentratio@8)(
initial reaction rate of COD essentially reflects the chemical  Figure 4 shows the initial rate of COD reaction as a
potential of cholesterol in lipid bilayers, assuming that all function of cholesterol mole fraction for seven sets of POPC/
the cholesterol remains in the bilayer phase. Figure 2 showsceramide/cholesterol mixtures. Here, the molar r&ics
the representative absorption spectra of a POPC/cholesterotiefined as ceramide/(ceramide POPC). For theR = 0
binary mixture with aycno Of 0.60 at various time points, curve, there is no ceramide, and the mixtures are POPC/
after the injection of the COD enzyme. The height of the cholesterol binary mixtures. This curve peaks af@ of
absorption peak of the COD assay product, red quinoneimine0.67, which agrees with the maximum solubility of choles-
(see Materials and Methods), at 500 nm was found to terol in POPC bilayersl(7). The increase in the COD initial
increase steadily with time, indicating the progress of the reaction rate with an increase in cholesterol content for a
COD-mediated cholesterol oxidation reaction. Figure 3 shows cholesterol mole fractiorr0.67 should be primarily due to
the absorption at 500 nm versus time for three POPC/ the increase in the chemical potential of cholesterol. How-
cholesterol mixturesjno = 0.54, 0.60, and 0.64. Because ever, why does the COD initial reaction rate drop when the

0.16

0.12

0.08

Absorbance at 500 nm (AU)

0.04

Time (sec)
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overall cholesterol mole fraction is aboy®? Two important o.7~|
factors that affect the COD reaction rate are the amount of s
bilayer cholesterol accessible to the COD enzyme and theg  o06- s

chemical potential of cholesterol. The drop cannot be dueg

to the change in cholesterol chemical potential, since above2 o5
x*, the bilayer phase is in thermodynamic equilibrium with  §

the cholesterol crystal phase and the chemical potential of's 0.4
cholesterol should become a constant. However, the amount&

of bilayer cholesterol in a sample accessible to the COD & 03
enzyme decreases aboy& Since every sample has an
identical amount of cholesterol (6@y), when the overall
cholesterol mole fraction of a sample is aboye some |
cholesterol will be in the cholesterol crystal phase, and less s 0.1+
cholesterol will remain in the bilayer phase. Thus, the
effective substrate (i.e., the bilayer cholesterol) concentration 004, : . . . . . .
decreases aboyg. Other mechanisms may also contribute 0o o1 02 03 04 05 06 07
to the drop. For example, cholesterol microcrystals could

physically change the packing order of lipids and the Ficure 5: Maximum solubility of cholesteroj*, as a function of

curvature of lipid bilayers and affect COD activity. In ceramide/(ceramide- POPC) ratio: @) x* values obtained from

previous X-ray diffraction experiments, it has been found three independent COD reaction rate measurements myd (
that as soon as the cholesterol mole fraction passes thanaximum solubility of ceramide in POPC bilayers determined by

solubility limit and cholesterol monohydrate crystals begin optical microscopy. The solid line is the theoretigakcurve given

to form, the broad wide-angle diffraction peak at 4.9 A by eq 3, with the assumption that one ceramide molecule displaces
- . n o ' one cholesterol from the bilayer phase into the cholesterol crystal

corresponding to the acyl chain packing in the bilayers, phase.

quickly disappearsi(7).

_The sec_ond part Of_ the coupled enzyme assay aqlapted N Maximum Solubility of Cholesterol in POPC/Cholesterol/
this study involves using phenol and 4-aminoantipyrine (€€ ceramide Ternary Mixturessigure 4 also shows the COD
Materials and Methods). To investigate the effect of these j,iia| reaction rate as a function of cholesterol mole fraction
chemicals on bilayer structu_re andi the c.hemlcal potential of at six otherR ratios. For each set of experimenRwas
cholesterol, a control experiment in which the second part kept constant for all samples. For eaRivalue, there is a
of the coupled enzyme assay was remov_ed and the pmduguo%lear global peak in the COD initial reactior,l rate, which
of cholest-d-en-3-one was directly monitored by measuring indicates the cholesterol maximum solubility in the lipid
its absorption peak at 240 nm was carried out as descnbedbilayers with that particulaR. Clearly, the higher the
by Ahn and Sampsor2g). We found that the initial reaction : . i ' .

