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ABSTRACT A ternary lipid mixture of palmitoyl-oleoyl-phosphatidylcholine (POPC), palmitoyl-erythro-sphingosylphosphoryl-
choline (PSM), and cholesterol at a mixing ratio of 37.5:37.5:25 mol/mol/mol was characterized using fluorescence microscopy,
2H NMR, and electron paramagnetic resonance spectroscopy. The synthetic PSM provides an excellent molecule for studying
the molecular properties of raft phases. It shows a narrow phase transition at a temperature of 311 K and is commercially
available with a perdeuterated sn-2 chain. Fluorescence microscopy shows that large inhomogeneities in the mixed
membranes are observed in the coexistence region of liquid-ordered and liquid-disordered lipid phases. Above 310 K, no
optically detectable phase separation was shown. Upon decrease in temperature, a redistribution of the cholesterol into large
liquid-ordered PSM/cholesterol domains and depletion of cholesterol from liquid-disordered POPC domains was observed by
2H NMR and electron paramagnetic resonance experiments. However, there is no complete segregation of the cholesterol into
the liquid-ordered phase and also POPC-rich domains contain the sterol in the phase coexistence region. We further compared
order parameters and packing properties of deuterated PSM or POPC in the raft mixture at 313 K, i.e., in the liquid crystalline
phase state. PSM shows significantly larger 2H NMR order parameters in the raft phase than POPC. This can be explained by
an inhomogeneous interaction of cholesterol between the lipid species and the mutual influence of the phospholipids on each
other. These observations point toward an inhomogeneous distribution of the lipids also in the liquid crystalline phase at 313 K.
From the prerequisite that order parameters are identical in a completely homogeneously mixed membrane, we can determine
a minimal microdomain size of 45–70 nm in PSM/POPC/cholesterol mixtures above the main phase transition of all lipids.

INTRODUCTION

Ever since the fluid mosaic model of biological membranes

was established in 1972 (1), the question has been raised

whether the lipid molecules of the bilayer are homogeneously

mixed or the membrane represents a well-balanced mixture

of small domains and lateral inhomogeneities. More than 30

years ago, model studies in binary phospholipid mixtures

have shown that chain-length differences of four methylene

groups can already trigger lateral demixing (2,3). When lat-

eral lipid domains, also called rafts, were first found in bio-

logical membranes in 1997 (4), it became obvious that lateral

segregation of the membrane constituents is not just a phys-

icochemical effect of model membranes but plays significant

biological roles in protein sorting, lipid trafficking, protein

ligand interaction, or signal transduction across the mem-

brane (5–10). While rafts have been identified in mammalian,

plant, and yeast cells and details about their lipid and protein

composition are clear, there is still significant uncertainty

about the biophysical properties of the lipid molecules in a

raft, the size of rafts, and the dynamic reorganization of all

molecules in rafts. Although model systems can help our

understanding of issues such as raft size, packing properties

of the lipid molecules in rafts, or their phase state, it is still

a matter of discussion to which degree results from model

membranes can reflect the situation in the biological mem-

brane.

Ternary mixtures of sphingomyelin (SM), unsaturated

phosphatidylcholines (PC), and cholesterol represent the

standard model system for the outer leaflet of eukaryotic cell

membranes. For these mixtures, the formation of large lipid

domains can be triggered by decreasing the temperature,

which is conveniently visualized by fluorescence microscopy

(11–14). Further, 2H solid-state nuclear magnetic resonance

(NMR) spectroscopy has significantly contributed to our

understanding of the molecular properties in these domains

(14–17). Essentially, naturally existing sphingomyelins fea-

ture saturated acyl chains. In contrast, in most biologically

relevant PC species, the sn-1 position is saturated and the sn-
2 chain contains varying degrees of unsaturation in the form

of cis-double bonds (18).
In this study, the ternary mixture of N-palmitoyl-D-erythro-

sphingosylphosphorylcholine (PSM), palmitoyl-oleoyl-phos-

phatidylcholine (POPC), and cholesterol was studied. Although

both phospholipids share the same headgroup, the hydro-

phobic parts of the molecules are very different (see Fig. 1).

The trans-double bond between C4 and C5 of the sphingosine

chain, the amide group, and the free hydroxyl are important
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features of PSM. POPC exhibits one saturated 16:0 and one

unsaturated 18:1 chain with two ester carbonyls. Thus sphin-

gomyelins carry hydrogen-bond acceptor and donor proper-

ties, which qualify the molecule for inter- and intramolecular

interactions. In contrast, POPC can only act as a hydrogen-

bond acceptor (19). As a consequence of the saturated chains,

SM shows a tighter packing in the membrane (20). Because of

these features, a relative high-melting temperature of the

sphingomyelins and a low-melting temperature of unsaturated

phosphatidylcholines is observed (21).

In contrast to the phospholipids, cholesterol consists of a

rigid ring system and a short branched hydrocarbon chain. It

inserts into lipid membranes with its hydroxyl group oriented

toward the membrane surface and an orientation of the long

axis parallel to the bilayer-normal (22). Cholesterol has im-

portant effects on the lateral organization of the phospho-

lipids in the membrane. It increases the molecular order of the

acyl chains of phospholipids, which leads to an increase of

the bilayer thickness by modulating the packing of the lipids

in the membrane (23–25) This effect, called condensation,

has been shown to be much stronger for saturated lipids than

for their unsaturated counterparts (26,27).

It is known that increasing amounts of cholesterol in model

membranes composed of SM as the high-melting lipid and

unsaturated PC as the low-melting lipid will induce a lateral

separation of a primary homogeneous lipid phase into liquid-

ordered (lo) and liquid-disordered (ld) domains. The lo phase

state is rich in SM and cholesterol and characterized by a high

lateral mobility and rapid axially symmetric rotations of the

lipids similar to the lamellar liquid-crystalline state (La). But
in contrast to theLa phase, the acyl-chain order is high in the lo
phase state, comparable to the lamellar gel phase Lb (28). The
ld domains exhibit a low cholesterol content; the lipids are

loosely packed and diffuse relatively freely. The formation of

ordered domains is probably caused by the favorable van der

Waals interactions of the rigid ring system of cholesterol with

the saturated chains of SM (29,30). The physical origin of this

interaction can be explained by an umbrella model (31). In

this model, cholesterol must rely on the headgroup of SM to

cover its large nonpolar cross section from the water. A re-

duction of the headgroup size of SM by removal of the three

choline methyl groups leads to a molecule that fails to form

liquid-ordered domains with cholesterol (32). In contrast, the

interaction with cholesterol is less dependent on the chain

length of the sphingomyelins (18). It has been shown that in

lamellar liquid crystalline bilayers the rigid ring system of

cholesterol is localized around the C9 position of the neigh-

boring phospholipid in the membrane (33). The cis-double
bond in the oleic acid chain at position C9-C10 renders the

interaction of cholesterol with POPC less favorable. Simi-

larly, the ability of SM with a single cis-unsaturation to form
domains with cholesterol is strongly reduced (18).

While the formation of lateral domains in lipid membranes

at low temperature has been well established, it remains open

FIGURE 1 Chemical structures of

the lipids used in this study: (A) PSM,

(B) POPC, (C) NBD-PC, (D) choles-

terol, and (E) 25-doxyl-cholesterol.
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whether (micro)domains also exist at higher, physiologically

more relevant temperatures. The presence of microdomains

has been described in lipid membranes (14,27,34) as well as

in biological cellular membranes (35–38). On the one hand, it

might be that, due to the larger thermal energy exceeding the

energy of interacting lipids, those domains cannot be formed.

On the other hand, domains may exist at higher temperatures

in the form of very small inhomogeneities which cannot be

detected due to their small size, e.g., by fluorescence mi-

croscopy. The search for domains in lipid membranes at

larger temperature also points to the question for the presence

of domains in intact biological membranes, which has not

been answered so far. Cellular membranes are more complex

systems and there are a lot of limiting factors causing smaller

and nondetectable dimensions of domains than those re-

ported in model membranes (39). Very recently, a phase

separation of proteins and lipids was found in giant plasma

membrane vesicles, which has been derived from cells by

chemically induced or solvent-induced vesiculation (40). The

size of these domains was in the micrometer-scale, as visu-

alized by fluorescence microscopy.

In this article the lateral organization of binary and ternary

mixtures of model membranes composed of PSM, POPC,

and cholesterol at a molar mixing ratio of 37.5:37.5:25 was

investigated by solid-state 2H NMR and electron paramag-

netic resonance (EPR) spectroscopy as well as confocal flu-

orescence microscopy. Three issues were particularly

addressed in the study:

1. How does the distribution of cholesterol in the ternary

mixture change upon decreasing temperature and forma-

tion of large domains?

2. What are the properties of each lipid in the ternary

mixture?

3. How are the lipids laterally organized at a temperature

where no domains/rafts can be detected by fluorescence

microscopy?

EXPERIMENTAL PROCEDURES

Chemicals

The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),

1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine (POPC-d31), N-pal-

mitoyl-D-erythro-sphingosylphosphorylcholine (PSM), N-palmitoyl-d31-D-
erythro-sphingosylphosphorylcholine (PSM-d31), 1-palmitoyl-2-[6-[(7-ni-

trobenz-2-oxa-1,3-diazol-4-yl)amino]caproyl]phosphatidylcholine (NBD-PC),

and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL).

25-doxyl-cholesterol (SL-Chol) was synthesized according to the protocol of

Maurin et al. (41). All lipids were used without further purification.

Vesicle preparation

For 2H NMR measurements, mixtures of phospholipids and sterols were

prepared in chloroform/methanol mixture (1/1 v/v). The solvent was re-

moved by rotary evaporation and the resulting lipid film was redissolved in

cyclohexane and lyophilized overnight to obtain a fluffy powder. Samples

were hydrated with 40 wt % deuterium-depleted H2O and equilibrated by 10

freeze-thaw cycles and gentle centrifugation. The resulting multilamellar

dispersions were transferred into 5-mm glass vials for static 2H NMR exper-

iments. The samples were stored in a –70�C freezer before NMR experiments.