y P ® ceramide concentration, the lower the cholesterol maximum

rates obtained from the control experiment (data not shown) - : ) .
had essentially the same composition dependence and peaﬁolublllty. Figure 5 shows the cholesterol maximum solubility

locations as those obtained from the coupled enzyme assayS & function oR. The filled circles are averaged values
shown in Figure 4. Thus, it appeared that phenol and deterr_mned from t_hree mdependent COD .reactlon. rate
4-aminoantipyrine did not cause a detectable change in theexperiments. The filled square is the ceramide maximum
bilayer structure or chemical potential of cholesterol. solubility in POPC bilayers determined by microscopy. The
The fact that the location of the peak in the COD initial Value ofy*, starting from 0.67 in POPC, decreases with an
reaction rate versus lipid composition plot coincides with increase in ceramide concentration and eventually becomes
the cholesterol solubility limit leads us to propose that this zero whenR = 0.68. The results strongly suggest that
COD reaction peak detection assay can be a useful tool forcholesterol is displaced by ceramide from the bilayer phase
measuringy*. Previously, y* in pure PC bilayers was into the crystal phase. The more ceramide is present in a
determined to be-0.67 by X-ray diffraction, light scattering,  bilayer, the less the bilayer can accommodate cholesterol.
and optical microscopyl(, 25). The peak position in Figure  Most significantly, our data also suggest that each ceramide
4 is in excellent agreement with all those previous measure- molecule displaces one cholesterol molecule from the bilayer
ments. We also tested this new assay with several otherphase. To test this hypothesis over the entire rang® of
phosphatidylcholines, such as dil4:0-PC (DMPC), di16:0- values, we calculated the theoretical valugoas a function
PC (DPPC), and di18:1-PC (DOPC). Tytevalues thatwere  of R with this 1:1 displacement assumption. Lét. be the
obtained £-0.67) were in excellent agreement with previous avimum solubility of cholesterol in POPC bilayers and

results as well (data not shown). Therefore, the sharp peakyefing,* in POPC/cholesterol/ceramide ternary mixtures as
in the COD initial reaction rate versus cholesterol composi-

tion plot is a new and sensitive method for determining the * _

cholesterol maximum solubility in lipid bilayers. It has been 1" = choli(chol+ POPC+ cer) (1)
reported previously that the COD reaction rate peaks at
several cholesterol mole fractions far below the solubility
limit, due to the formation of cholesterol “superlattice”
domains 27). These peaks likely originated from different
mechanisms and do not involve the formation of the .
cholesterol crystal phase. (cer+ chol)/(chol+ POPC+ cen=ypc  (2)

0.2

mum Sol

Cer/(Cer+POPC)

at the cholesterol solubility limit. Assume that adding one
ceramide molecule would displace one cholesterol molecule
from the lipid bilayer phase, then at the solubility limit
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%
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Y Ficure 7: Nomarski DIC images taken from a POPC/cholesterol/

e ceramide mixture in the three-phase region, with a 15:35.8:49.2

04 POPC:cholesterol:ceramide composition: (left) ceramide crystals,

(middle) cholesterol crystals, and (right) vesicles. Ceramide crystals

are usually large in size and irregular in shape. Cholesterol crystals

have a typical planar shape with sharp edges. Images show three

phases coexisting in this mixture.

Bilayer

08 Phase(s)

0.2

as the maximum amount of cholesterol that can be accom-

1'0, - - —m, . 0.0 modated by the bilayer. Excess cholesterol will form
00 02 0.4 06 08 10 cholesterol monohydrate crystals. Note that optical micros-
Ceramide copy confirmed the coexistence of lipid vesicles and
FIGURE 6: Ternary phase diagram of POPC/cholesterol/ceramide cholesterol crystals, and no ceramide crystal was observed
mixtures, along with the maximum solubility data®)(y* values in this region. The dashed lines are thermodynamic tie lines

obtained from COD reaction rate measurements Bdriaximum  that indicate the compositions and amounts of coexisting

solubility of ceramide in POPC bilayers determined by optical . .
microscopy. In the bilayer phase(s) region, all POPC, cholesterol, phases. In the three-phase region (labelgdl & bilayer

and ceramide molecules are in the lipid bilayer(s). In the two-phase Phase, a cholesterol monohydrate crystal phase, and a
(2¢) region, the bilayer phase coexists with cholesterol monohydrate ceramide crystal phase coexist. This region is bounded by
crystals. The dashed lines are thermodynamics tie lines, which gone boundary:ycer > 0.67. The three corners of the region

indicate the compositions and amounts of two coexisting phases'specify the compositions of the three phases. The bilayer

In the three-phase ¢3 region, the lipid bilayer phase containing .
all POPC molecules and 67 mole % brain ceramide coexists with Phase contains all the POPC molecules and the saturated

cholesterol monohydrate crystals and ceramide crystals. amount of ceramide [i.e., bilayer ceramide/(bilayer ceramide
+ POPC)= 0.67]. No cholesterol is present in the lipid

Solving egs 1 and 2 together, we obtained the theoretical bilayer, since all cholesterol molecules have been displaced

prediction ofy* as a function ofR as shown below. by ceramide. Excess ceramide forms ceramide crystals, and
all cholesterol is in the form of cholesterol monohydrate
y*(theory)= (s — RI(1 — R) ) crystals. To confirm the phases in the three-phase region,

optical and fluorescence microscopy were used to examine

The solid line in Figure 5 is the theoreticgl curve given mixtures in this region. Figure 7 shows three representative
by eq 3. It is clear from Figure 5 that there is a very good Nomarski DIC images taken from a POPC/cholesterol/

agreement between the theoretical curve and the experimentaf€ramide ternary mixture in the three-phase region, with a
data over the entire range Bfvalues. This confirms that 15:35.8:49.2 I_:’OPC:ch(_)lesterol:ceramlde composition. This
the displacement of cholesterol by ceramide from the bilayer Mixture contains ceramide crystals, cholesterol crystals, and
phase to the cholesterol crystal phase is indeed 1:1. Ceramid&/@sicles. Vesicles made by the RSE method are usually small,
has a much higher affinity for the ordered bilayer phase than cOmpared with that made from the dry film method.

cholesterol, and cholesterol cannot displace ceramide fromComplementary rhodamine-PE fluorescence images were
the lipid bilayer phase. also obtained to confirm the bilayer phase (data not shown).

POPC/Cholesterol/Ceramide Ternary Phase Diagrdm. DISCUSSION
POPC/cholesterol/ceramide ternary phase diagram was sub-
sequently constructed on the basis of our COD initial reaction Sample Preparation Methodn this study, the RSE
rate and microscopy data and is shown in Figure 6. method was chosen to prepare POPC/cholesterol/ceramide
Interestingly, ourny* data points at variouR ratios form a mixtures for two main reasons. (i) The COD reaction rate
straight line fcnol + xcer = 0.67) in the ternary phase diagram. measurement typically uses large unilamellar vesicles (LUVs),
This observed straight line provides evidence that supportssince the reaction rate depends on the membrane surface area
the hypothesis that the displacement of cholesterol by accessible to COD enzymes. Large unilamellar vesicles can
ceramide is a 1:1 process. As shown in Figure 6, the bilayer be made either by the extrusion method or by the ethanol
phase region is bounded by the boundagy + ycer < 0.67. injection method 29). The extrusion method is labor
In this region, all lipid molecules are in the bilayer phase- intensive, and the binding of lipids to polycarbonate mem-
(s), and no crystal of any kind exists. It has been reported branes could be a real concer2/). In addition, samples
that multiple bilayer phases can coexist in this regid8),( with high cholesterol content often clog the filter membrane,
but our experiments were not designed to investigate this and large crystals of cholesterol and ceramide simply cannot

question. In the two-phase region (labeledl),2the lipid pass through the membrane. With the ethanol injection
bilayer phase and the cholesterol monohydrate crystal phasanethod, we found that the residue ethanol, which is typically
coexist. The region is bounded by two boundariggo + ~1% of the total aqueous volume, significantly decreased