For EPRmeasurements, lipids and SL-Chol dissolved in chloroformwere

combined in a glass tube and dried under a stream of nitrogen. The resulting

lipid film was redissolved in cyclohexane and lyophilized over night. Lipids

were resolubilized by addition of HEPES buffered saline (145 mM NaCl,

5 mM HEPES, pH 7.4) resulting in the formation of multilamellar vesicles.

The final lipid concentrations were 4.9 mM lipid and 0.1 mM SL-Chol.

Preparation of giant unilamellar vesicles

Giant unilamellar vesicles (GUV) were produced from lipid films dried on

indium-tin-oxide (ITO)-coated glass slides by electroswelling as originally

described by Angelova et al. (42). To achieve a more homogeneous distri-

bution of the lipids, slight modifications were made. In brief, lipid mixtures

were made from stock solutions in chloroform kept at �20�C. For one

preparation 100 nmol lipids (including cholesterol) were used. These lipids

and 1 nmol of NBD-PC were mixed to 30 ml of chloroform. After evapo-

ration of chloroform under a nitrogen stream, lipids were dissolved in 30 ml

trifluoroethanol. Single drops of the lipid mixture were pipetted onto two ITO

slides (15 ml each) and allowed to spread. To obtain homogenously dis-

tributed lipid films, the solvent was evaporated on a heater plate at 50–60�C.
To remove traces of the solvent, the glass slides were stored in vacuum (,10

mbar) for 1 h. The electroswelling chamber was assembled from both lipid

ITO-coated slides using 1 mm Teflon spacers. The chamber was filled with

1 ml of prewarmed (50–60�C) sucrose-buffer (250 mM sucrose; 15 mM

NaN3) with an osmolarity of 280 mOsm. Immediately an alternating voltage

(rising from 20 mV to 1.1 V over 30 min) with a frequency of 10 Hz was

applied. GUV formed during 2 h incubation at 50–60�C. To detach the

vesicles, a voltage of 1.3 V (4 Hz) was applied for 30 min. The vesicles were

stored in the dark at ambient temperature for up to four days until use.

NMR measurements

2H NMR spectra were recorded on a wide-bore Avance 750 NMR spec-

trometer (Bruker BioSpin, Rheinstetten, Germany) at a resonance frequency

of 115.1 MHz (magnetic field strength of 17.6 T) for 2H using a single-

channel solids probe with a 5 mm solenoid coil. The 2H NMR spectra were

accumulated using the quadrupolar echo sequence (43) and a relaxation

delay of 2 s. The two 2.5 ms p/2 pulses were separated by a 60-ms delay.

Typically, 512 scans with a spectral width of 500 kHz were acquired. For all

experiments, the carrier frequency of the spectrometer was placed in the

center of the spectrum. The free induction decays were left-shifted after

acquisition to initiate Fourier transformation on top of the quadrupolar echo.

Only data from the real channel were processed to yield symmetrized 2H

spectra with a better signal/noise ratio.
2H NMR spectra were dePaked (44), and smoothed order parameters (45)

for each methylene group in the chain were determined from the observed

quadrupolar splittings Dn
ðiÞ
Q for the ith chain segment according to

��DnðiÞ
Q

�� ¼ 3

4
xQ

��SðiÞ
CD

��: (1)

Here xQ¼ e2qQ/h represents the quadrupolar coupling constant (167 kHz for

the C-2H bond), SiCD ¼ ½Æ3cos2ui � 1æ is the segmental order parameter, u is

the angle between the bilayer director, and the external magnetic field B0.

The Pake doublets were assigned starting from the terminal methyl group

exhibiting the smallest quadrupolar splitting. The methylene groups were

assigned successively according to their increasing quadrupolar splittings.

The smoothed order parameter profiles were determined from the observed

quadrupolar splittings as described in detail in Huster et al. (27). Average
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order parameters were calculated by adding all chain order parameters and

dividing them by the number of methylene and methyl groups in the chain.

The chain extension L�C can be estimated by projection of the averaged

length of the carbon segments on the bilayer normal and summation over

successional carbon segments (46). The first moment of the deuterium

spectra was calculated according to

M1 ¼
Z N

0

vf ðvÞdv
�Z N

0

f ðvÞdv; (2)

where f(v) is the spectral intensity distribution and v¼ 0 corresponds to the

Larmor frequency v0.

Fluorescence microscopy

To study the lateral distribution of phospholipids, 75 ml of the GUV solution

were mixed with 225 ml of buffer (280 mM glucose, 11.6 mM potassium

phosphate, pH 7.2, osmolarity 300 mOsm). For microscopy, the sample was

placed in a drop on a coverslip. GUVs were allowed to settle on the bottom

due to their greater specific density. Before imaging, the sample was incu-

bated for 7 min at the desired temperature adjusted by a heated microscopy

stage.

Images of the equatorial plane of the GUV were taken by confocal laser

scanning microscopy. All images were taken with an inverted IX81 fluo-

rescence microscope equipped with a Fluoview 1000 scanhead and a 603
(N.A. 1.35) oil-immersion objective from Olympus (Hamburg, Germany) at

the respective temperature. The green NBD-fluorescence was excited with

the 488 nm laser line of an Ar-ion laser. The emission of NBD was recorded

in the range between 500 nm and 530 nm.

EPR measurements

EPR spectra of multilamellar vesicles were recorded at different temperatures

on a X-band spectrometer EMX (Bruker, Karlsruhe, Germany) with the

following parameters: modulation amplitude 1 G, power 20 mW, scan width

100 G, accumulation nine times. From the spectra of SL-Chol, the width of

the midfield peak (DH0) and the outer hyperfine splitting were estimated.

RESULTS AND DISCUSSION

Phase behavior of palmitoyl-sphingomyelin

First, we measured the temperature dependence of 2H NMR

spectra ofmultilamellar vesicles composed solely of PSM-d31
with a deuterated palmitoyl chain. The 2H NMR spectra are

shown in Fig. 2. At lower temperatures, the broad powder

pattern is indicative of a characteristic gel phase spectrum

without fine structure, except for the terminal methyl groups.

By heating up the sample, well-resolved quadrupolar split-

tings characteristic for the liquid crystalline phase state of

the lipids appear above the main transition temperature at 311

K in good agreement with literature (47). The exact phase

transition temperature can be determined by analyzing the

temperature dependence of the first spectral moment M1 that

reflects changes of the order of the acyl chains. Given the fact

that the first spectral moment is proportional to the averaged

order parameter, M1 is a convenient tool to study changes in

molecular order induced by temperature variation in the liquid

crystalline phase state (48). Fig. 3 shows a dramatic decrease

of the first spectral moment at 311 K associated with the main

phase transition of PSM. This value is 3K lower than found in

literature (49) but a small decrease of the phase transition

temperature is a known feature of deuterated lipids. When the

temperature is raised above the main transition temperature,

well-resolved 2H NMR spectra composed of a superimposi-

tion of Pake doublets are detected. The maximal quadrupolar

splitting is 34 kHz.Above themain transition temperature, the

reduction of M1 (i.e., molecular order parameter with in-

creasing temperature) can be attributed mainly to a change in

order of the first two-thirds of the chain, starting at the car-

bonyl group with the related reduction of chain length (50).

FIGURE 2 Selected 2H NMR spectra of PSM-d31 multilamellar vesicles

at 40 wt % water content as a function of temperature between 304 and

318 K. Spectra were recorded at a resonance frequency of 115.1 MHz.

FIGURE 3 First moment M1 of the
2H NMR spectra of PSM-d31 multi-

lamellar vesicles with a water content of 40 wt % as a function of tem-

perature. As the temperature increases, the first spectral moment shows a

dramatic decrease at 311 K, the main phase transition of the lipid.
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Temperature-induced variations of the lipid
distribution in the ternary mixture

The next goal of this study was to investigate the ternary

mixture of PSM/POPC/cholesterol 37.5:37.5:25 (mol/mol/

mol) with special regard to the lateral lipid organization as

well as the cholesterol distribution in the liquid crystalline

phase state. According to the literature, this mixture falls into

the lo/ld coexistence region in the phase diagram at 310 K

(51). To optically characterize the domain structure of the

lipid mixture and to determine the temperature, at which the

heterogeneous lipid distribution is abolished, we carried out

confocal fluorescence microscopy experiments on GUV,

which contained 1 mol % of fluorescent NBD-PC. NBD-PC

is known to accumulate in the liquid-disordered ld phase (52).
A set of GUV images at varying temperatures is shown in

Fig. 4. At temperatures #308 K, the pattern of NBD-PC

fluorescence reflects the typical domain structure observed in

these mixtures. The dark areas in the images refer to NBD-PC

depleted lo domains. Self-quenching of the NBD-lipids as an

alternative explanation for the dark areas can be excluded.

NBD-PC, which is found only to a very small degree in the lo
phase, has a longer lifetime than in the ld phase (unpublished
data). If self-quenching was the reason for the dark lipid

areas, the lifetime should become shorter, but the opposite is

the case. At higher temperatures, the fluorescence is uni-

formly distributed all over the membrane. Technically, it is

rather difficult to determine the size of the domains in the

GUV at varying temperatures by fluorescence microscopy.

But the images shown in Fig. 4 suggest that the domain size

varies with temperature, which would reflect a redistribution

of lipids in the coexistence region. To investigate the redis-

tribution of cholesterol upon temperature changes, 2H NMR

and EPR experiments were conducted.