%cer = 0.67 andycer < 0.67. In this region, the bilayer phase the COD reaction rate, and the decrease was strongly
contains all the POPC and all ceramide molecules, as welldependent on the amount of ethanol in a sample. This effect
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of ethanol on the COD reaction rate was not limited to after all ceramide molecules have been accommodated. In
liposomes made by the ethanol injection method. Adding addition, at the solubility limit of cholesterol, ceramide
ethanol to liposome samples made by the RSE method alsadisplaces cholesterol from the bilayer phase into the cho-
resulted in a similar decrease. It is not clear whether ethanollesterol crystal phase. One possible reason contributing to
causes the change in membrane structure or interferes withthe ceramide’s high affinity is the fact that the long saturated
the COD oxidation process. We tested the ethanol injection chains of ceramide allow a tight packing of the acyl chains
method with a set of POPC/cholesterol samples and foundof PC around ceramide, which is more difficult with the sterol
that the data obtained were noisier and the COD reactionrings of cholesterol. London and London have shown that
rates were lower than those with RSE samples (data notthe tight lipid packing is important for the displacement of
shown). However, the overall shape of the COD initial rate cholesterol {4). Another possible reason contributing to
versus cholesterol mole fraction curve as well as its peak ceramide’s high affinity is the fact that ceramide has a higher
position was essentially identical to that from RSE samples “headgroup:body” ratio than cholesterol. Cholesterol’s polar
shown in Figure 4, which indicated that the RSE method headgroup has one hydroxyl, and the cross-sectional area of
did not introduce a measurable composition-dependentits nonpolar body is~37 A% (30). On the other hand,
change in COD accessible surface area. Compared with otheceramide’s polar headgroup has two hydroxyls, and the cross-
methods, RSE is a convenient method with no binding or sectional area of two long saturated acyl chains is eQ—
contamination concern. In addition, the accessible external42 A2 (12, 31), not much larger than that of cholesterol. Thus,
surface in RSE samples 1833% of the total lipids, which ceramide has a significantly higher headgroup:body ratio than
is quite close to the 50% theoretical value for true unilamellar cholesterol, although its polar headgroup is still not large
vesicles 22). (ii) Measuringy* involves samples with a high ~ enough to completely protect its nonpolar body from the
mole fraction of cholesterol. Previously, we found that exposure of water. On the basis of this consideration, it
making a truly equilibrium phospholipid and cholesterol should be much easier for the neighboring PCs to cover
suspension is a quite challenging task. Some conventionalceramide than cholesterol, or equivalently, the free energy
sample preparation methods, such as the dry film or cost for covering ceramide should be much lower than that
lyophilization from benzene, can induce cholesterol crystals for covering cholesterol. Both mechanisms described above
in samples with a cholesterol mole fraction far below the could contribute to a higher affinity of ceramide for the
true maximum solubility of cholesterol. Thus, samples made bilayer phase than cholesterol. One piece of experimental
by these methods often yield a falsely lgw value as a evidence that supports this explanation is the fact that the
result of sample preparation artifacts. Two sample preparationchemical potential of cholesterol decreases when some
methods, low-temperature trapping (LTT) and rapid solvent cholesterol is displaced by ceramide. In Figure 4, there is a
exchange (RSE), were specifically developed to overcomegeneral trend that the COD initial reaction rate, which is
this problem 17, 22). Samples made by either LTT or RSE related to cholesterol chemical potential, decreases with the

method yield the true thermodynamic equilibrigrhvalue. increase inR. Thus, the bilayer is more “relaxed” or at a
Therefore, in this study, all samples were made by the RSE lower free energy state when cholesterol is displaced by
method. ceramide. Previous Monte Carlo simulations showed that at