Temperature-induced variations of the
cholesterol distribution in the ternary mixture

2H NMR spectroscopy is a well-suited tool to study the lipid

order and chain length in the liquid crystalline phase state

with great precision (48,53). However, in the gel state of a

membrane or in a phase coexistence region, the 2H NMR

lineshapes become very difficult to interpret because of 1),

the superposition of broad spectral components; 2), motion-

ally averaged spectra; and 3), contributions from microsec-

ond timescale motions (see Fig. 2) (14). Therefore, only a

moment analysis of the spectral lineshapes provides a useful

parameter. The first moments calculated from the 2H NMR

spectra are directly proportional to the average order pa-

rameter of the lipid chain, irrespective of the phase state of the

membrane as long as the lipids undergo rapid axially sym-

metric reorientations. This experimental quantity can there-

fore be used to study lipid chain order over the phase

transition, where the dePakeing procedure becomes unreli-

able because of limited resolution and drastic line-shape

changes in the 2H NMR spectra. Further, the 2H NMR ap-

proach has the advantage that either the PSM or the POPC

can be observed by selective deuteration of the palmitoyl

chain of the respective lipids. Switching this 2H label be-

tween palmitoyl chain perdeuterated PSM and POPC in the

sample conveniently allows determining the properties of

each phospholipid in the mixture in an unperturbed fashion.

Therefore, the temperature-induced order changes of either

phospholipid species in the mixture can be investigated

separately by this technique.

The plots of the first spectral moments of ternary POPC/

PSM/Chol mixtures (37.5:37.5:25 mol/mol/mol) are shown

for PSM-d31 (Fig. 5 A) and for POPC-d31 (Fig. 5 B). Upon
cooling of the sample, the first spectral moments of the 2H

NMR spectra increase more or less linearly, which is a trivial

temperature effect since molecular order increases upon

temperature decrease. However, there is a significant differ-

ence in the slope of the curves between PSM and POPC in the

ternary mixture, which suggests that changes in the first

spectral moments of the individual phospholipids in the mix-

ture may, in addition to temperature, be related to changes in

the cholesterol distribution between the two phospholipid

species. It is well known that cholesterol produces a highly

specific condensation of phospholipids, i.e., an increase in

the chain order of the membrane (24,25).

To separate the temperature effect from the cholesterol-

induced condensation of the phospholipids, we also studied

binary phospholipid/cholesterol (37.5:25 mol/mol) mixtures.

As shown in Fig. 5 A, the first moments of PSM-d31 in the

presence of cholesterol increase upon decreasing temperature

showing a characteristic slope. In the ternary mixture, de-

creasing temperature also leads to an increase in first spectral

moment for PSM-d31; however, the slope is approximately a

factor of ;2.4 steeper compared with the binary mixture.

This means that the increase of the order parameter of PSM in

FIGURE 4 Confocal images through the equatorial plane of GUV (PSM/

POPC/Chol 37.5:37.5:25) at the respective temperature. GUVs were labeled

with 1 mol % of NBD-PC. Macroscopic phase separation is present at

temperatures from 308 K or lower. Phase separation is indicated by the

presence of dark liquid-ordered domains which are NBD-PC depleted

(arrows).
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the ternary mixture is caused by the temperature decrease and

by an additional effect. The latter one could be explained by a

redistribution of cholesterol into the large lo PSM/cholesterol

domains that are formed at lower temperature. Since cho-

lesterol condenses saturated chains, the more strongly in-

creasing first spectral moment of PSM in the mixture can be

interpreted that the cholesterol concentration near PSM in-

creases. In Fig. 5 B, the data for POPC-d31 are plotted. Again,
the first moments of multilamellar vesicles composed of

POPC-d31/Chol (37.5:25 mol/mol) increase upon decreasing

temperature. In the ternary lipid mixture, the first spectral

moments of POPC-d31 also increase with decreasing tem-

perature, but the slope is shallower by a factor of ;1.7. This

attenuated ordering of the POPC in the ternary mixture upon

decreasing temperature can be explained by a depletion of

cholesterol from this lipid upon formation of the large lo
domains at lower temperatures.

These experiments suggest a temperature-dependent, more

pronounced preference of cholesterol for PSM in the lo/ld
coexistence region compared to the liquid crystalline phase

state (54) leading to a redistribution of cholesterol from

POPC to PSM upon cooling the mixture. By that, a largely

cholesterol-depleted POPC ld phase is formed upon lowering

temperature. Therefore, the NMR experiments suggest that

upon cooling and formation of larger lo and ld domains, the

sterol is continuously depleted from the ld phase and enriched
in the lo phase.
A previous article by Veatch et al. (14) also reported a

moment analysis of DPPC/DOPC/Chol raft mixtures. Inter-

estingly, these authors observed a plateau value in the M1

versus T plot at the miscibility transition temperature. In our

data, there is no clear indication for such a plateau. The first

spectral moment decreases rather linearly with increasing

temperature. In particular, this is observed for the PSM in the

mixture. Veatch et al. observed the plateau for the DPPC-d62
in the mixture, which would be the equivalent to the PSM in

the mixture used here (14). For the POPC, a vague trend for

such a plateau value could be indicated in the plot, but at the

current signal/noise we would not be comfortable with this

interpretation. Rather, the data seem to suggest a continuous

redistribution of the cholesterol in the mixture upon tem-

perature changes.

Similar conclusions can be drawn from EPR spectra of

doxyl-labeled cholesterol (SL-Chol) recorded in different

mixtures of PSM, POPC, and cholesterol. SL-Chol has been

shown to be a good analog for native cholesterol (55). A

summary of the parameters determined from ESR spectra of

binary and ternary lipid mixtures at different temperatures is

given in Fig. 6. Upon lowering the temperature, we observed

for SL-Chol an increase of the linewidth of the midfield peak

(DH0) and of the outer hyperfine splitting for the raft mixture

as well as for the binary POPC/Chol and PSM/Chol mixtures.

These parameters reflect the amplitude of cholesterol motions

in the mixture, indicating smaller motional amplitudes (i.e.,

higher order parameters) at lower temperatures as expected.

In the liquid crystalline phase state, DH0 and the outer hy-

perfine splitting are relatively similar in the ternary and bi-

nary mixtures, indicating that the properties of the different

membranes become more similar as the lipids mix more

homogeneously.

Both 2HNMRmoment analysis of POPC and PSM and the

EPR spectroscopic characterization of SL-cholesterol in ter-

nary raft mixtures show that cholesterol redistributes (later-

ally) in the plane of the membrane upon cooling. The

concentration of cholesterol near PSM is increased while

POPC is gradually depleted of cholesterol. The changes in

the cholesterol distribution are gradual with temperature

leading to a nonabrupt reorganization of the lateral arrange-

ment within the membrane. This supports a dynamic view of

lipid domains, which are also known for biological rafts (56).

Characterization of ternary mixtures of POPC/
PSM/cholesterol at 313 K

The fluorescence microscopy experiments suggest that the

three lipids of the raft mixture are homogeneously distributed

at a temperature above;310 K because no large domains are

detected at the optical length scale. At a specific temperature,

the domains appear abruptly. However, this method is not

FIGURE 5 First spectral moments M1 of 2H NMR spectra of multi-

lamellar vesicles composed of (A) PSM-d31/Chol 37.5:25 (mol/mol) (n);

PSM-d31/POPC/Chol 37.5:37.5:25 (mol/mol/mol) (;); (B) POPC-d31/Chol

37.5:25 (mol/mol) (h); and POPC-d31/PSM/Chol 37.5:37.5:25 (mol/mol/

mol) (=) as a function of temperature.
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sensitive to lateral heterogeneities of the submicrometer

length scale. Nevertheless, biological raft structures may

have significantly smaller sizes (35–38) and there are also

indications that inhomogeneous lipid distributions of much

smaller size exist in the liquid crystalline phase state (27). To

study the properties of the mixed membrane in the liquid

crystalline phase state in more detail, the temperature of 313 K

was chosen.

The packing properties of the lipid molecules in ternary

POPC/PSM/cholesterol mixtures at 313 K were studied by

solid-state 2H NMR spectroscopy using the palmitoyl chain

deuterated phospholipids again. Typical 2H NMR spectra of

membranes of the ternary mixtures and of the isolated

phospholipids at 313 K are shown in Fig. 7. One can easily

see that the 2H NMR spectra of PSM are significantly broader

than those of POPC both in the ternary mixture and for the

isolated lipid. To quantitatively discuss these differences,

order parameter profiles were calculated and are shown in

Fig. 8. As indicated by the shape of the 2H NMR spectra, the

order parameters of PSM are higher than those of POPC

throughout the chain both for isolated phospholipids and the

mixture. To compare numbers, average order parameters and

calculated chain extents (57) are given in Table 1. The ob-

served changes in order parameters translate into an exten-

sion in lipid chain length, which is also reported in the table.

It is a trivial fact that the order parameters of different

phospholipid species in mixed membranes can be quite dif-

ferent, but in an ideally homogeneously mixed membrane

these differences should vanish (27,58). For isolated PSM

and POPC, the difference in average order parameters is

0.077 while in the PSM/POPC/Chol mixture this difference

decreases to 0.066 (Table 1). This is a significant discrep-

ancy, which results in a difference in chain extent of 1.34 Å

between the two phospholipids chains, suggesting that the

FIGURE 6 EPR parameters of SL-Chol in multilamellar vesicles consist-

ing of PSM/POPC/Chol 37.5:37.5:25 (mol/mol/mol) (;); POPC/Chol 37.5/

25 (mol/mol) (h); and PSM/Chol 37.5:25 (mol/mol) (n,d). EPR spectra

were recorded at varying temperature as described in Materials and

Methods. From the spectra were estimated the line width of the midfield

peak (A) and the outer hyperfine splitting (B). The data are shown as mean6
standard error.

FIGURE 7 2H NMR spectra of multilamellar vesicles composed of (A)
PSM-d31, (B) PSM-d31/POPC/Chol 37.5:37.5:25 (mol/mol/mol), (C) POPC-

d31, and (D) POPC-d31/PSM/Chol 37.5:37.5:25 (mol/mol/mol) at a water

content of 40 wt % and a temperature of 313 K. Spectra were recorded at a

resonance frequency of 115.1 MHz.