The 1:1 Displacemen®ur results established that a POPC the maximum solubility limit, cholesterol adapts a maze
bilayer could accommodate either up to 67 mol % choles- lateral distribution pattern in POPC, which has a precise
terol, 67 mol % ceramide, or a combined 67 mol % cholesterol:PC ratio of 2:1 or & value of 0.67. In a lipid
cholesterol and ceramide. The umbrella model gives a clearbilayer composed of smaller headgroup lipids, such as POPE
explanation about the mechanism of the 1:1 displacement.which is less capable of covering neighboring cholesterol
Previously, we interpretegl in PC as the maximum amount than PC, cholesterol adapts a “hexagonal” lateral distribution
of cholesterol that can be covered by the headgroups of PCspattern, which has a cholesterol:PE ratio of 1:1 gt salue
Our Monte Carlo simulation showed that lipids form a highly of 0.50 (L8). The umbrella model together with the simula-
ordered “maze pattern” lateral distribution in the bilayer at tions showed that the change in tifevalue is likely to be
the solubility limit (18). Like cholesterol, ceramide molecules discontinuous in response to the change of headgroup:body
also have small polar headgroups and large nonpolar bodiesratio of host lipids. Some small changes in the headgroup:
Neither cholesterol nor ceramide can form a bilayer by itself body ratio would not alter thg* value, but a sufficiently
in water, since their small polar headgroups cannot protectlarge change can cause membrane lipids to adapt a new
their large nonpolar bodies from water. Thus, in water, both lateral packing pattern and result in an abrupt changé.in
cholesterol and ceramide form crystals instead of bilayers. y* could jump from 0.50 (hexagonal pattern) to 0.57
In a PC bilayer, ceramide competes with cholesterol for the (“dimer” pattern) and then to 0.67 (maze pattern), as the
coverage of PC headgroups. Since at the solubility limit, the headgroup:body ratio increases continuously. The 1:1 re-
“coverage capability” of PCs has been stretched to the limit, placement indicates that the lateral packing of ceramide with
covering one additional ceramide is at the cost of covering POPC is likely to be the same maze pattern, which suggests
one fewer cholesterol. This explains why all gyt data that the difference in the headgroup:body ratio of ceramide
points form the straight lineytho + xcer = 0.67) in Figure and cholesterol is not large enough for lipids to adapt a
6. The 1:1 displacement validates the umbrella model's different lateral packing pattern to accommodate more
physical interpretation of*. ceramide.