FIGURE 8 Smoothed order parameter profiles calculated from the 2H

NMR spectra of multilamellar vesicles composed of PSM-d31 (:), PSM-d31/

Chol 37.5:12.5 (mol/mol) (d), PSM-d31/Chol 37.5:25 (mol/mol) (n), PSM-

d31/POPC (mol/mol) (¤), and PSM-d31/POPC/Chol 37.5:37.5:25 (mol/mol/

mol) (;); and POPC-d31 (n), POPC-d31/Chol 37.5:12.5 (mol/mol) (s),

POPC-d31/Chol 37.5:25 (mol/mol) (h), POPC-d31/PSM (mol/mol) ()), and

POPC-d31/PSM/Chol 37.5:37.5:25 (mol/mol/mol) (=) at 313 K.
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ternary lipid mixture may not be homogeneously mixed at

313 K.

Several scenarios should be discussed with regard to the

putative nonhomogeneous mixture of these lipids.

1. The suspicion that cholesterol interaction with the two

phospholipid species is not equal even in the liquid

crystalline phase state is most intriguing. Such phenomena

have already been observed in lipid mixtures in the liquid

crystalline phase state that are not comprised of typical raft

mixture components (27). To test this hypothesis, we

studied binary phospholipid/cholesterol mixtures with

the following rationale in mind. If the cholesterol was

equally distributed between the two phospholipid species,

a binary phospholipid/cholesterol mixture of a molar

composition of 37.5:12.5 should provide very similar

order parameters as in the ternary mixture. As seen from

Fig. 8 and Table 1, this is clearly not the case. Such a PSM/

cholesterol binary mixture has much higher order param-

eters (S¼ 0.371) than the PSM in the ternary mixture (S¼
0.298) and the POPC/cholesterol mixture has lower order

parameters (S ¼ 0.197) than POPC in the ternary mixture

(S ¼ 0.232). Nevertheless, in a ternary as compared to a

binarymixture there is an equal chance to have another SM

or a POPC molecule as a nearest neighbor. The SM–SM

interaction per se may result in an elevation of chain order

as mentioned under Scenario 3.

2. Another theoretical option is a complete association of

cholesterol with either PSM or with POPC, while the

interaction of the other lipid species with cholesterol is

completely absent. The scenario in which all cholesterol

is associated with the POPC is a very unlikely option, as

the affinity of cholesterol to egg-sphingomyelin is ;5–

12-fold larger than to POPC (54). Nevertheless, we

studied the order parameters of binary phospholipid/

cholesterol mixtures of a molar ratio of 37.5:25 mimick-

ing the full aggregation of either phospholipid with cho-

lesterol in the ternary lipid mixture. The results are

shown in Fig. 8 and Table 1. Both POPC and PSM in

this binary mixture have much higher order parameters

than in the ternary mixture. This simple-minded compar-

ison indicates that the cholesterol in the ternary POPC/

PSM/cholesterol mixture is neither equally distributed nor

completely associated with either of the phospholipids.

3. Further, the mutual influence of the phospholipids also

determines the order parameters and the cross-sectional

area in the mixture. The isolated phospholipids have very

different order parameters in membranes (see Table 1;

0.221 for PSM and 0.144 for POPC). These differences are

largely retained in a binary mixture of the two; although

only a small order parameter increase is observed for

POPC (0.150 in the mixture), the order parameter decrease

observed for PSM is quite significant (0.197 in the mix-

ture). Nevertheless, the order differences are by no means

negligible. The phase diagram reported by de Almeida

et al. (51) indicates a nonideal miscibility of PSM and

POPC. This mixture shows demixing at temperatures

,303 K (47). However, at 313 K, at least no optically

detectable demixing of PSM/POPC was observed. So

either the different order parameters of PSM and POPC

in the binary mixture report local inhomogeneities that

could be termed microdomains or the observed order

parameter differences are an intrinsic property of the binary

PSM/POPC mixture. From the differences in the order

parameters of PSM and POPC in the binary mixture, a

chain length difference of 1.37 Å can be calculated (see

Table 1). This is much more than the typical chain length

difference between sn-1 and sn-2 chains in a phospholipid.
For instance, from molecular dynamics simulations this

difference is only 0.15 Å in DPPC (59) and 0.25 Å in

DMPCmembranes (Scott Feller, personal communication,

2007).

Regardless of a different chain length between the sn-1 and
sn-2 chain of the phospholipids, these differences should not
drastically affect the terminal methyl groups in the chain.

Further, these groups are not influenced by any geometrical

effects that might influence chain order for methylene groups

of upper chain segments. For instance, in the binarymixture of

PSM and POPC, the difference in the methyl quadrupolar

splitting is,200 Hz, which is within the typical error margin

of the 2H NMR experiment and indicates a rapid exchange

between the two phospholipids at these conditions. In con-

trast, in the ternary PSM/POPC/Chol mixture, the difference

in the quadrupolar splittings of the methyl groups of the two

phospholipids is 1600 Hz (Fig. 7). This means that both lipid

species experience their own microenvironment, in which

they have a characteristic chain length. As lateral diffusion is

relatively slow, there is limited exchange of lipids between

thesemicrodomains. In case of a rapid exchange between both

phospholipid species, the difference in methyl quadrupolar

splitting should be close to zero. In other words, the data

TABLE 1 Order parameters and chain lengths (46)

determined from 2H NMR data acquired for palmitoyl-chain

deuterated PSM-d31 and POPC-d31, respectively, at 313 K

and a water content of 40 wt %

PSM-d31 POPC-d31

ÆSCDæ
Chain

extent/Å ÆSCDæ
Chain

extent/Å

Isolated phospholipid 0.221 13.33 0.144 11.16

Ternary mixture

POPC/PSM/cholesterol

37.5:37.5:25

0.298 14.86 0.232 13.52

Phospholipids/cholesterol

37.5:12.5

0.371 16.10 0.197 12.70

Phospholipids/cholesterol

37.5:25

0.384 16.27 0.264 14.20

PSM/POPC 50:50 0.197 12.73 0.150 11.36
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suggest that both phospholipids sense a different environment

in the ternary mixture. So we can conclude that relatively

small inhomogeneities and microdomains exist in the liquid

crystalline phase state even at 313 K. The size of these het-

erogeneities can be estimated from the lifetime of one lipid

species in its respective microdomain, which is ;t ¼
(2pDn)�1¼ 13 10�4 s. From the lipid diffusion constant (D)
in the presence (;5 3 10�12 m2/s) and in the absence of

cholesterol (;12 3 10�12 m2/s) (60), the minimal radius

of the microdomains (r$2
ffiffiffiffiffiffi
Dt

p
) would be between;45 and

70 nm.

This number is considered an estimate and no information

about the populations of each lipid in the different microen-

vironment can be given, because no resolved quadrupolar

splittings for each microenvironment is detected at this high

temperature. The fact that we see only one methyl splitting

when using PSM-d31 indicates that these molecules are ex-

periencing an averaged environment. The fact that we see a

single but different methyl splitting when using POPC-d31
indicates that those molecules are experiencing a differently

averaged environment. We interpret this as an argument for

heterogeneity.

It should be noted that 2H order parameters alone may not

provide conclusive insights into the lateral organization of

complex lipid mixtures. However, from the physicochemical

point of view, in an ideally mixed bilayer consisting of lipid

species A and B, the interaction energies between A-A and

B-B should be identical to that between A and B. Since order

parameters report the average lipid chain length, differences

in order parameters in an ideal mixture report differences in

the acyl-chain lengths of these lipids. This means that hy-

drophobic segmentswould be exposed towater orwould have

to interdigitate. Such effects must lead to interaction energies

between the unlike lipids that are different from those of the

like lipids, which may lead to lateral segregation. Of course,

also mixing entropy effects contribute to the Gibbs free en-

ergy, which could mean that very small order parameter dif-

ferences could be tolerated in the system.

Our study on the presence of microdomains in model

membranes is also important for the investigation of the lateral

organization in biological membranes. Since cellular mem-

branes are much more complex systems, domains in these

membranes should have smaller and nondetectable dimen-

sions in contrast to those reported in model membranes (39).

The different biophysical properties of the lo and ld domains

should trigger lateral separation of embedded membrane

proteins and promote protein-protein interactions. Because

raft domains are predominantly in the lo phase state, proteins
preferably partitioning into these domains could more readily

interact and associate with each other than in the liquid-dis-

ordered state (61). Assuming a surface for a phospholipid of

70 Å2 and for a transmembrane protein of 80 nm2, micro-

domains of a radius of 45–70 nm correspond to an area, which

refers to;9000–21,000 lipid molecules or;80–190 protein

molecules. We note that these values represent a lower limit

and the actual sizes of microdomains might be larger yet be-

low the detection limit of light microscopy.

Most likely driving the formation of these microdomains

are the different interaction energies between the lipid mol-

ecules (10). The exact values for the energies of lipid-lipid

interactions are not known, but have recently been estimated

for a lattice model for SM/POPC/Chol (62). While the lipid-

lipid interaction Gibbs energies between SM and Chol are

attractive, the interaction between POPC/Chol and SM/

POPC are weakly repulsive. This triggers the formation of

high temperature microdomains. Domain size and morphol-

ogy are a function of temperature as the interaction energy

between lipid species and their mixing entropy changes with

temperature.

CONCLUSIONS

Taken together, the situation of the ternary mixture of

POPC/PSM/Chol can be described as a heterogeneous liquid-

disordered phase at temperatures above the main phase tran-

sition of the two phospholipids. The PSM and POPC exhibit

rather different order parameters of their hydrocarbon chains

that indicate the existence of microdomains with a minimal

radius of 45–70 nm. Microdomains of such size have been

described in several articles in the past (14,27,34), particularly

in biological cellular membranes (35–38). Such domain sizes

are indistinguishable from uniform mixtures by fluorescence

microscopy. Upon temperature decrease, we have observed a

tendency for a redistribution of the cholesterol such that the ld
POPC phase is increasingly depleted of cholesterol and the lo
phase of PSM will become enriched in the sterol. However,

the 2H NMR data do not support a complete redistribution of

the cholesterol into either of the two phases.
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