Why Ceramide Has a Much Higher Affinity for POPC than Interaction of Ceramide with Lipid Raft3he ceramide
Cholesterol.Our data showed that ceramide has a much concentration on cell membranes can increase significantly
higher affinity for POPC bilayers than cholesterol, and through the action of sphingomyelinase, which converts
cholesterol can be incorporated into a POPC bilayer only sphingomyelins into ceramides. It has been shown in a
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number of studies that ceramide has a strong affinity for the force the acyl chain to adapt nearly all-trans conformations.
lipid raft domains, and ceramide displaces cholesterol from The acyl chain order parameter should incre@8e34), and
lipid raft domains {4—16). Raft domains are membrane membrane permeability should decread6).(Recent mo-
domains with highly ordered acyl chains and rich in lecular dynamics simulations showed that cholesterol mol-
sphingomyelin and cholesterol. Raft domains coexist with ecules are covered by DPPC headgroups in a bilayer, and
liquid-disordered lipid domains, which are rich in PCs with the conformation of acyl chains next to cholesterol is quite
unsaturated chains. Our result is consistent with other group’srestricted 85—37). (v) The umbrella model explained the
findings that ceramide competes with cholesterol for the so-called “cholesterol condensing effect”. Since cholesterol
coverage from large headgroup lipids, and ceramide has ais partially hidden under the headgroups of phospholipid,
higher affinity for large headgroup lipids than cholesterol. the total surface area of the bilayer should be smaller than
However, in the lipid raft system, the displacement of the sum of the surface area of a pure phospholipid bilayer
cholesterol by ceramide is not simply 1:1, and cholesterol and the total cross-sectional area of cholest&8|39). (vi)
can also displace ceramide from the lipid raft domains, to a The umbrella model explained the expansion and reorienta-
certain extent14). We should point out that an important tion of the phospholipid headgroup. As the cholesterol
difference is the fact that the cholesterol and ceramide concentration increases, the phospholipid headgroups need
concentrations in the raft studies were relatively low, toexpand and reorient toward the membrane surface to cover
compared to that in ours. Ceramide and cholesterol canmore interfacial area per headgroup. This is consistent with
redistribute themselves within the bilayers between the raft earlier findings that PC headgroups become more hydrated
phase and the liquid-disordered phase, without involving any when cholesterol is addedt, 42). Molecular dynamics
crystal phases. Thus, the displacement of cholesterol bysimulations have shown that the PC headgrelgadgroup
ceramide from the raft domains is determined by the relative distance increases and phospholipids in close contact with
affinities of cholesterol and ceramide for the raft phase and cholesterol have a slightly larger average area per headgroup
the liquid-disordered phase. In our system, the competition and their headgroups are oriented nearly parallel to the
between ceramide and cholesterol is for the only large membrane surfac&$, 43). (vii) The umberlla model pointed
headgroup lipids available in the bilayer, POPC. Although out the molecular driving forces of cholesterol superlattices
this study was conducted at high cholesterol and ceramide(i.e., cholesterol forms regular, symmetrical, crystal-like,
concentrations, we believe that the interesting molecular lateral distributions in a fluid lipid bilayer). Cholesterol
interactions it uncovered can help us to understand thesuperlattices have been successfully simulated at cholesterol
behaviors of cholesterol and ceramide at other concentrationamole fractions of 0.154, 0.25, 0.40, and 0.5, based on a form
as well. of multibody interaction energy derived from the umbrella
Umbrella Model.The umbrella model and the subsequent model @9). (viii) The umbrella model also suggested a
guantitative calculations based on the model have beenpossible driven force of lipid raft formatior2$). In a lipid
successful in explaining and predicting a number of behaviors mixture with PC having unsaturated chains and sphingolipids
of cholesterol and ceramide in lipid membranes. (i) It having more saturated chains, cholesterol can mix well with
successfully explained thg value difference in PC and PE  both lipids, since both can provide the needed coverage for
bilayers. PE has a smaller headgroup than PC. Therefore cholesterol. However, association with sphingolipids can be
PE can accommodate less cholesterol than PC. It alsomuch more favorable than association with PCs, because the
explained why the value gf* is not sensitive to the acyl  unfavorable chain entropy effect will be reduced by the long
chain length of the phospholipids. (i) It explained the discrete and saturated sphingolipid hydrocarbon chains having a
value ofy*. On the basis of our Monte Carlo simulations, natural tendency to form straight conformations. This
cholesterol precipitation is most likely to occun@to values explanation is consistent with the experimental findings that
of 0.5, 0.57, and 0.67, where the chemical potential of cholesterol has a low affinity for unsaturated acyl chains and
cholesterol jumpsi@). (iii) One interesting prediction from  can selectively associate with saturated chains even in a pure
our Monte Carlo simulation studies was that there should PC bilayer 44, 45). On the basis of our Monte Carlo
be a cholesterol regular distribution (a hexagon pattern) atsimulation (9), this entropy effect can be quite large. Thus,
the cholesterol mole fraction of 0.50, a dimer pattern at 0.57, it is likely to be the driving force of lipid raft formation. In
and a maze pattern at the saturation point, 01gj. (The addition, the same argument explains why ceramide also has
regular distribution with &cn 0f 0.57 had not been observed a strong tendency to partition into lipid raft domairisi,
previously and was only predicted from our simulation based (ix) In this study, the COD reaction rate data validated our
on the umbrella model. This prediction was confirmed in a previous prediction that the chemical potential of cholesterol
DOPCl/cholesterol system, using fluorescence anisotropy andmust increase sharply as the cholesterol mole fraction
fluorescence resonance energy transfer (FRET) measureapproaches its maximum solubility in a bilayet8]. In
ments 25). In addition, the fluorescence lifetime of DPH- addition, the high affinity of ceramide for PC bilayers and
PC also exhibited a drop at 0.50, 0.57, and 0.82).(The the 1:1 displacement of cholesterol by ceramide are explained
verification of our prediction at gcno Of 0.57 demonstrated  well by the umbrella model. In summary, the umbrella model
that the umbrella model captures the key molecular interac-describes the important molecular interactions between
tions between cholesterol and phospholipids. (iv) The membrane molecules with small polar headgroups (such as
umbrella model explained the increase in acyl chain order cholesterol, ceramide, and diacylglycerides) and membrane
and reduction of membrane permeability by cholesterol. molecules with large polar headgroups (such as PC and
Since cholesterol molecules need to squeeze into the acylsphingomyelins). These interactions play key roles in regu-
chain region and partially hide under the phospholipid lating physical and chemical properties of membranes,
headgroups, it will restrict the motions of acyl chains or even determining the maximum solubility of ceramide and cho-
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lesterol, formation of the cholesterol regular distributions,
formation of the raft domains, and the preferential association
of lipid molecules within the bilayers.
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